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At early stages of Arabidopsis (Arabidopsis thaliana) flowering, the inflorescence stem undergoes rapid growth, with elongation
occurring predominantly in the apical ;4 cm of the stem. We measured the spatial gradients for elongation rate, os-
motic pressure, cell wall thickness, and wall mechanical compliances and coupled these macroscopic measurements with
molecular-level characterization of the polysaccharide composition, mobility, hydration, and intermolecular interactions of
the inflorescence cell wall using solid-state nuclear magnetic resonance spectroscopy and small-angle neutron scattering.
Force-extension curves revealed a gradient, from high to low, in the plastic and elastic compliances of cell walls along the
elongation zone, but plots of growth rate versus wall compliances were strikingly nonlinear. Neutron-scattering curves showed
only subtle changes in wall structure, including a slight increase in cellulose microfibril alignment along the growing stem. In
contrast, solid-state nuclear magnetic resonance spectra showed substantial decreases in pectin amount, esterification,
branching, hydration, and mobility in an apical-to-basal pattern, while the cellulose content increased modestly. These results
suggest that pectin structural changes are connected with increases in pectin-cellulose interaction and reductions in wall
compliances along the apical-to-basal gradient in growth rate. These pectin structural changes may lessen the ability of the
cell wall to undergo stress relaxation and irreversible expansion (e.g. induced by expansins), thus contributing to the growth
kinematics of the growing stem.

When growing at steady state, axial organs such as
roots and stems typically elongate in a limited sub-
apical growth zone, resulting in spatiotemporal

correspondence of cell age (since leaving the meristem),
growth rate, and developmental state with position along
the growing axis (Green, 1976). This dynamic process is
properly quantified by growth kinematics, a conceptual
framework based on fluid dynamics and continuum
mechanics (Silk, 1984; Bastien et al., 2016). The process has
been likened to a fountain: a fluid structure that is stable
despite a continuous flow of materials through the
growth zone. As cells are displaced out of the apical
meristem, they enter a region of peak elongation rate and
subsequently are displaced out of the elongation zone,
ceasing growth and developing characteristics ofmature
cells. Kinematics shows that the entrance of a cell into the
peak growth zone is much slower than its exit, which
may be quite abrupt, as short as minutes, depending on
the growth rate profile along the axis.

Although this dynamic growth process has long been
recognized (Erickson and Sax, 1956), the physiological
basis for differences in growth rate along the axis
has not been resolved. Spatial gradients in growth
hormones (auxin and GA) were proposed (Went and
Thimann, 1937; Sánchez-Bravo et al., 1992; Band et al.,
2012), but hormones are several steps removed from the
biochemical and biophysical processes that drive cell
growth (e.g. cell wall loosening and stress relaxation,
leading to water uptake and concomitant expansion of
the cell wall; Cosgrove, 2016). In previous studies of
the maize (Zea mays) root, which is perhaps the most
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intensively studied material for growth kinematics, the
spatial pattern of growth rate did not correspond to
patterns for wall elastic modulus (Beusmans and Silk,
1988) or cell turgor pressure (Spollen and Sharp, 1991),
implying an underlying spatial pattern of wall loosen-
ing and relaxation distinctive from wall mechanics and
turgor. The basis for growth gradients in shoots has
been examined by other approaches. Cell wall creep
assays showed that the apical, rapidly growing regions
of cucumber (Cucumis sativus) hypocotyls and coleop-
tiles are more responsive than nonelongating regions to
the wall-loosening action of exogenous expansins
(McQueen-Mason et al., 1992; Cosgrove and Li, 1993),
potentially as a result of changes associated with pectin
esterification (Zhao et al., 2008). This ties in with other
studies implicating pectin deesterification in the decline
of growth potential in basal regions of mung bean
(Vigna radiata) hypocotyl (Goldberg and Prat, 1982).

Here, we have revisited this question, making use
of the young inflorescence stem of Arabidopsis (Arabi-
dopsis thaliana), with a focus on cell wall polymer me-
chanics, structure, composition, and dynamics along
the growth zone. Recent work has pointed to the ad-
vantages of the Arabidopsis inflorescence stem, which
is readily marked for growth analysis and provides a
powerful system for studying cell development (Suh
et al., 2005; Hall and Ellis, 2012). We find that the in-
florescence stem also is amenable tomechanical tests, to
analysis of wall structure by small-angle neutron scat-
tering (SANS), and to 13C enrichment, enabling high-
resolution, multidimensional magic-angle-spinning
(MAS) solid-state NMR (SSNMR) spectroscopy to ex-
amine wall polysaccharide structures and dynam-
ics along the growth zone, with minimal disruption
of cell walls. By enriching cell walls with 13C and
studying them in their hydrated, unextracted state, we
previously characterized the chemical linkages, confor-
mations, intermolecular interactions, and nanosecond-to-
microsecondmotions of polysaccharides in cell walls from
seedlings grown in shaker flasks containing 13C-enriched
Glc (Dick-Pérez et al., 2011; White et al., 2014; Wang
et al., 2016b). In this study, we produced 13C-enriched
inflorescences by enclosing plants in an atmosphere
supplemented with 13CO2. Our results identify co-
ordinated changes in cell growth rates, wall mechan-
ics, and wall polysaccharide structures and dynamics,
particularly for pectins, along the elongation gradient of
the inflorescence stem.

RESULTS

Growth Distribution along the Inflorescence Stem

Under our growth conditions, Arabidopsis inflores-
cences began to emerge ;28 d after germination. At
early stages (less than 4 cm), the entire stem elongated;
later, the basal region ceased elongation. This evolution
in elongation pattern resembles that of Arabidopsis
hypocotyls, where elongation is spatially delocalized at

early times and later becomes localized to the apical
region (Bastien et al., 2016). For inflorescence stems
5 to 6 cm long, elongation was slightly faster in the
light compared with the dark (mean of 1.13 versus
0.94 mm h21, SE = 0.04; n = 20–23); consequently, our
measurements and sample collections were made dur-
ing the light period. The relative rate of elongation was
maximal in the apical region and decreased in a ba-
sipetal gradient over ;4 cm (Fig. 1, A and B). This

Figure 1. Distribution of elongation rate and other parameters along the
Arabidopsis inflorescence stem. A, Photograph of a marked inflores-
cence with identification of segment numbers. Bar = 1 cm. B, Relative
elongation rate (RER) as a function of stem position. Distance values for
each segment are calculated as the average of the starting and ending
midpoints (mean6 SE; n = 24). C, Osmolality of cell sap expressed from
segments #1 to #4 (mean and SE; n = 5). D, Elastic and plastic compli-
ances based on stress/strain analysis of cell walls from 1-cm stem
segments along the axis (mean6 SE [units =% strain perN]; 11, n, 17).
Letters designate statistically significant differences in each series, at
P, 0.01 (or P, 0.05 for comparison of plastic compliances for segment
#2 versus segment #3), based on ANOVA and Tukey’s test. E, Plot of
growth rate against plastic, elastic, and total compliances.
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spatial pattern was maintained in older (taller) stems,
although growth rate declined slightly as the stem
elongated.
For further analysis, we focused on 1-cm segments

designated #1 to #4 from stems that were 5 to 6 cm
long (Fig. 1A). This set of materials represented cells
varying ;3-fold in growth rate (Fig. 1B) but ex-
cluded nonelongating regions (i.e. before secondary cell
wall production became dominant). The osmolality of
cell sap expressed from the four segments was ;280
mosmol kg21 and did not decline along the growth
gradient (Fig. 1C). Thus, the growth gradient along the
stem was evidently not the result of declining turgor
pressure, as solutes actually accumulated slightly in the
growing cells despite dilution by water uptake during
cell enlargement. Cross sections taken at 1-cm intervals
along the stem revealed the same anatomical appear-
ance, with lignin present in the xylem at low but similar
levels throughout the elongating region (Supplemental
Fig. S1). Estimates of wall thickness, based onwall mass
per unit length, did not vary along the growth gradient
(see “Materials and Methods”). From these results, we
conclude that the differences in growth rate in the
elongation zone result from differences in wall exten-
sibility, which depends on biochemical loosening and
viscoelastic compliances of the cell walls (Cosgrove,
2016).
To assess viscoelastic compliances along the stem,

segments #1 to #4 were frozen, thawed, and mechan-
ically extended in two consecutive cycles (Cosgrove,
2011). The apical stem segments displayed a remark-
able ability to stretch, by more than 30% (Supplemental
Fig. S2), with the extent of irreversible (plastic) defor-
mation dependent on the applied force. From the slopes
of the two force-extension curves, we calculated plastic
and elastic compliances (fractional strain per unit of
force; reciprocal of stiffness). Both compliances de-
creased monotonically in a basipetal gradient (Fig. 1D).
A plot of growth rate versus compliance shows a
strikingly nonlinear relationship (Fig. 1E). Compliances
decreased steeply in the apical region and plateaued
midway through the elongation zone. The plateau in
elastic compliance is particularly notable.
The decrease in wall compliances along the elonga-

tion zone could result from changes in polysaccharide
structures or from increased binding and cross-linking

of these components. Therefore, we assessed the
polysaccharide composition of segments #1 to #4 by
monosaccharide analysis of the matrix and cellulose
components of the wall, using hydrolysis by meth-
anolysis combinedwith 2 M trifluoroacetic acid (TFA) to
distinguish these two components of the wall (Table I).
Pectin content (Table II) was highest in apical segment
#1 and declined along the growth gradient (60→53 mol
%), primarily as a result of decreasing arabinan content
(25→18 mol %). Xyloglucan (XyG) content showed a
reciprocal pattern, increasing in a basipetal gradient
(17→25 mol %). No significant changes in cellulose
content (19 mol %; judged as methanolysis-TFA-
resistant glucan) were observed along the growing
region. Thus, the inflorescence cell walls are rich in
pectins and contain lower amounts of cellulose andXyG.

Cellulose Microfibril Organization Assessment by SANS

To assess changes in cell wall organization along the
elongation zone, which can potentially result from the
history of wall extension or from new patterns of cel-
lulose deposition, we conducted SANS measurements
of cell walls from segments #1 to #4. Whole stem seg-
ments were frozen, thawed, washed extensively in 2%
SDS to remove cytoplasmic contents, and incubated at
the contrast match point for cellulose (35%D2O), aswell
as in 100% D2O, where all wall polymers contribute to
scattering. These D2O match points are used to selec-
tively mask neutron scattering by cellulose or matrix,
which varies in density and water content (Martínez-
Sanz et al., 2016), thereby highlighting neutron scat-
tering by selected components. The scattering intensity
is plotted as a function of inverse length (Q; Fig. 2A).
The plots for segments #1 and #4 in 100% D2O are very
similar in the low-Q range (0.015–0.1 nm21, corre-
sponding to 10–67 nm length scale), indicating that the
overall architecture of the cell walls changes very little
along the elongation zone. In 100% D2O, both cellulose
and matrix polymers contribute to the scattering
curves. The similarity of the curves is consistent with
the identical appearance of the cross sections along the
stem (Supplemental Fig. S1).

In the high-Q (short-length) region of the segment
#1 scattering profile, there is a weak, broad peak that

Table I. Monosaccharide composition as a function of position on the inflorescence stem

Values are mol % of total sugars (means 6 SE; n 5 6). The main values in each entry show the sugars, primarily from matrix polysaccharides,
released by methanolysis and hydrolysis of the samples with 2 m TFA. The second values, in parentheses, show sugars in the residues (mainly
cellulose). Our analysis did not separate Xyl from Man.

Sample Fuc Rha Ara Gal Glc Xyl/Man GalA GlcA

Segment #1 2.2 6 0.1 4.1 6 0.1 24.7 6 0.2 19.2 6 0.3 8.7 6 0.1 (19.4 6 0.7) 8.3 6 0.1 (0.7 6 0.05) 12.9 6 0.1
Segment #2 2.2 6 0.1 4.3 6 0.2 19.4 6 0.5 21.0 6 0.5 11.0 6 0.2 (19.4 6 1.8) 9.6 6 0.2 (0.8 6 0.03) 12.2 6 0.4
Segment #3 2.2 6 0.1 4.3 6 0.1 18.2 6 0.2 20.6 6 0.2 11.3 6 0.1 (19.1 6 0.4) 10.2 6 0.1 (1.1 6 0.04) 13.0 6 0.3
Segment #4 2.3 6 0.1 4.2 6 0.1 17.6 6 0.1 19.5 6 0.2 12.6 6 0.1 (19.2 6 0.1) 10.7 6 0.1 (1.4 6 0.1) 12.6 6 0.3
Base 1.5 6 0.1 2.9 6 0.1 10.2 6 0.2 10.9 6 0.2 9.4 6 0.1 (33.0 6 0.9) 20.1 6 0.2 (1.9 6 0.2) 9.8 6 0.2 0.5 6 0.1
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becomes slightly more pronounced in the segment #4
profile (Fig. 2B). We can assign this scattering feature to
the contribution of cellulose microfibrils, because it
disappears in samples measured at the contrast match
point of cellulose (35% D2O; Fig. 2C). The peak maxi-
mum is at ;1.52 nm21 in both samples (Fig. 2D); this
feature indicates that (1) some cellulose microfibrils are
spatially correlated (i.e. aligned) in the wall and (2) the
distance between the microfibrils that generate this
scattering feature remains unchanged along the elon-
gation zone. Note that unaligned microfibrils do not
generate peaks in the scattering curve, so we are fo-
cusing here solely on the aligned fraction of the micro-
fibrils. The average distance between two neighboring
microfibrils (d), calculated from the peak position
using Bragg’s law (d = 2p/peak position), is ;4.1 nm.
However, considering the absence of a sharp Bragg peak
in the scattering pattern, a more accurate analysis was
performed using the unified fit approach (Table III),
which provides a multilevel fit of the scattering data
(Beaucage, 1995; Stribeck, 2007; Fig. 2, E and F). The
calculated z value,which represents the average distance
between the correlated particles, is;3.9 nm for the high-
Q (level 1) region, which is similar to the distance
obtained directly through Bragg’s law (Fig. 2D; Stribeck,
2007). The dimensionless packing parameter (k) obtained
from the fit is indicative of howwell the system is ordered
(Beaucage et al., 1995). The upper limit (k = 5.92) indicates
a perfect hexagonal or face-centered cubic crystal struc-
ture, and k decreases to zero in an uncorrelated system. In
this study, intermediate k values of 2.2 and 3.2 were
obtained for segments #1 and #4 (Table III), respectively,
indicating an increased alignment of the microfibrils
along the elongation zone.

These SANS profiles indicate that cellulose is not
strongly aligned in the primary walls of the inflores-
cence and changes very little along the elongation zone,
other than a slight increase in alignment. This is a re-
markable observation, considering the large extent of
cell wall elongation as cells are displaced from the top of
segment #1 to the bottom of the elongation zone (esti-
mated to be ;6-fold by kinematic analysis). We inter-
pret the correlation distance (z) in the high-Q range as
arising from close lateral packing of cellulose microfi-
brils in limited regions of microfibril bundling, as seen
in onion (Allium cepa) cell walls (Zhang et al., 2016). We
also note that the z value obtained from the unified fit

analysis is similar to themicrofibril diameter (;3.5 nm),
indicating that the correlations observed in the scat-
tering profile are primarily between neighboring pairs
of microfibrils, with no evidence of a longer range order
of microfibrils. This conclusion does not exclude the
occurrence of larger bundles of microfibrils, but weak
ordering may prevent their resolution in these SANS
curves. The increase in the k parameter is interpreted as
increased microfibril alignment of the paired microfi-
brils along the growth zone. Finally, the increase in the
power-law exponent from 2.54 to 2.74 at lowQ (level 3;
0.015–0.1 nm21) may be due to an increase in the den-
sity, packing, or entanglement of matrix polymers,
perhaps as a consequence of cell wall extension or
changes in matrix polysaccharides, evidenced in the
composition analysis described above and further
confirmed by the SSNMR data shown below.

Polysaccharide Composition and Dynamics from 1D 13C
SSNMR Spectra

To investigate the wall polysaccharide structures and
dynamics of the growing inflorescence stem at the
molecular level, we prepared cell walls from plants
grown in an atmosphere containing 13C-enriched CO2,
thereby enabling 2D 13C SSNMR experiments. We first
examined the polysaccharide composition of cell walls
from inflorescence segment #1 using quantitative 13C
direct polarization (DP) experiments (Fig. 3A). The 13C
spectrum is dominated by many well-resolved matrix
polysaccharide peaks with line widths of 0.3 to 0.6 ppm
(Wang et al., 2015). Many of these sharp signals can be
assigned to pectins, such as the 108-ppm Ara C1 peak,
the Rha and GalA signals at 101, 79, and 69 ppm, the
53.5-ppm methyl ester signal, and the 21-ppm acetyl
signal of rhamnogalacturonan-I (RG-I). Three carbonyl
peaks are observed at 172, 174, and 176 ppm and can be
assigned to GalA methyl ester in homogalacturonan
(HG), GalA acetyl, and GalA carboxylate in RG-I and
HG, respectively (Wang et al., 2016a). The cellulose
intensities in these inflorescence cell walls are much
lower than those of seedling cell walls, as seen for the
resolved interior cellulose C4 peak at 89 ppm and the
C6 peak at 65 ppm (Dick-Pérez et al., 2011). No lignin
signals are detected, as evidenced by the absence of the
OCH3 methoxy signal at 56 ppm. Thus, the cell walls of
fast-growing segment #1 have a high pectin content and
low cellulose content.

We next probed polysaccharide dynamics by a series
of 13C NMR experiments that selectively detect molec-
ular segments with different mobilities. The 13C cross-
polarization (CP) experiment preferentially enhances
the signals of rigid molecules. The spectrum shows
significantly higher 89- and 65-ppm intensities of inte-
rior cellulose C4 and C6 (Fig. 3B) than the quantitative
spectrum. In addition, several overlapping peaks in the
quantitative DP spectrum, which have a superposition
of broad and narrow line shapes, retain only the broad
component in the CP spectrum, indicating that the

Table II. Estimated polysaccharide contents based on sugar analysis

These data were calculated from Table I using the method described
by Wang et al. (2013). Means 6 SE; n 5 6.

Sample Cellulose XyG

Xylan +

Mannan Pectin

Segment #1 19.4 6 0.7 17.3 6 0.2 2.7 6 0.1 60.6 6 0.4
Segment #2 19.4 6 1.6 21.8 6 0.4 2.5 6 0.1 56.3 6 1.2
Segment #3 19.1 6 0.4 22.4 6 0.3 3.1 6 0.04 55.4 6 0.2
Segment #4 19.2 6 0.1 25.1 6 0.2 2.7 6 0.1 53.0 6 0.2
Base 33.0 6 0.8 18.7 6 0.2 17.0 6 0.4 31.3 6 0.4
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intensities of the dynamic matrix polysaccharides have
been suppressed by CP. Examples include the 105-ppm
C1 peak of interior cellulose, surface cellulose, Gal, and
the Glc backbone of XyG and the 84-ppm C4 peak of
surface cellulose and Ara. The arabinan signals at 108,
84, and 82 ppm are completely suppressed in the CP
spectrum, while a significant fraction (;85%) of Rha
and GalA signals remains. Thus, the pectin backbones
(HG and RG-I) are lessmobile than the Ara andGal side
chains.
Complementing the CP spectrum, a 13C DP spectrum

was measured using a short recycle delay of 2 s to se-
lectively detect mobile molecules (Fig. 3C). The spec-
trum shows both pectin backbone and side chain
signals and has similar overall intensity distributions to
the quantitative spectrum, supporting the conclusion
that the segment #1 cell wall has low amounts of cel-
lulose and XyG. Finally, we measured a 13C spectrum
where the 13C polarization is transferred from 1H spins via
1H-13C scalar coupling using the INEPT (insensitive
nuclei enhanced by polarization transfer) experiment.
A 6-ms mixing time was used for 1H-13C coherence
transfer, during which no 1H-1H homonuclear dipolar
decoupling was employed. Thus, the magnetization of

rigid polysaccharides with strong 1H-1H dipolar cou-
plings is suppressed in the INEPT spectrum. Among
the four experiments, the INEPT experiment (Fig. 3D)
has the highest selectivity for dynamic molecules and
manifests the highest spectral resolution, with no re-
sidual broad line shapes. Most pectin backbone Rha and
GalA signals are suppressed, leaving predominantlyAra
and Gal side chain intensities. The INEPT 13C spectrum
shows high resolution at 105, 70 to 75, and 62 ppm and
exhibits multiple sets of Ara and Gal signals (vide
infra). The unprotonated carbonyl and carboxyl sig-
nals are suppressed due to the lack of directly bonded
protons.

Faster Growing Inflorescence Cell Walls Have More
Branched Pectins

To assess how the polysaccharide composition of the
inflorescence cell wall differs along the growth gradient
and differs from cellwalls of seedlings (Wang et al., 2015),
we compared the quantitative 13C spectra of the four
inflorescence samples and the previously reported
seedling cell wall (Fig. 4). To account for differences in
sample amount, we normalized each spectrum by its
total integrated intensity, excluding the 25- to 30-ppm
lipid region. Figure 4 compares the normalized spectra
of the five cell walls. Several important features are ob-
served. First, cellulose intensities increase moderately
from inflorescence #1 to #4 (see different spectra in
Supplemental Fig. S3), but all four inflorescence seg-
ments have notably lower cellulose contents (estimated
from these spectra to be 38%–49%) than the seedling cell
wall. In contrast, pectin intensities decrease from in-
florescence #1 to inflorescence #4 but are still distinctly
higher than that of the seedling cell wall. Second,
pectin side chain signals decrease more strongly than
pectin backbone signals from segments #1 to #4, as
seen by the relative intensities of the 108-ppm Ara C1
peak, the 101-ppm Rha and GalA C1 peak, and the
17-ppm Rha C6 peak. Third, the methyl ester and
acetyl peak intensities at 54, 172, 21, and 174 ppm
decrease by 5% to 15% from segments #1 to #4, while
the 176-ppm carboxyl peak increases by ;6%. There-
fore, esterified and nonesterified GalA C6 exhibit op-
posite and correlated intensity changes along the
elongation zone. These observations extend the data of
Tables I and II, showing that, compared with segment
#4, the cell wall of the fastest growing segment #1 has
higher pectin and slightly lower cellulose contents,
more extensive side chain branching, and a higher
degree of methyl esterification and acetylation.

To fully resolve the matrix polysaccharide signals
and compare them between the inflorescence and
seedling cell walls, we measured 2D 13C-13C DP-based
J-INADEQUATE spectra, which correlate the sum
chemical shifts of two directly bonded carbons with
their individual chemical shifts (Dick-Pérez et al., 2011).
The 2D 13C-13C J-INADEQUATE spectra weremeasured
using direct 13C polarization and a short recycle delay of

Figure 2. SANS analysis of inflorescence stem segments. A, SANS
profiles for segments #1 and #4 in 100% D2O. B, SANS profiles for
segments #1 and #4, highlighting differences in the high- and mid-Q
ranges. C, SANS curves for segments #1 and #4measured at the contrast
match point for cellulose (35%D2O). D,Q4I(Q) versusQ representation
of the high-Q region of SANS profiles for segment #1 (red) and segment
#4 (blue) in 100% D2O. A Gaussian fit to the curves (solid black line)
yielded a peak position of 1.52 nm21 for both curves. E and F, SANS data
of stem segment #1 (E) and segment #4 (F). The unified fit curves are
shown as a solid black line in each plot. The three fit levels are presented
as dashed green (level 1), gold (level 2), and magenta (level 3) lines.

Plant Physiol. Vol. 175, 2017 1597

Cell Walls of Growing Arabidopsis Inflorescence Stems

 www.plantphysiol.orgon June 26, 2018 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.17.01270/DC1
http://www.plantphysiol.org


2 s to preferentially detect the signals of mobile poly-
saccharides. The inflorescence spectrum shows pre-
dominantly pectin signals, with line widths of 0.3 to
0.8 ppm, with no detectable cellulose signals and mini-
mal XyG signals (Fig. 5A; Supplemental Fig. S4). In
comparison, the seedling cell wall exhibits residual cel-
lulose intensities and stronger XyG correlation signals,
such as the x1-x2 peaks at the double-quantum chemical
shift of 172 ppm and the x4-x5 peaks at the 133-ppm
cross section. In addition, the spectra of the inflorescence
cell walls resolve multiple forms of pectins, some of
which are not found in the seedling. At least five sets of
Ara andGal signals and four sets ofGalA resonances can
be resolved in inflorescence cell walls (Fig. 5B; Table IV).
Among the five sets of a-L-Ara signals (Zykwinska et al.,

2005), type a and type b Ara are unique to the inflores-
cence cell walls and absent in the seedling. Type a Ara
shows a downfield C2 chemical shift of 87.8 ppm, indi-
cating 2,5-linked a-L-Ara, while type b Ara exhibits
downfield C2 and C3 chemical shifts of 85.8 and 81.1
ppm, suggesting 2,3,5-linked a-L-Ara. Similarly, Ara-c
and Ara-d can be assigned to 5-a-L-Ara and t-a-L-Ara,
respectively, and are also present in seedling cell walls.
Additionally, seedling cell walls show relatively low
Ara-f content, a 2,5-linked a-L-Ara. Figure 5C summa-
rizes the structures of the four assigned a-L-Ara linkages
found in the inflorescence cell walls. The Ara structural
diversity is reminiscent of the Brachypodium distachyon
primary cell wall (Wang et al., 2014), although the
latter does not contain 2,5- and 2,3,5-linked Ara. The

Table III. Structural parameters of segments #1 and #4 in 100% D2O calculated from fitting with the unified fit model

Sample Structural Level (Length Scale)a Q Range Radius of Gyration (Rg) Power-Law Exponent (P)b Correlation Distance (z) Degree of Correlation (k)

nm21 nm nm
Segment #1 1 (0.8–6.3 nm) 0.5–4 3.9 6 0.14 *4 3.96 6 0.11 2.2 6 0.8

2 (6.3–31.4 nm) 0.1–0.5 21.2 +2.5/21.7 *4
3 (31.4–104 nm) 0.03–0.1 2.54 6 0.04

Segment #4 1 (0.8–6.3 nm) 0.5–4 3.7 6 0.15 *4 3.92 6 0.08 3.2 6 0.6
2 (6.3–31.4 nm) 0.1–0.5 20.0 +2.8/22.3 *4
3 (31.4–105 nm) 0.03–0.1 2.74 6 0.03

aNumbers in parentheses are estimates of the real-space ranges calculated using the relationship p/Q (nm21). bAsterisks denote parameters that
were fixed during the fit process.

Figure 3. 13C MAS spectra of inflorescence
segment #1 at 298 K. A, Quantitative 13C
DP spectrum measured with a 30-s recycle
delay. B, 13C CP spectrum. C, 13C DP spec-
trum measured with a 2-s recycle delay. D,
13C INEPT spectrum, which detects only the
signals of extremelymobile segments. Spectra
are plotted to scalewith the number of scans.
Assignment is given as the carbon number
precededby one- to three-letter codes of the
monosaccharides, whose abbreviations are
shown at the top right corner.
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inflorescence cell walls exhibit three Rha signals that are
also present in seedling cell walls, while a fourth Rha in
seedlings is absent in the inflorescence samples (Fig. 5B).
Finally, unlike the B. distachyon cell walls, these Arabi-
dopsis inflorescence walls do not show detectable xylan
signals. Figure 5D compares the xylan regions in the
DP-J-INADEQUATE spectrum of the B. distachyon cell
wall (Wang et al., 2014) with the same regions of the
inflorescence #1 spectrum, showing a clear absence of
xylan signals in the inflorescence spectra, in good
agreement with the monosaccharide analysis (Tables I
and II). These data, taken together, show that inflores-
cence cell walls contain more dynamic pectins with in-
creased Ara side chain branching as well as distinct
backbone conformations of RG-I and HG.

Inflorescence Cell Walls Have Strong
Water-Polysaccharide Interactions

Our previous SSNMR spectra of seedling cell walls
showed that calcium cross-linked HG is important for
maintaining wall hydration by trapping and partially

immobilizing water (White et al., 2014; Wang et al.,
2015). To investigate how water interacts with the
pectin-rich inflorescence cell walls, we measured
2D 1H-13C heteronuclear correlation (HETCOR) spec-
tra. To resolve the water and polysaccharide 1H
chemical shifts, we added a 13C dipolar dephasing
period to the standard HETCOR pulse sequence to
suppress the polysaccharide 1H signals while retain-
ing only the water 1H signal (Yao and Hong, 2001).
As for the HETCOR experiment, the medium- and
long-distance (MELODI)-HETCOR experiment uti-
lized 1H-13C CP for polarization transfer, thus prefer-
entially detecting rigid segments with large dipolar
couplings. Figure 6A shows the 2D MELODI-HETCOR
spectrum, where water cross peaks with relatively rigid
polysaccharides are readily observed at the 1H chemical
shift of 4.7 ppm. Due to the CP transfer, the MELODI-
HETCOR experiment suppresses the signals of mobile
segments, such as the 108-ppm Ara C1 peak and the
54-ppm methyl ester peak, even if these segments
are well hydrated. To compare the hydration levels
of the different cell walls, we compared the intensi-
ties of the water-transferred 13C signals in the 2D

Figure 4. Quantitative 13C DP spectra of
inflorescence segments #1 to #4 and never-
dried cell walls of seedlings grown in
shaker flasks. Each spectrum is normalized
by the integrated intensities of the whole
spectrum to account for sample amount
differences. The scaling factor for normali-
zation is indicated on the right. Pectin sig-
nal intensities decrease while cellulose
intensities increase from segments #1 to #4,
and Ara signals decrease more strongly
than pectin backbone Rha and GalA sig-
nals. The seedling cell wall has significantly
more cellulose, less pectins, and less pectin
side chain branching than all inflorescence
samples.
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Figure 5. A, 2D 13C DP-based J-INADEQUATE spectrum of inflorescence #1 (black) overlaid with the spectrum of seedling cell
walls (red). The spectra were measured using direct 13C polarization and a short recycle delay of 2 s to preferentially detect the
signals of mobile polysaccharides. a-L-Ara signals are observed in both inflorescence and seedling cell walls. The inflorescence
cell wall shows highly branched 2,5-linked a-L-Ara (type a) and 2,3,5-linked a-L-Ara (type b) signals, which are absent in the
seedling cell wall. Assignment superscripts indicate the different linkages and conformations within each sugar. The v1 spectral
widths are 82.7 and 79.4 ppm for inflorescence #1 and seedling cell walls, respectively. The GA carbonyl and Rha C6 signals are
folded in thev1 dimension. B, Selected regions of the 2D spectra showing the resolution ofmultiple types of Ara, GalUA,Gal, and
Rha signals. Orange circles indicate missing Rha C5 cross peaks, whose chemical shifts are unambiguous based on the observed
Rha C6 chemical shifts. C, Representative structures of 2,5-Araa, 2,3,5-Arab, 5-Arac, and t-Arad observed in the inflorescence cell
walls. D, Selected regions of the inflorescence #1 INADEQUATE spectrum (black) overlaid with a previously measured
B. distachyon spectrum (orange). B. distachyon cell walls exhibit abundant xylan (Xn) signals, which are absent in the Arabidopsis
inflorescence cell wall.
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MELODI-HETCOR spectrum with the full 13C in-
tensities in the 1D CP spectra. Figure 6B shows
that inflorescence segment #1 has higher water-
transferred pectin 13C intensities than segment #4,
and both cell walls have higher water-transferred 13C
intensities than seedling cell walls. Therefore, the
fastest growing segment #1, which has the highest
pectin content and esterification, also has the stron-
gest water-polysaccharide interactions. 1D 1H spec-
tra show that the water 1H line width is broader
(0.32 ppm) in the inflorescence #1 cell wall than in the
seedling cell wall (0.12 ppm; Fig. 6C), indicating that
water is more immobilized by polysaccharides of the
growing inflorescence stem.

Inflorescence Wall Polysaccharides Have
Distinct Mobilities

To quantify the polysaccharide mobilities in in-
florescence cell walls, we measured 13C-1H dipolar
order parameters (SCH) using the dipolar chemical-shift
correlation (DIPSHIFT) experiment, which detects
the amplitude of reorientational motions of C-H bonds
on the submicrosecond time scale. For cellulose,
CP-based DIPSHIFT experiments indicated similar
order parameters of greater than 0.9 for cellulose in both

inflorescence and seedling cell walls (Fig. 7;
Supplemental Fig. S5), indicating that cellulose micro-
fibrils are immobilized, as expected. In comparison,
quantitative 13C DIPSHIFT experiments show different
pectin mobilities for the different cell walls: segment
#1 exhibits smaller SCH values and, thus, higher
mobility than segment #4, while both segments have
more dynamic pectins than seedling cell walls. The
CP-DIPSHIFT spectra display a similar trend. Since
the CP-DIPSHIFT experiment preferentially detects
the more rigid pectins that are in contact with cellulose,
this mobility trend indicates that pectin backbones that
are in contact with cellulose microfibrils are increas-
ingly rigidified in the apical-to-basal direction, sug-
gesting stronger interactions with cellulose microfibrils.

We also measured 1H rotating-frame spin-lattice
relaxation times (T1r) to probe the motional rates of
polysaccharides on the microsecond time scale. Com-
pared with the seedling cell wall, the inflorescence cell
walls have similar cellulose T1r values but longer pectin
T1r values (Supplemental Fig. S6). These pectin 1H T1r
values decrease with decreasing temperature, indicat-
ing that the pectin motional rates are faster than the
characteristic time scales of ;16 ms. Thus, the longer
relaxation times of pectins in inflorescence compared
with seedling cell walls indicate faster pectin motions.

Table IV. 13C chemical shifts of inflorescence primary wall matrix polysaccharides compared with chemical shifts found in the cell walls of
2-week-old seedlings for selected sugars

Residue Linkage Cell Walls C1 C2 C3 C4 C5 C6

ppm
Araa 2,5-Ara Inflorescence 107.2 87.8 76.2 82.4 67.3 –
Arab 2,3,5-Ara Inflorescence 107.2 85.8 81.1 81.9 67.0 –
Arac 5-Ara Both 108.4 81.8 77.8 83.1 67.8 –
Arad t-Ara Both 107.7 82.2 77.5 84.9 62.1 –
Arae – Both 108.3 80.1 – – – –
Araf 2,5-Ara Seedlings 108.5 88.0 – – – –
Arah – Seedlings 109.9 82.0 – – – –
Xyl t-Xyl Both 99.7 72.5 74.0 70.4 62.4 –
Gala 4-Gal Both 105.2 72.8 74.3 78.5 75.3 61.7
Galb t-Gal Both 105 72.3 73.7 69.6 75.8 61.9
Galc – Both 104.2 72.5 – – – –
Gald – Both 103.4 73.6 – – – –
Gale – Both 104.2 71.6 – – – –
Galf – Seedlings ND 72.5 70.2 – – –
GalAa 4-GalA Inflorescence 99.9 69.0 69.8 78.8 71.3 171.6
GalAb – Both 101 68.7 – – 72.1 175.8
GalAc – Inflorescence 101.7 68.6 – – – –
GalAd – Both 101 66.8 – – – –
GalAe – Seedlings 100.2 69.3 – – – –
GalAf – Seedlings 100.1 68.9 71.1 – – –
GalAg – Seedlings 99.1 67.9 – – – –
GalAh – Seedlings 99.0 68.6 – – – –
GalAi – Seedlings 98.4 68.8 – – – –
Rhaa – Both – – – – 68.7 17.8
Rhab – Both – – – – 70.1 17.4
Rhac – Both – – – – 67.9 16.8
Rhad 2-Rha Seedlings ND 79.8 71.0 72.7 68.0 16.1

ND, Not determined; –, not identified.
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Together, these data indicate that cellulose microfibrils
are similarly rigid in inflorescence and seedling cell
walls, but pectin mobilities differ, and the apical stem
has the most dynamic pectins. Thus, wall polysac-
charide dynamics is more heterogenous in the fastest
growing inflorescence cell walls, suggesting weaker
pectin-cellulose interactions.

DISCUSSION

Our results show that the apical-to-basal decrease in
elongation rate along the Arabidopsis inflorescence
stem, measured here in relatively young inflorescences
and in previous studies in older stems (Suh et al., 2005;
Hall and Ellis, 2012), is accompanied by wall stiffen-
ing, quantified as decreasing elastic and plastic com-
pliances in stress/strainmeasurements, and by reduced
polysaccharide mobility, weaker water-polysaccharide

interactions, less branching, and reduced esterification
of pectins, as seen in the SSNMR data. However, as in
the case of maize roots (Beusmans and Silk, 1988), the
distribution of growth rate did not parallel the distri-
bution of wall compliances along the inflorescence
stem. The SANS data indicate rather subtle increases
in microfibril alignment and polysaccharide packing
density along the elongation zone. From the growth
kinematic profile, we calculate that cells increased in
cellular volume and lateral wall surface area by 6-fold
during the estimated 60-h transit through the ink-
marked locations at the starting and ending points of
the elongation zone. Thus, it is noteworthy that cell
osmotic pressure, and presumably turgor pressure, did
not decline along this growth gradient; likewise, wall
thickness remained constant. Evidently, passive cell
wall thinning and dilution of osmotic pressure during
cell elongation are closely matched by active cell wall
deposition and generation of osmotic solutes, which

Figure 6. 2D 1H-13C correlation spectra to
investigate polysaccharide hydration. A, 2D
MELODI-HETCOR spectrum of inflorescence
#1 measured using a 1-ms 1H spin diffusion
and Lee-Goldburg CP polarization transfer,
which suppresses highly dynamic signals, such
as the 108-ppm Ara C1 peak and the 54-ppm
methyl ester signal. B, Comparison of the wa-
ter cross sections of the MELODI-HETCOR
spectra (blue) and the 1D 13C CP spectra
(black) of inflorescence #1, inflorescence
#4, and seedling cell walls. Intensity ratios
are indicated for selected peaks. C, 1D 1H
spectra of inflorescence #1 and seedling cell
walls, showing a broader water peak and,
hence, more immobilized water in the
inflorescence cell wall.
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can be estimated precisely with kinematic approaches
(Silk and Bogeat-Triboulot, 2014). The growing stem
cells apparently coordinate growth with these cellular
processes more closely than do Arabidopsis hypocotyls
(Refrégier et al., 2004), whose cell walls thinned during
elongation, or pea (Pisum sativum) epicotyls (Cosgrove
and Cleland, 1983), whose cell osmotic pressure de-
clined slightly along the elongation zone. The last two
examples notwithstanding, plant cell growth is gener-
ally well coordinated with the production of cellu-
lar materials needed for mechanical stability, and the
Arabidopsis inflorescence is a fine example of such
coordination.
The decline in cell wall mechanical compliances

along the stem implies a change in wall structure, yet
we did not detect parallel changes in cellulose structure
by SSNMR or SANS, other than a modest increase in
cellulose content and microfibril alignment. Whether
such subtle changes influence wall mechanics or
growth is uncertain at this time. The increased align-
ment could be the result of wall strain during growth,
or changes in matrix polysaccharides, or changes in the
wall assembly process at the later stages of stem elon-
gation. In contrast, pectic polysaccharide structure
and dynamics showed pronounced changes along the
elongation zone, with lower arabinan and galactan
content, decreased esterification, reduced pectin mo-
bility, and weaker water-pectin interactions in the
apical-to-basal direction. In previouswork, decreases in
pectin esterification and increases in calcium cross-
linking were associated with growth cessation in
mung bean hypocotyls (Goldberg, 1984; Goldberg et al.,
1986) and with loss of cell wall creep induced by
expansins in cucumber hypocotyls (Zhao et al., 2008).
Likewise, pectin mobility, as measured by SSNMR spin
relaxation, was reduced in pectin-rich collenchyma
from nongrowing (tall) stalks of celery (Apium grave-
olens) compared with shorter (still growing) stalks

(Fenwick et al., 1997). Our results demonstrate an ad-
ditional instance of such correlations, with new di-
mensions to the changes in pectins.

Recently, we demonstrated that interactions between
cellulose and pectins, mainly RG-I and a portion of HG
backbones, are inherent to plant primary cell walls and
not simply amatter ofmolecular crowding (Wang et al.,
2012, 2015). With these studies as background, we
suggest that pectin-cellulose interactions increase as
cells are displaced through the elongation zone of the
inflorescence stem and that a consequence of increased
interactions is a decrease in mechanical compliances.
These compliances should not be mistaken for mea-
sures of wall extensibility in the sense of plant growth,
meaning “the ability of the cell wall to increase in sur-
face area irreversibly during growth” (Cosgrove, 2016),
a process that requires dynamic wall loosening and
stress relaxation. For the stems studied here, growth
rate and compliances both decline along the stem, but in
highly nonlinear ways (Fig. 1E), which suggests that
wall loosening and viscoelasticity may make different
contributions to growth along the elongation zone. The
stress/strain compliances do not measure wall loosen-
ing per se but depend instead on wall structure and,
hence, are influenced by the extent of microfibril-
microfibril binding (via direct contacts as well as indi-
rect contacts mediated by matrix polysaccharides), the
conformation and hydration of matrix polysaccharides
(Edelmann, 1995; Evered et al., 2007), and the extent of
covalent cross-linking of matrix components (de O
Buanafina, 2009). Current concepts of primary cell wall
structure have not yet been developed in sufficient
detail to predict the dependence of wall mechanics on
wall structure, a notable gap in the cell wall field.

Our results show that wall mechanical stiffness
increases as pectins lose certain features, implying a
mechanical aspect to one or more of these structural
changes. This inference is at odds with the common

Figure 7. Motional amplitudes of polysac-
charides from 13C-1H dipolar couplings. A,
Representative quantitative DIPSHIFT curves
of inflorescence #1 (black), inflorescence
#4 (blue), and seedling (red) cell walls. The
best-fit C-H dipolar couplings (with frequency-
switched Lee-Goldburg [FSLG] scaling) and
the corresponding order parameters (SCH) are
indicated. B, SCH values of various polysac-
charides, measured using quantitative (closed
circles) and CP DIPSHIFT (open circles) ex-
periments. Arrows highlight the increased ri-
gidity of pectins from inflorescences #1 to #4.
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notion that the cellulose scaffold is the principal load-
bearing structure in primary cell walls. This idea
springs from the high stiffness of cellulose microfibrils
but fails to consider how cellulose microfibrils are
connected to one another to form amechanically strong
material. A recent study that combined extensometry
with atomic forcemicroscopy and different forms of cell
wall strain showed that both cellulose microfibrils and
matrix polymers, predominantly pectins, bear the ten-
sile load of elastically stretched onion walls (Zhang
et al., 2017). This confirms the mechanical significance
of the matrix at the molecular scale and adds impetus
to recent interest in the state of pectins in growing
cell walls and the need for better models of cell wall
mechanics (Peaucelle et al., 2012; Xiao et al., 2014;
Levesque-Tremblay et al., 2015).

Although pectin-cellulose molecular interactions are
evident in SSNMR spectra of cell walls, in vitro binding
studies have not replicated comparable interactions.
For instance, when incubated at low concentration with
various forms of cellulose, neutral pectic side chains
(debranched arabinans and galactans) bind to cellulose
with low to moderate strength, but the pectic back-
bones (HG and RG-I) display negligible affinity to cel-
lulose (Chanliaud and Gidley, 1999; Zykwinska et al.,
2005, 2007a, 2007b, 2008; Park et al., 2014; Lin et al.,
2015). In contrast, 2D 13C-13C correlation SSNMR
spectra show cross peaks indicating that pectins in
native cell walls interact with cellulose chiefly through
their backbones. A molecular understanding of this
difference in pectin behavior in vitro versus in vivo is
needed. Do distinctive interactions arise from the
manner in which cellulose and matrix components are
deposited and assembled to make the native wall, with
cellulose bundling and matrix entrapment inherent in
the process of wall formation (Cosgrove, 2014; Zhang
et al., 2016)? Or do pectin differences such as esterifi-
cation, branching, and concentration result in distinct
interactions with cellulose in vivo versus in vitro? Is
the change in mechanical stiffness along the stem the
result of different assembly of the cell wall as the cells
progress through the elongation zone, or does the
preexisting cell wall change in concert with the newly
deposited cell wall, as pectin is modified by wall en-
zymes such as esterases and glycosidases? Future work
with the Arabidopsis inflorescence stem, with its nat-
ural gradient in wall mechanics and pectin properties,
may provide answers to these questions.

MATERIALS AND METHODS

Growth and 13C Labeling of Inflorescence Cell Walls

Following 3 d of cold treatment, seeds of Arabidopsis (Arabidopsis thaliana),
ecotype Columbia-0, were germinated for 1 week on 13Murashige and Skoog
basal salts (Sigma-Aldrich; no. M5524) with 1% Suc, then transferred to potting
soil (Promix BX) and grown in a chamber programmed for a 12-h-light/12-h-
dark photoperiod (22°C/16°C) at 120 to 150 mmol m22 s21 light intensity. For
growth analysis, plants were selected by height of the inflorescence stems,
which were marked by hand with oil-based ink at 1-cm increments, with the
topmost mark placed just below the point where the floral clusters emerged

from the stem. Stemswere photographed at the start of the light period and 10 h
later. Relative elongation rates for each segment were calculated as [ln(final
length) 2 ln(initial length)]/Dtime. For osmolality measurements, cell sap was
expressed from frozen and thawed stem segments from segments #1 to #4 and
measured in a vapor pressure osmometer (Wescor; model no. 5500).

For SSNMR analysis, 3-week-old plants (before emergence of the inflores-
cence stem) were transferred to a glass fish tank with transparent fitted lid. The
plants were further grown in an atmosphere enriched with 13CO2 (Sigma-
Aldrich). About 0.4 to 0.7 g of 13CO2 gas was injected into the tank each
morning before the light cycle started. The enclosurewas cracked open by 10 cm
during the dark cycle to reduce humidity. The inflorescence stems were col-
lected when they reached 5 to 6 cm length (37–42 d) and were cut into 1-cm
segments below the apical bud. Cauline leaves and siliques were removed, and
stem segments were stored at 280°C. These cell wall samples were ;30%
statistically labeled, estimated by comparing the intramolecular spin diffusion
efficiencies of these stem cell walls with a uniformly labeled seedling sample
(Wang et al., 2015).

Cell Wall Composition Analysis

Stemsegmentswere ground in liquidnitrogen and incubatedwith shaking in
1.5%SDSat roomtemperature for16h to removeproteins andmembranesand to
inactivate endogenous wall enzymes. Cell wall residues were rinsed six times
with distilled, deionized water and the wash with 1.5% SDSwas repeated, then
cellwall residueswerewashed 10 timeswithdistilled, deionizedwater. Samples
were treated overnight at 37°Cwith a-amylase fromporcine pancreas (100 units
mL21) to remove starch with NaN3 (0.02%) to inhibit microbial growth. Cell
walls were washed three times with distilled, deionized water, incubated
with shaking in 1.5% SDS at room temperature for 10 h, and then washed
10 times with distilled, deionized water. This cell wall preparation was used for
monosaccharide analysis, cellulose content determination, and SSNMR exper-
iments. For SSNMR analysis, the never-dried Arabidopsis samples were
centrifuged at room temperature at 1,000g for 5 min and 5,000g for 90 min to
reach a hydration level of ;40 weight %.

The monosaccharide analysis protocol was adapted from the methods of De
Ruiter et al. (1992) andWang et al. (2013). In brief, 1 mg of dry cell wall powder
and 500 mL of 3 N methanolic hydrochloric acid were mixed and incubated at
80°C for 16 h, cooled on ice, and driedwith filtered air. Two hundredmicroliters
of 2 M TFA was added to the dried residue, mixed thoroughly, incubated at
121°C for 2 h in a sealed tube, and cooled on ice. Samples were centrifuged at
14,000g, and supernatants (containing the hydrolyzed matrix) were removed
and air dried. The insoluble residue, predominantly cellulose, was hydrolyzed
with 500 mL of 72% H2SO4 at room temperature for 1 h. Samples were then
diluted with distilled, deionized water to a concentration of 2 M H2SO4 and
incubated at 100°C for 2 h with frequent vortexing, then neutralized with
NH4OH and air dried. All samples (both supernatant and residue) were
resuspendedwith distilled, deionizedwater and filteredwith 0.2-mmMillex-LG
syringe-driven filter cartridges and analyzed by anion-exchange chromatog-
raphy with pulsed amperometric detection on a CarboPac PA20 column at a
flow rate of 0.5 mLmin21 (Dionex ICS-5000 Capillary Reagent-Free IC System).
The loaded column was eluted with 10 mM sodium hydroxide for 15 min, then
ramped to an equal mixture of 100 mM sodium hydroxide and 100 mM sodium
acetate over 25 min. Sugar composition analysis (Tables I and II) was used to
estimate the relative concentrations of pectin, XyG, xylan, and cellulose in
segments #1 to #4 and the base of the stem. The data are based on one set of;50
ground stemswith three separate samplesmeasured as above for each segment,
with two technical replicates, for a total of six measurements for each segment.

To assess polysaccharide losses (solubilization) by our wall preparation
procedure, we ground inflorescence segments in 20 mM MES buffer or 1% SDS,
incubated overnight, precipitated the extract with ice-cold ethanol, and mea-
sured total sugar content of the precipitated material (Albalasmeh et al., 2013).
Solubilized polysaccharide was ;5% of the total wall polysaccharide content
and was the same for segments #1 to #4. This shows that inflorescence walls
incurred negligible loss of wall structural material, and there was no evidence
for differential losses along the growth gradient.

Lignin content was determined bymeasuring thefluorescence intensity after
staining stemcross sectionswith basic fuchsin (Kapp et al., 2015). Stem segments
were frozen in cryomatrix and sectioned with a cryomicrotome (Leica CM1950
cryostat). The 40-mm sections were incubated in 0.001% basic fuchsin for 5 min
at 100 rpm, washed with distilled, deionized water for 10 min, washed twice
with 50% glycerol for 10 min, and rinsed in distilled, deionized water. The
sections were imaged with the Cy3 filter (565 nm wavelength) on an Olympus
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BX63 (Chroma 49005 filter). The intensity of the section area was measured
using Olympus cellSens software.

Mechanical Measurements

For stress/strain assays, stems from 5- to 6-cm-tall primary inflorescences
were frozen at 280°C, thawed, cut in 1-cm segments matching the growth
analysis, and flattened between glass slides under 700 g for 10 min. Segments
were clamped in a custom-built extensometer with 3 mm between clamps and
extended in two cycles to a maximum of 40 g of force (390 mN) at 3 mm min21.
The slopes at the end of the two stress/strain curves were used to calculate the
plastic and elastic compliances of the walls (Cosgrove, 2011) and are expressed
as fractional change in length per N force. These compliances are comparable
among samples if there is an equal amount of wall material per cross section,
which we estimated by proxy as dry weight per 1-cm segment of the inflores-
cence stem: frozen/thawed/flattened segments were washed in 1.5% SDS for
24 h, rinsed in six changes of water, freeze dried, and weighed. The values
(means 6 SE in mg; n = 5) were as follows: #1, 0.62 6 0.07; #2, 0.61 6 0.05; #3,
0.62 6 0.04; and #4, 0.61 6 0.05. Student’s t tests indicated no significant dif-
ference at P , 0.05. Without SDS washing, dry weights of the segments were
nearly double these values, presumably due to relatively high cytoplasmic
contents, but not statistically different from each other. SDS extracts showed
negligible wall polysaccharide (see above), so the SDS-extracted weights are
taken as better estimates of wall material per length.

SANS Measurements

SANS measurements were conducted at the Bio-SANS instrument at the
High-Flux Isotope Reactor, Oak Ridge National Laboratory (Heller et al., 2014).
The three different instrument configurations employed to cover the range,
0.003, Q (Å–1), 0.7, of scattering vectors with sufficient overlap had sample-
to-detector distances of 1.13, 6.83, and 15.33 m at a wavelength of 6 Å (Dl/l =
0.15). The center of the moveable area detector (1 m 3 1 m; GE-Reuter Stokes
TubeDetector) was offset by 350mm from the beam center to cover the required
Q range. The scattering intensity profiles I(Q) versus Q were obtained by azi-
muthally averaging the processed 2D images, which were normalized to inci-
dent beam monitor counts, and corrected for detector dark current, pixel
sensitivity, and scattering from the titanium quartz cell. Plant stem segments,
prepared as for mechanical analysis, were washed in 2% SDS for 12 h, flattened
between slides with a 700-g weight, and washed in SDS for three additional
cycles (48 h total), then equilibrated in water. Prior to SANSmeasurement, they
were equilibrated in D2O/water solvents (100 and 35% D2O) for at least 24 h
with several changes of solvent. The stems (10–12 stems, 1 cm in length) were
vertically aligned in titanium cells, which were filled with equilibration solvent
for SANS measurements.

SANS data analysis was carried out using the Irena evaluation routine
implemented in commercially available Igor Pro software (Ilavsky and Jemian,
2009). A multilevel unified fit was used to describe the multiple levels of
structural organization evident in the scattering data (Beaucage, 1995, 1996). In
this method, the scattering provided by each structural level is the sum of a
Guinier exponential form and a structurally limited power-law tail. A gener-
alized equation representing any number of spherical levels is written as fol-
lows (Beaucage, 1995, 1996):
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n
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where n is the number of structural levels observed,G is theGuinier prefactor,Rg
is the radius of gyration, and B is a prefactor specific to the type of power-law
scattering, which is specified as the decay of the exponent P. Error analysis was
performed using the least-squares fitting approach for nonlinear functions in
order to properly account for correlated parameters, which is available as an-
alyze uncertainty in the unified fit implementation of the Irena evaluation
routine.

Additionally, the presence of a correlation peak was observed in the high-Q
region of segments #1 and #4 measured in 100% D2O and was attributed to the
cellulose microfibrils. The degree of correlation distance between the corre-
lated particles was analyzed using the unified fit approach, as described
previously (Stribeck, 2007; Cardoso et al., 2010). The correlation effect is in-
corporated into the general scattering intensity description as follows
(Beaucage et al., 1995):

IðQÞ ¼ A FðQÞ2 SðQÞ ð2Þ
where AF(Q)2 is the scattered intensity for noncorrelated particles and corre-
sponds to Equation 1 (Beaucage et al., 1995). S(Q) is the structure factor that, in
the unified fit, accounts for weak correlations between the particles and was
only applied to modify the high-Q structural level. All remaining structural
levels were not affected by S(Q). In the unified fit method, a semiempirical
function based on the Born-Green theory that describes the correlations be-
tween the particles is given by

SðQÞ ¼ 1
1þ kQ

ð3Þ

and

Q ¼ 3
sinðQzÞ2 qzcosðQzÞ

ðQzÞ3 ð4Þ

where k is the degree of correlation and z is the averaged distance between the
correlated particles (Beaucage et al., 1995). The spherical particle correlation
function implemented in the unified fit function of the Irena package was ap-
plied to the high-Q data to extract the correlation distance between neighboring
cellulose fibrils.

SSNMR Spectroscopy

All SSNMRspectra of inflorescence cell wallsweremeasured on an 800-MHz
Bruker AVANCE II spectrometer at 18.8 T using a 3.2-mmMAS probe. Typical
radiofrequency field strengths were 50 to 62.5 kHz for 13C and 50 to 80 kHz
for 1H. All 13C chemical shifts were externally referenced to the adamantine
CH2 peak at 38.48 ppm on the tetramethylsilane scale.

1D 13C MAS spectra were measured at 298 K using 1H-13C CP or 13C DP to
create the initial 13C transverse magnetization. Quantitative 13C DP spectra
were measured using a long recycle delay of 30 s to detect all polysaccharide
signals. CP spectra preferentially detect rigid molecules such as cellulose, while
DP spectra with a short recycle delay of 2 s preferentially detect the mobile
polysaccharide signals. 13C DP and 13C CP spectra were measured under
10 kHz MAS at 293 K. A spin-lock contact time of 0.5 ms and a recycle delay of
2 s were used for CP spectra. Refocused INEPT (Elena et al., 2005) spectra were
measured under 13.5 kHz MAS at 293 K to selectively detect highly dynamic
segments such as pectin side chains. A recycle delay of 3.5 s and a total polar-
ization transfer time of 6 ms, which consists of two delays of 1.8 ms followed by
two delays of 1.2 ms, were used for the INEPT experiments. These delays
correspond to 1/(4JCH) and 1/(6JCH), respectively, assuming a standard 1JCH
value of 140 Hz. The experimental times range from 0.5 to 4 h for 512 scans
depending on the recycle delay.

2D refocused J-INADEQUATE experiments (Cadars et al., 2007) correlating
double-quantum and single-quantum 13C chemical shifts were conducted at
298 K under 12 kHz MAS to resolve and assign the 13C chemical shifts. To
preferentially detect mobile components of the cell wall, 13C DP with a recycle
delay of 2 s was used to excite the initial 13C magnetization. A total of 320 t1
increments were collected, and the number of scans per t1 increment was 128 for
segment #1 and 96 for segment #4, resulting in experiment times of 23 and 17 h,
respectively.

CP-based 2D 1H-driven spin diffusion spectra were measured to resolve and
assign multiple forms of cellulose microfibrils (Wang et al., 2016c). The mixing
times were 100 ms for inflorescence samples and 30 ms for the seedling
cell wall to compensate for the partial (;30%) labeling of inflorescence cell
walls. 1H-driven spin diffusion spectra of inflorescence cell walls with spin
diffusion time of 100 ms were measured under 11 kHz at 298 K with a recycle
delay of 1.9 s. A total of 450 t1 increments were collected, and the number of
scans per t1 increment was 128 for segment #1 and 160 for segment #4, for total
experiment times of 32 and 40 h, respectively.

2D dipolar-edited 1H-13C MELODI-HETCOR experiments (Yao and Hong,
2001; Yao et al., 2001) were conducted at 298 K under 14.8 kHzMAS tomeasure
the water-polysaccharide correlations. 1H chemical shifts were calibrated using
formyl-Met-Leu-Phe-OH (Li et al., 2010). 1H homonuclear decoupling was
achieved using the FSLG sequence (Bielecki et al., 1989) with a transverse 1H
field strength of 80 kHz. Before 1H t1 evolution, eight rotor periods of C-H di-
polar dephasing were used to destroy the 1H magnetization of 13C-labeled
polysaccharides and retain only the water 1H signals. A 1-ms 1H-1H spin dif-
fusion was used. The usage of 1H-13C CP for polarization transfer suppresses
highly mobile signals. A recycle delay of 1.8 s was used, and the experiment
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took about 15 h for segment #1, acquiring a total of 208 t1 increments and
144 scans for each increment.

13C-1H DIPSHIFT experiments were carried out at 298 K under 7 kHz MAS
to measure motional amplitudes (Munowitz et al., 1981). 1H homonuclear
decoupling was achieved using FSLG with a 1H transverse field strength of
80 kHz. The scaling factor was verified using the model peptide formyl-Met-
Leu-Phe-OH (Rienstra et al., 2002) to be 0.577. The ratio between the measured
coupling and the FSLG-scaled rigid-limit coupling of 13.1 kHz gives the order
parameters SCH and SCH2 of C-H groups. To compare microsecond time scale
dynamics, 13C-detected 1H T1r relaxation times were measured using a Lee-
Goldburg spin-lock sequence in which 1H spin diffusion was suppressed dur-
ing the CP period (Cady and Hong, 2009). The effective 1H spin-lock field was
62.5 kHz. Most relaxation curves were fit to a double-exponential function
(Supplemental Table S1). A total of 15 t1 increments were measured. Both
CP-DIPSHIFT and quantitative DP-DIPSHIFT with recycle delays of 2 and 20 s,
respectively, were used to detect the motional amplitude of the cellulose-
contacting polysaccharide and the overall motional amplitude of all polysac-
charides in the whole cell wall, respectively. Quantitative experiments
took about 21 h, and CP-based experiments took about 2 h for 256 scans in
segment #1 spectra.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Cross sections of an Arabidopsis inflorescence
stem at four positions along the axis, and fluorescence intensity divided
by stem cross-sectional area.

Supplemental Figure S2. Examples of characteristic stress/strain curves
for the Arabidopsis stem segments.

Supplemental Figure S3. Difference spectrum between the quantitative
13C DP spectra of inflorescence and inflorescence cell walls.

Supplemental Figure S4. 13C DP J-INADEQUATE spectra of inflorescence
#1 and #4 cell walls with selected 1D cross sections.

Supplemental Figure S5. 13C-1H DIPSHIFT curves of inflorescence and
seedling cell walls at 298 K.

Supplemental Figure S6. Microsecond time-scale motions of polysacchar-
ides from 1H T1r relaxation.

Supplemental Table S1. 1H T1r relaxation times of inflorescence cell wall #1.

Supplemental Table S2. List of abbreviations used in the text.
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