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Sum frequency generation (SFG) vibration spectroscopy can selectively detect crystalline cellulose without spectral interference
from cell wall matrix components. Here, we show that the Cellulose SEG spectrum is sensitive to cellulose microfibril alignment
and packing within the cell wall. SFG intensity at 2,944 cm ™" correlated well with crystalline cellulose contents of various regions
of the Arabidopsis (Arabidopsis thaliana) inflorescence, while changes in the 3,320/2,944 cm ™ intensity ratio suggest subtle
changes in cellulose ordering as tissues mature. SFG analysis of two cellulose synthase mutants (irx1/cesa8 and irx3/cesa7) indicates a
reduction in cellulose content without evidence of altered cellulose structure. In primary cell walls of Arabidopsis, Cellulose exhibited a
characteristic SFG peak at 2,920 and 3,320 cm ™!, whereas in secondary cell walls, it had peaks at 2,944 and 3,320 cm ™. Starch (amylose)
gave an SFG peak at 2904 cm ™' (CH methme) whose intensity increased with light exposure prior to harvest. Selective removal of
matrix polysaccharides from primary cell walls by acid hydrolysis resulted in an SFG spectrum resembling that of secondary
wall cellulose. Our results show that SFG spectroscopy is sensitive to the ordering of cellulose microfibrils in plant cell walls at
the meso scale (nm to um) that is important for cell wall architecture but cannot be probed by other spectroscopic or diffraction

techniques.

Cellulose is a major component of lignocellulosic
biomass as well as the most abundant biopolymer on
Earth (Pauly and Keegstra, 2008). Chemically, cellulose
is described as a linear polymer of 1—4-linked B-p-
glucopyranose units. In plant cell walls, cellulose com-
monly exists in the form of approximately 3-nm-wide
microfibrils containing numerous parallel glucan chains
(variously estimated as 18-36) closely packed to form a
highly ordered, or crystalline, structure (Doblin et al.,
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2002; Nishiyama et al., 2002; Somerville, 2006; Fernandes
et al., 2011; Thomas et al., 2013). In primary cell walls,
cellulose microfibrils are largely dispersed in a matrix of
hemicelluloses and pectins, whereas in secondary walls,
microfibrils are typically aggregated into larger bundles,
approximately 10 to 20 nm in diameter, which are sur-
rounded by hemicelluloses and lignin and highly aligned
with each other (Kennedy et al., 2007; Fernandes et al.,
2011). Native cellulose contains a combination of two
crystalline allomorphs, I, and I; (Atalla and Vanderhart,
1984), as well as a large fract10n of partially disordered
chains at the surface of the microfibril and at noncrys-
talline segments of the microfibril that separate crystal-
lites (Thomas et al., 2013). The structure of cellulose is
important because of its fundamental role in plant me-
chanics, growth, and defense (Cosgrove, 2005) as well as
in recalcitrance to enzymatic and chemical conversion to
biofuel use (Pauly and Keegstra, 2008).

Cellulose in plant cell walls is luerarchmallg organized,
spanning length scales from 107~ to 10~ m. At the
nanometer scale, cellulose crystal structure is determined
by how chains are packed and interact through intra-
molecular and intermolecular hydrogen bonds and van
der Waals interactions. The distribution of disordered
cellulose chains is an important structural feature, but
it is difficult to assess (Thomas et al., 2013). At a larger
scale, microfibrils are organized with hemicelluloses
and other matrix polymers into a layer or series of layers
that form a cohesive network encapsulating the whole
cell, typically approximately 100 um in length but up to
many millimeters in the case of some fiber cells. Cellulose
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microfibril alignment and bundling are important de-
terminants of cell wall strength, mechanical anisotropy,
and growth characteristics (Cosgrove and Jarvis, 2012)
as well as enzymatic digestibility (Ding et al., 2012).

The crystalline structure and higher scale ordering of
cellulose in plant cell walls is typlcally analyzed by
x-ray diffraction (XRD) and solid-state *C-NMR as well
as Raman and infrared (IR) spectroscopy (Park et al.,
2009, 2010). While crystalline cellulose can generate dif-
fraction peaks in XRD, diffuse scattering of x-rays by
noncrystalline components of plant cell walls, such as
hemicelluloses, lignin, and pectin, alters the baseline of
the cellulose diffraction peaks that are inherently broad
due to the small size of cellulose crystallites. This is par-
ticularly problematic for cellulose in primary cell walls
and makes XRD analysis of cellulose structure in intact
plant cell walls imprecise. Although XRD has been used
widely to estimate cellulose crystallinity in secondary
cell walls and lignocellulosic biomass, crystallinity mea-
surements are inaccurate, as the value varies greatly with
the data-fitting methods (Barnette et al., 2012). Likewise,
spectral overlaps or interference from noncellulosic ma-
trix polymers make it challenging to ana 3yze cellulose
structure in intact plant cell walls with *C-NMR and
Raman and IR spectroscopy (Park et al., 2010).

Sum frequency generation (SFG) spectroscopy has
the potential to selectively detect crystalline cellulose
without spectral interference from other wall compo-
nents (Barnette et al., 2011, 2012). SFG is a nonlinear
optical process that occurs in crystalline materials with
a noncentrosymmetric structure or at interfaces (Chen
et al., 2002). These systems create a net polar ordering
of certain molecular or functional groups. When such
systems are irradiated with two high-intensity laser
pulses of different frequencies, a new photon can be
emitted whose frequency is the sum of the two input
frequencies (Shen, 1989). If one of the incident photons
is in resonance with the vibration modes of the func-
tional groups arranged with the net polar ordering
within coherence length of the measurement, then vi-
bration spectra of those modes can be obtained with-
out interference from other modes that do not meet the
noncentrosymmetry requirement. Since the glucan chains
in cellulose I point in the same direction, the CH, groups
of carbon 6 (hereafter C6H,) and the O3H-O5 groups can
form net dipoles across the entire crystallite or across
multiple closely packed crystalhtes resulting in char-
acteristic SFG peaks at 2,944 cm due to CH, vibration
modes and at 3,320 to 3,350 cm ™' due to OH vibration
modes (Lee et al., 2013a, 2013b). Other vibration modes
in the cellulose crystal whose dipole moments cancel
one another are SFG inactive. The same is true for hemi-
cellulose and lignin, because these molecules are largely
disordered in the cell wall and, consequently, do not
generate SFG signals. Similarly, water molecules absor-
bed to cellulose and matrix polymers in the wall do not
generate SFG peaks because they are not highly ordered.
SFG spectroscopy has been applied to isolated celluloses
and wood chips (Barnette et al., 2011, 2012) as well as
cotton (Gossypium hirsutum) fibers (Hieu et al., 2011), but
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its potential for investigating changes in native cellulose
order during plant development has not been assessed.
The coherence length of SFG is estimated as a few hun-
dred nanometers (Lacomb et al., 2008). Thus, SFG can
reveal polar ordering of cellulose microfibril organization
in the meso-scale, bridging structural information be-
tween the molecular scale less than or equal to nano-
meters and the macro scale larger than micrometers.

In this work, we used SFG spectroscopy in combina-
tion with other methods to detect changes in the order-
ing (or packing) of cellulose microfibrils in Arabidopsis
(Arabidopsis thaliana), an important model plant for cell
wall study (Chen et al., 1998; Liepman et al., 2010). The
results reveal subtle changes in cellulose ordering and
packing that are difficult to detect by common analytic
methods.

RESULTS AND DISCUSSION

Monitoring Secondary Wall Cellulose during
Inflorescence Formation

The elongating inflorescence of 6-week-old Arabidopsis
plants presents a developmental gradient: older cells with
thickened secondary cell walls are located at the base of
the inflorescence, and younger cells with predominantly
primary cell walls are at the top (Supplemental Fig. S1;
Zhong et al., 2008). To assess potential changes in cel-
lulose ordering along this gradient, we prepared cell
wall pellets from five equally spaced regions along the
inflorescence and analyzed them by SFG. For inflo-
rescences of 6-week-old plants (6WAI), we observed a
large change in the strength of the 2,944 cm™ ! peak,
with the highest intensity in the basal region and pro-
gressively weaker signals in higher (younger) regions of
the inflorescence (Fig. 1A). In contrast, the 2,944 cm!
peak was nearly the same along the inflorescences of
8-week-old plants (SWAL Fig. 1B), where cell elonga-
tion had ceased and secondary walls were well devel-
oped at the top and bottom of the inflorescence. There
was a good correlation between crystalline cellulose
contents estimated by the method of Updegraff (1969)
and by the 2,944 cm ™! intensity matched to a cellulose
calibration curve (Fig. 1C; Supplemental Table S1; Barnette
et al,, 2012).

We also used a modified procedure in which SFG
spectra were collected from short (approximately 10-mm)
segments of inflorescence stem split open to collect
spectra primarily from the internal stele and pith tis-
sues. The results were qualitatively the same as those
obtained with pellets and furthermore did not require
decolorizing in ethanol (Supplemental Fig. S1, B-D),
showing the potential of SFG for rapid and simple as-
sessment of cellulose in complex tissues. Independent
confirmation of these results was obtained by XRD
analysis (Supplemental Fig. 52) and Raman spectra
(Supplemental Fig. S3), whereas IR spectra proved un-
informative (Supplemental Fig. S4). These results dem-
onstrate SFG spectroscopy to be an effective means for
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Figure 1. SFG spectra of ground wall pellets from different axial lo-
cations of stems from 6WAI (A) and 8WAI (B) of wild-type (Col-0)
plants. Inflorescence stem regions are as follows: B, bottom (5%-20%);

BM, bottom-middle (20%-40%); M, middle (40%—-60%); MT, middle-
top (60%-80%); T, top (80%-95%). C, Correlations of SFG intensity of
the 2,944 cm™' peak with crystalline cellulose values of 6WAI and
8WAI (7 = 0.91; n =5 for SFG, n = 3 for 6WAI and 8WAI crystalline
content). D, OH (3,320 cm’l)/CH2 (2,944 cm™") SFG intensity ratio of
6WAI and 8WAI of the wild type (Col-0). Error bars represent se (8 = n
= 10). Some error bars are not seen because they are too small. SFG
experiments (A and B) were repeated three times with similar results.
a.u., Arbitrary unit. [See online article for color version of this figure.]

estimating the crystalline cellulose contents of plant cell
walls without extraction of matrix wall polymers.

In addition to the good correlation between SFG
intensity and cellulose contents, we noted changes in
the 3,320/2,944 cm™ 1ntens1ty ratio along the inflores-
cence, with larger changes in 6WAI compared with
8WAI (Fig. 1D). This variation suggests that the relative
polar ordering of the C6H, group (2,944 cm™') and the
intrachain hydrogen-bonded O3H-O5 group (3,320 cm ™)
changes as the walls mature, dehydrate, or accumulate
thicker secondary cell walls. In secondary cell walls, mi-
crofibrils are more aligned and closely packed compared
with primary cell walls (Fernandes et al., 2011). The ef-
fects of lateral packing or distance between cellulose mi-
crofibrils might exert different effects on optical coherence
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of the C6H, and O3H-O5 groups. Another possible factor
affecting the C6H, SFG intensity could be the twisting of
cellulose microfibrils (Hanley et al., 1997), which likely
reduces the net polar ordering of the C6H, group along
the cellulose chain; in contrast, the SFG signal from the
O3H-O5 group, which runs parallel with the microfibril
axis, might not be affected by such twisting. Microfibrils
of primary cell walls, which are relatively dispersed and
unbundled, may be more subject to twisting than well-
aligned and bundled microfibrils (Fernandes et al., 2011).
Thus, the variation of the 3,320/2,944 ¢cm ™! intensity
ratio along the growth rate of the inflorescence may
indicate such aspects of cellulose ordering that are cur-
rently difficult to assess with other methods. This suggests
that, in addition to C6H, SFG intensity, the OH/C6H,
intensity ratio can be used as a new indicator to advance
our understanding of cellulose structure in intact plant
walls.

Cellulose Alterations in Synthase Mutants

Ten putative cellulose synthase (CesA) genes have been
identified in Arabidopsis (Richmond, 2000); among them,
CesA4, CesA7, and CesA8 contribute to cellulose synthesis
in secondary cell walls (Turner and Somerville, 1997;
Taylor et al., 2003). CesA defects often reduce cellulose
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Figure 2. SFG measurements of the inside and outside from 8-week-old
wild-type (WT) Landsberg erecta (Ler), irx1-1, and irx3-1 inflorescences.
A, Diagram of an intact Arabidopsis inflorescence sample for SFG
analysis. Inside (stele) and outside (epidermis) tissues were exposed to
IR and Raman spectroscopy for SFG measurement as illustrated. B, The
inflorescence stems were cut in the middle region (see “Materials and
Methods”). SFG measurements were repeated three times with similar
results. a.u., Arbitrary unit. [See online article for color version of this
figure.]
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Figure 3. SFG spectra of 4WAA (Col-0) aerial tissue (pellets). Prior to
harvesting, 4WAA was additionally grown for the indicated times
under the dark or light. a.u., Arbitrary unit. [See online article for color
version of this figure.]

contents, evidenced by XRD, histochemistry, and Upde-
graff assays, and result in small, weak plants (Turner and
Somerville, 1997; Taylor et al., 2000; Wu et al., 2000;
Zhong et al., 2008; Harris et al., 2012). To assess whether
such mutations also modified other features of cellulose
organization, we examined two CesA mutants, CesA8™!1
(irx1-1) and CesA7"™*" (irx3-1; Taylor et al., 2003), using
bisected inflorescence stems as well as compressed pellets
for SFG analysis. With the bisected stems, we collected
SFG spectra at both the outside and inside of the stem.
Figure 2 shows representative SFG spectra. Walls from
the wild type showed prominent SFG peaks at 2,944 and
3,320 cm” ! for spectra collected from both the inside and
outside surfaces. The relatively strong intensity of the
2,944 cm! peak for the inside surface is consistent with
the prominence of secondary walls at or close to this
surface. The reduced intensity of the 2,944 cm ™' peak
for the outside wall spectra is likely due to the attenu-
ation of the incident laser pulse in the epidermis, which
contains mostly primary cells with relatively weak SFG
contribution.

In comparison with the wild type, the SFG spectra
obtained with the two CesA mutants were weaker,
especially for the inside samples. Also, independent
confirmation of the reduction of cellulose contents in
irx1-1 and irx3-1 was obtained by XRD and Raman mea-
surements (Supplemental Fig. S5). These result are con-
sistent with the reduced cellulose contents in vascular
walls reported for these mutants (Turner and Somerville,
1997). Taylor et al. (2000) reported that the xylem walls
of irx]1 and irx3 were indistinguishable at the micro-
scopic level compared with the wild type, despite re-
duced cellulose contents. This is consistent with our SFG
results, which did not show evidence of changes in cellulose
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ordering in the same CesA mutants. A second notable
difference from the wild type was a weak but dominant
peak at 2,904 cm™ for spectra collected at the outside
surface. The 2,904 cm ™' SFG peak is a characteristic CH
(methine) signal of starch (amylose; Snyder et al., 1984;
Miyauchi et al., 2006). When the cellulose signal was
strong, the starch SFG signal was not prominent. How-
ever, when the cellulose signal was weak, then the starch
signal could become dominant. Thus, it should be noted
that starch signal can be a main CH SFG peak when
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Figure 4. SFG and XRD measurements of Arabidopsis (Col-0) walls.
A, Changes of SFG spectra of 4WAA (Col-0) aerial tissue (pellets) by
2 m TFA treatment. B, Increase of XRD crystal size of 4WAA after 2 m TFA
treatment. a.u., Arbitrary unit. [See online article for color version of this
figure.]
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crystalline cellulose contents are greatly reduced by
mutations.

SFG Spectral Differences between Cellulose of Primary
and Secondary Cell Walls

Pulverized samples consisting predominantly of pri-
mary cell walls of aerial tissues of 4-week-old Arabi-
dopsis (4WAA) were decolorized in ethanol and pressed
into pellets for spectral analysis (Fig. 3). In contrast to the
SFG spectra of cellulose microfibrils in secondary cell
walls (Fig. 1), SFG signals of primary cell walls of 4WAA
were notably weak and dlfferent They exhibited a
broad peak centered at2,904 cm ' and a very weak peak
at 3320 cm ™! (Fig. 3). The strong peak at 2,904 cm ' is
due to starch (amylose) contaminant in the primary
cell wall sample. In order to deplete starch, plants were
placed in darkness for 24 h prior to harvest (Zablackis
et al.,, 1995; Graf et al., 2010). With the reduction in starch
content, the SFG spectra of the primary cell walls could
be assessed more clearly. The peak shape and position
in the OH region were the same as the secondary cell
wall SFG spectra, but the peak in the CH, stretch region
was broad and centered at approximately 2,920 cm™*
instead of 2,944 cm ™. The markedly distinct spectra for
primary and secondary walls indicate that the SFG
spectrum of cellulose is not determined solely by cel-
lulose crystallite structure but may also be sensitive to
the packing, twisting, and order of cellulose microfibrils,
which differ for primary and secondary cell walls.

Additional support for this interpretation comes from
an analysis of primary cell wall samples (4WAA) treated
with 2 M trifluoroacetic acid (TFA), which hydrolyzes
noncrystalline polysaccharides but does not alter crys-
talline cellulose structure (Vignon et al., 2004; Foster
et al., 2010). The point of the TFA hydrolysis experi-
ment was to test the idea that changes in the meso-scale
ordering/alignment of cellulose microfibrils result in
altered SFG spectra. SFG signal intensities increased
after TFA hydrolysis and the spectrum changed markedly,
giving peaks at 2,944 and 3,320 cm ™ (Fig. 4A; i.e. closely
resembling spectra of celluloses in secondary cell walls).
The increase in SFG intensities could be attributed to
the increase in cellulose concentration upon the removal
of matrix polymers (Barnette et al., 2012). However,
without structural changes of crystalline cellulose, the
SFG peak positions will not change. The appearance of
the 2,944 and 3,320 cm ™ peaks after hydrolysis with
2 M TFA implied the conversion or alteration of cellulose
microfibril spacing, alignment, and packing into a state
similar to the secondary cell walls. The TFA treatment
does not hydrolyze the crystalline cellulose and is unlikely
to alter cellulose crystal structure. Thus, the observed
changes in the SFG spectra must be due to changes in
the optical coherence of net dipoles spaced over multi-
ple cellulose crystals. Such coherence and microfibrillar
packing are evidently different in the 4WAA primary
cell walls, which lack the 2,944 cm™" peak, but can be
artificially created when matrix polymers are removed
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and the crystalline cellulose microfibrils collapse upon
each other. In XRD, 4WAA treated with 2 M TFA revealed
a larger crystal size than the untreated control (Fig. 4B).
This process may be related to the induction of lateral
association of microfibrils visualized in onion (Allium
cepa) parenchyma walls after extraction to remove pectins
and hemicelluloses (McCann et al., 1990).

To conclude, we found distinctive SFG spectra for
cellulose in primary and secondary cell walls of various
Arabidopsis tissues; additionally, after acid hydrolysis of
noncrystalline polysaccharides, the SFG spectrum of pri-
mary cell walls changed to one resembling secondary cell
walls. Our results indicate that SFG spectra are sensitive
to the ordering (i.e. alignment, packing) of cellulose mi-
crofibrils in the cell wall. Such ordering is important for
various physical properties of the wall, including tensile
strength, compression resistance, and enzymatic digest-
ibility of secondary walls, and for the ability to resist
turgor pressure and to expand in primary cell walls.

MATERIALS AND METHODS
Plant Cell Wall Materials

After 4 d of cold treatment at 4°C, Arabidopsis (Arabidopsis thaliana) wild-
type plants (Columbia [Col-0] and Landsberg erecta) and genetic mutants were
grown on 1X or 0.5X Murashige and Skoog medium (Murashige and Skoog,
1962) containing 1% (w/v) Suc for 1 week, transferred onto soil, and grown
under 70 umol m 2 s light intensity (day/night, 16/8 h; temperature, 22°C/
16°C). Cell wall samples were collected from 4WAA aerial tissues, consisting
of leaves and petioles. Unless otherwise stated, all Arabidopsis plants were
exposed to light at least for 8 h or as indicated prior to harvest. The collected
sample was frozen at —-80°C, incubated in 100% (v/v) ethanol (with two ex-
changes of ethanol) at room temperature for 24 h to remove chlorophylls,
rinsed with deionized distilled water, ground with mortar and pestle in liquid
nitrogen, lyophilized, and pressed into pellets for SFG measurement. To remove
noncrystalline cell wall components, the alcohol-insoluble residue (approxi-
mately 5 mg) was treated with 2 m TFA at 121°C for 90 min.

The main inflorescence stems were collected, frozen at -80°C, incubated in
100% ethanol (with two exchanges of ethanol) at room temperature for 24 h to
remove chlorophylls, rinsed briefly with ddH,O (deionized distilled water),
frozen in liquid nitrogen, pulverized with mortar and pestle, lyophilized, and
finally pressed into pellets at 650 bar for SFG, XRD, and Raman measurements.
In some cases, the inflorescence stems were cut into five regions: bottom, 5% to
20%; bottom-middle, 20% to 40%; middle, 40% to 60%; middle-top, 60% to 80%;
and top, 80% to 95%, where % is the height from the bottom/total plant. For cell
wall histochemistry and wall component analysis, see Supplemental Materials
and Methods S1.

SFG Spectroscopy Measurements

SFG signals were generated using an EKSPLA PL2241 picosecond mode-
locked Nd:YAG laser, as described previously (Barnette et al., 2011; Lee et al.,
2013a). The IR (parallel [p]-polarized, 300-350 w]) and visible (senkrecht or
perpendicular [s]-polarized, 41-200 uJ) beams were overlapped spatially and
temporally on the sample with reflection geometry. The incidence angles of IR
and visible laser beams were 56° and 60°, respectively, with respect to the surface
normal. The SFG signal from the sample was collected with a beam collimator,
filtered with an MS2011 monochromator (s-polarized), and detected with a
photomultiplier (Hamamatsu). SFG spectra were obtained with an 8 cm ™" per
step scan in the O-H stretching region (3,000-3,800 cm ') and a 4 cm ™" per
step scan in the C-H stretching region (2,700-3,000 cm ') under ambient con-
ditions. At each wave number, the detected SFG intensity was averaged over
100 laser shots and normalized over the visible and IR input beam intensities.
In each SFG spectrum, the square of the effective nonlinear susceptibility is
plotted as a function of input IR frequency in units of cm™". The SFG probe
size was approximately 190 * 10 um along the laser incidence plane direction,
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approximately 150 = 10 um perpendicular to the incident plane, and ap-
proximately 20 * 5 um in depth from the external surface of the sample.

Additional steps were needed to acquire SFG spectra from 6WAI and SWAI
pellets. To deal with texture variations of the samples, average SFG intensities
at 2,944 and 3,320 cm ™! were first taken from four to six locations on the pellet.
Complete SFG spectra were taken at locations on the pellet where the SFG
signal was equal to the average intensity obtained from these four to six lo-
cations. Sample damage due to high-power laser pulses did not occur at the
lowest visible power (approximately 41 uJ) needed to get sufficient signal-to-
noise ratios. To verify this, the SFG signal was monitored at 2,944 cm ™' for
15 min to confirm no decrease in intensity over this time period. All intact
samples were analyzed with the plane of incidence parallel with the longi-
tudinal direction of the inflorescence and repeated three times for 6WAI and
8WAI (Supplemental Fig. S1). For IR and Raman measurements, see Supple-
mental Materials and Methods S1.

XRD Measurements

XRD analysis was performed using a Rigaku SmartLab XRD apparatus
with a Cu tube (A = 1.5405 A). The radiation was generated at 25 mA and
35 kV. The scattering angle of 26 (x-ray diffraction angle in degrees) from 9° to
41° was measured at the step size of 0.05° with 5-s exposure at each step. The
pelletized sample was placed on a sample holder to ensure a flat, even surface.
The crystallinity index was calculated using the amorphous subtraction method
(Park et al., 2010). A mixture of xylan and lignin was used as an amorphous
standard, and its portion was subtracted from the sample XRD spectrum.
A scale factor was applied to the amorphous standard spectrum, so that the
baseline between the crystalline XRD peaks is zero without any negative values
after subtraction of the amorphous portion.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. SFG spectra and toluidine blue staining of 6WA
and WAL
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