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We present chemical images of Arabidopsis thaliana stem cross-sections acquired by confocal Raman
microscopy. Using green light (532 nm) from a continuous wave laser, the spatial distributions of cell
wall polymers in Arabidopsis are visualized for the first time with lateral resolution that is sub-pm.
Our results facilitate the label-free in situ characterization and screening of cell wall composition in this
plant biology and genetics model organism, contributing ultimately towards an understanding of the
molecular biology of many plant traits.
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1. Introduction

Plant biomass constitutes a renewable energy source, which
harnesses solar energy through photosynthesis, and is pivotal in
providing solutions to pressing challenges facing humanity, e.g.
feeding a growing global human population, mitigating global cli-
mate change, and the need of many major national economies to
resort to renewable resources within the next decades. Scientific
and technological advances in plant biology, genetics and biotech-
nology are crucial for delivering abundant renewable resources for
the increased and sustainable production of food, biofuels, and
chemicals. In fact, lignocellulosic biomass is poised to become
the primary source of biomass for the conversion to liquid biofuels
[1-4]. However, the recalcitrance of these plant cell wall materials
to cost-effective and efficient degradation presents a major imped-
iment to their use in the production of biofuels and chemicals. A
detailed knowledge of the cell wall (ultra)structure and chemical
composition is required to understand the specific chemical and
physical obstacles to breakdown.

The model plant Arabidopsis provides an excellent model for
probing the plant cell wall. Its small size and fast generation time
allow rapid characterization of mutations and treatments. Its small
genome was the first plant genome sequenced [5]. Arabidopsis
research also benefits from a wide array of tools, including
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collections of gene knockouts that cover much of the genome [6]
and collections of gene expression, proteomics, and gene function
data [7].

Analytical chemical in situ methods are invaluable tools for the
accurate rapid characterization of lignocellulosic materials because
extractive procedures for the isolation of native components are
cumbersome and inevitably destructive, bringing about significant
chemical and structural modifications. Label-free chemical imag-
ing by confocal Raman microscopy has been previously used for
the in situ visualization of the spatial distribution of cellulose and
lignin in poplar [8,9] and spruce wood [10] cell walls (i.e., non-
green samples). We have recently adopted this method to compare
lignification in wild type and lignin-deficient transgenic Populus
trichocarpa (black cottonwood) stem wood [11].

Given the importance and utility of Arabidopsis in plant re-
search, the application of this micro-spectroscopic analysis tool
to Arabidopsis thaliana appears highly promising and desirable.
But it has thus far been precluded by prohibitively strong autofluo-
rescence in green samples. Here, we demonstrate high-quality Ra-
man imaging of A. thaliana with visible wavelength excitation and
high spatial resolution, overcoming the autofluorescence problem
by using senescent samples.

2. Materials and methods

Wild type seeds of the Columbia-0 ecotype were sterilized with
bleach and placed at 4 °C for 4 days. Seeds were germinated on %2
MS plates (0.5 x MS, 0.8 g/L MES, 0.7% agar, pH 5.7) and trans-
planted onto soil after 10 days. The stems of plants were wrapped
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Fig. 1. Average Raman spectrum of a senescent Arabidopsis thaliana stem section in
D,0 (black line) and a scaled Raman spectrum of a green sample with prohibitively
large autofluorescence (gray line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this paper.)

around and tied to stakes after 3 weeks, after which the plants
were no longer watered. Samples were taken 3 weeks later when
the stems of the plant were completely dried. About 20-pm-thick
transverse sections from hydrated senescentA. thaliana stems were
prepared by microtome (Leica, RM2265 rotary microtome). The
sections were placed in D0 (Aldrich) on glass microscope slides
and covered with glass cover slips (18 x 18 x 0.17 mm). The edges
of the cover slips were sealed onto the glass slides to prevent evap-
oration of D,0. Two-dimensional spectral maps were acquired
with a confocal Raman microscope (WITec, alpha300 S, fiber/pin-
hole diameter = 100 um), which is equipped with a piezoelectric
scan stage. A 100x oil immersion microscope objective (Nikon,
NA =1.40, WD =0.13 mm) and a laser in the visible wavelength
range (4 =532 nm) were used in the measurements. The linearly
polarized laser light was focused with a nearly diffraction-limited

spot size onto the samples and the Raman light was detected by
a CCD camera (Andor, DV401-BV) behind a grating (600 grooves
mm ') spectrometer (WITec, UHTS 300) with a spectral resolution
of 3cm~!. The laser power on the samples was approximately
6 mW. The lateral resolution of our system was determined via a
knife-edge measurement within our sample fluid cell to be
~300 nm, which is near the theoretical limit (0.61A/NA ~ 230 nm).
Sample areas of interest were mapped by raster scanning in 200-
nm steps with an integration time of 100 ms per spectrum. The WI-
Tec Project software (version 1.94) was used for spectral and image
processing and analysis. Chemical images were computed from the
two-dimensional spectral maps by integrating the intensity over a
defined wavenumber range in the baseline-corrected Raman
spectra.

3. Results

Fig. 1 shows an average Raman spectrum of a senescent
A. thaliana xylem section in D,0. The Raman bands are attributable
primarily to the major cell wall polymers, i.e., cellulose, hemicellu-
loses, and lignin as well as D,0. Band assignments are given in the
literature [8-12]. For comparison, a scaled Raman spectrum of a
green sample is also presented. Apart from the large fluorescence
background it is virtually featureless, rendering such a green sample
unsuitable for Raman analysis.

To obtain chemical images, position-resolved micro-spectro-
scopic measurements were performed acquiring two-dimensional
spectral maps. The basic morphology of the measured cell walls
becomes apparent in the chemical image based on the composite
C-H stretching bands, i.e., integrating the intensity over the range
from 2775 to 3125 cm ! (Fig. 2A). The spatial distribution of the
carbohydrates, mainly cellulose, is visualized by integrating the
intensity from 2820 to 2935 cm™! (Fig. 2B) [9]. As expected, high
carbohydrate signals are found in the secondary walls. In Fig. 2C
the lignin distribution is presented, obtained by integrating from
1550 to 1700 cm~! [8-11]. High lignin signal intensity is observed

Fig. 2. Chemical images of a xylem tissue cross-section of senescent Arabidopsis thaliana based on: (A) the composite C-H stretching bands (integrating the intensity from
2775 to 3125 cm™!), (B) the C-H and CH, stretching of carbohydrates (2820-2935 cm™!), and (C) lignin Raman bands (1550-1700 cm™!). (D) Variability in the spatial

distribution of the lignin signal intensity.
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in the cell corners and, somewhat less, in the compound middle
lamellae. For many cells lower, yet not insubstantial, amounts of
lignin are observed within the secondary walls. However, there is
variability of the lignin signal intensity and some secondary walls,
namely of xylem vessels, are strongly lignified (Fig. 2D). This stron-
ger lignification is likely to ensure waterproofing of these water-
carrying structures.

4. Discussion

Lignocellulosic materials are hierarchical and heterogeneous
with regard to both structure and composition. As shown, Raman
imaging gives insights into cell wall composition with spatial res-
olution that is sub-pum without staining or labeling of the samples
in a close to native state. It requires minimal sample preparation
and the measurements are non-destructive and comparatively
inexpensive. The Raman spectra register simultaneously contribu-
tions of active vibrations from all components in the sample vol-
ume. To fully exploit the multicomponent and multiphase
sensitivity, i.e., the multiplex advantage, we are currently pursuing
a chemometric approach to dissect the spatial distribution of the
carbohydrates, which bear structural and spectral similarities.
Measuring in D,0 enables us to perform intensity normalization
based on the extrinsic O-D stretching band around 2500 cm™! in
the average lumen spectra [11]. This is critical and allows us to
compare signal intensities between different measurements, tis-
sues, samples and species.

5. Conclusion

Using senescent samples, Raman imaging of cell wall polymers
inA. thaliana was demonstrated. The spectral analysis is not limited
to cellulose and lignin, and a chemometric approach can make
hemicelluloses and pectin accessible [13]. Our results facilitate
the label-free in situ characterization and screening of different tis-
sues and mutants. Mutations can be correlated with variations in
cell wall composition and structure relatively fast and inexpen-
sively [11]. This may ultimately contribute towards an understand-
ing of the molecular biology of many plant traits.
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