Planta (2020) 251:104
https://doi.org/10.1007/500425-020-03396-0

ORIGINAL ARTICLE q

Check for
updates

Artificially lignified cell wall catalyzed by peroxidase selectively
localized on a network of microfibrils from cultured cells

Seiya Hirano' - Yusuke Yamagishi? - Satoshi Nakaba' - Shinya Kajita® - Ryo Funada’ - Yoshiki Horikawa'

Received: 5 September 2019 / Accepted: 29 April 2020 / Published online: 7 May 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Main conclusion An artificial lignified cell wall was synthesized in three steps: (1) isolation of microfibrillar network;
(2) localization of peroxidase through immunoreaction; and (3) polymerization of DHP to lignify the cell wall.

Abstract Artificial woody cell wall synthesis was performed following the three steps along with the actual formation in
nature using cellulose microfibrils extracted from callus derived from Cryptomeria japonica. First, we constructed a poly-
saccharide network on a transmission electron microscopy (TEM) grid. The preparation method was optimized by chemical
treatment, followed by mechanical fibrillation to create a microfibrillated network. Morphology was examined by TEM,
and chemical characterization was by Fourier transform infrared (FTIR) spectroscopy. Second, we optimized the process to
place peroxidase on the microfibrils via an immunoreaction technique. Using a xyloglucan antibody, we could ensure that
gold particles attached to the secondary antibodies were widely and uniformly localized along with the microfibril network.
Third, we applied the peroxidase attached to secondary antibodies and started to polymerize the lignin on the grid by simul-
taneously adding coniferyl alcohol and hydrogen peroxide. After 30 min of artificial lignification, TEM observation showed
that lignin-like substances were deposited on the polysaccharide network. In addition, FTIR spectra revealed that the bands
specific for lignin had increased, demonstrating the successful artificial formation of woody cell walls. This approach may
be useful for studying woody cell wall formation and for producing made-to-order biomaterials.
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Abbreviations Introduction

DHP Dehydrogenation polymer

FTIR Fourier transform infrared Lignified cell wall is the main substance of woody biomass
HRP Horseradish peroxidase that provides mechanical support for large trees, enabling
TEM Transmission electron microscopy them to live up to more than 1000 years. Lignified cell walls

are divided into primary and secondary cell walls that dif-
fer in their chemical composition and microstructure. The
peripheral cambium generates cells during cell division,
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et al. 2014). In the secondary cell wall of softwoods, galac-
toglucomannan, followed by arabino-4-O-methylglucu-
ronoxylans, are the most abundant components, whereas
O-acetyl-4-O-methylglucuronoxylans are the main compo-
nents in hardwoods (Fengel and Wegener 1989). The main
hemicellulosic polysaccharide found in the primary cell wall
is xyloglucan, in both softwoods and hardwoods. Xyloglucan
links non-covalently to cellulose, causing the association
of adjacent cellulose microfibrils, the main tension-bearing
structures in the primary wall (McCann et al. 1990; Nishitani
and Tominaga 1992). Pectin is regarded to have an important
role in regulating cell wall extensibility by the formation of
intermolecular bonds through the involvement of calcium
ions (Higuchi et al. 1971; Guglielmino et al. 1997). In vitro
experiments have demonstrated that these polysaccharides
influence the crystalline structure of cellulose, its accumula-
tion, and morphology (Tokoh et al. 1998, 2002).

Lignin deposition occurs in the compound middle lamella
when the S| layer is formed (Takabe et al. 1981; Kiyoto
et al. 2015). As secondary cell wall formation progresses,
lignification proceeds from the outer layers and the entire
cell wall becomes lignified. Biosynthesis of lignin occurs
via the radical coupling of monolignols and is catalyzed by
peroxidase or laccase (Zhao et al. 2013), after which non-
condensed units, mostly containing 8-O-4" aryl-ether bonds,
are constructed (Terashima et al. 2009). Regarding the spa-
tial deposition of lignin, it is to be expected that the peroxi-
dase localizes close to hemicelluloses in the living cell wall.
Support for this hypothesis comes from a study in which a
Zinnia cell culture differentiated into tracheid elements at
the points where peroxidase was localized in the secondary
cell wall (Sato et al. 2006).

To study lignin biosynthesis and its chemical structure,
dehydrogenation polymers (DHP), which are artificially
synthesized from monolignols by the endwise polymeriza-
tion method “Zutropfverfahren,” have been investigated.
However, such in vitro polymers possess much higher
levels of condensed linkages that render them clearly
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Fig. 1 Process of lignified cell wall synthesis. a Isolation of microfi-
brillar network with cell wall polysaccharides on the surface. b Opti-
mization of the process to localize peroxidase close to the microfi-
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different from lignins in living cells (Jacquet et al. 1997).
Researchers have demonstrated that the chemical structure
of lignin is altered by the accumulation of hemicelluloses.
The 8-0-4' linkage in DHP was increased under the influ-
ence of polysaccharides, such as hemicellulose (Higuchi
et al. 1971) or pectin (Terashima et al. 1995, 1996) under
aqueous conditions. Although several reports based on
experiments using non-crystalline polysaccharides and
lignin have been described, the process of cell wall for-
mation remains unclear. Therefore, in vitro experiments
have been explored using model cellulose. Li et al. (2015)
established lignified cell wall synthesis based on bacterial
cellulose; they used this method to investigate the struc-
tural modification of lignin by hemicelluloses. However,
they did not use the cellulose microfibrils extracted from
terrestrial plants. Furthermore, they added peroxidase to
the reaction liquor to freely catalyze monolignol polymeri-
zation. This approach differs from ours, which is based on
the hypothesis that the enzymes in living cells are local-
ized close to polysaccharides.

Given this background, we investigated woody cell wall
synthesis in vitro based on microfibrils from terrestrial
plant cellulose. We focused on the hypothesis that per-
oxidase localizes close to hemicelluloses; therefore, the
process of cell wall synthesis was divided into three steps
based on what is known about its in vivo formation. Our
process uses cellulose microfibrils extracted from callus
derived from Cryptomeria japonica (Fig. 1). First, we con-
structed a polysaccharide network on a TEM grid. Second,
the process was optimized to localize peroxidase close to
the microfibrils through immunoreaction using antibody
binding with gold particles. Third, artificial lignification
was achieved by feeding monolignols and hydrogen perox-
ide (H,0,), which is catalyzed by peroxidase. The products
obtained at each step were chemically and morphologi-
cally characterized by Fourier transform infrared (FTIR)
spectroscopy and/or TEM observation.

c Monolignol/("”
Peroxidase

Lignin

brils via an immunoreaction using an antibody conjugated with a
gold particle. ¢ Artificial lignification catalyzed by on-site peroxidase,
attached via an analogous antibody (without the gold particle)
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Materials and methods
Induction of cell culture

Callus tissue was obtained from Cryptomeria japonica
according to a published method (Yamagishi et al. 2015).
The young needles from a C. japonica tree growing on
the campus of the Tokyo University of Agriculture and
Technology (Fuchu, Tokyo) were used for the induction
of calli. These were placed on an improved Murashige
and Skoog’s medium (Murashige and Skoog 1962); 30 g
of sucrose, 0.4 mg of thiamin hydrochloride, 2.5 mL of
2 mmol/l 2,4-dichlorophenoxyacetic acid, and 0.5 mL of
2 mmol/L benzyl amino purine were added. We applied
0.2% gellan gum to solidify the medium after adjusting
the pH to 5.8 (Nakagawa et al. 2006). The induced callus
was transferred to a new batch of the same medium, and
incubated at 25 °C in darkness; subcultures were prepared
in the same medium at 4—6-week intervals.

Polarized microscopic observation

The callus was put on the slide glass and observed by
bright-field or polarized-light microscopy (Axioskop, Carl
Zeiss, Oberkochen, Germany).

Cellulose purification

The callus-derived cellulose was purified according to our
prior method (Horikawa 2017). The callus was directly
immersed overnight in 5% KOH, without powdering it, at
room temperature. After washing in distilled water, samples
were subjected to sodium chlorite oxidation in water at pH
4-5 and 70 °C for 1 h to remove any lignin; this treatment
is, hereafter, referred to as the ‘Wise Treatment’ (Wise et al.
1946). This delignification process was repeated three times.
The products were then boiled in 5% KOH for 2 h to remove
most of the hemicelluloses, some amorphous cellulose, and
other non-cellulosic components. The cellulose purification
process was monitored by IR spectroscopy, as described
below. The products obtained were washed in distilled water
and subsequently used for artificial cell wall synthesis.

For preparing cellulose sample from the woody powder of
C. japonica, woody chips of C. japonica were milled by two-
step grinding, using an Orient mill (VM-16, Seishin Enter-
prise Corp., Tokyo, Japan) followed by Bantam mill AP-BL
(Hosokawa Micron, Osaka, Japan); the products were treated
using the Wise method to remove lignin. The treatment was
repeated and the samples were treated with 5% NaOH for
2 h. The products obtained were washed in distilled water.

IR spectroscopy

FTIR spectra were obtained using a PerkinElmer Frontier
system (Waltham, MA, USA) equipped with the Spotlight
200i FTIR Microscope System, in the 4000-750 cm™!
range. The spectra were recorded with a spectral resolution
of 4 cm™! and acquisition of 128 scans, using a low-noise
HgCdTe detector that was cooled to — 196 °C with liquid
nitrogen. To monitor cellulose purification, the sample
suspension was placed on a BaF, window (13 mm diam-
eter X 2 mm thickness) and dried completely for spectral
measurement. To detect lignin synthesis, the TEM grid was
set directly onto the sample holder for spectral acquisition.

X-ray diffraction analysis

Freeze-dried cellulose samples were molded into pellets
using a hand press machine for X-ray diffraction analysis.
X-ray diffractograms were obtained in the reflection mode
using Cu—Ka radiation (1=1.5418 10\) from an UltraX-18HF
diffractometer (Rigaku Corp., Tokyo, Japan) at 40 kV and
300 mA. The full width at half maximum was evaluated
from the diffraction peak (2 0 0) around 22.4° to understand
the crystalline feature of the cellulose sample.

Transmission electron microscopy (TEM)

Microfibrillated cellulose was prepared from callus cellu-
lose using a Hiscotron double-cylinder-type homogenizer
(Microtec, Chiba, Japan). Droplets of the cellulose suspen-
sion were placed on a copper grid or nickel grid for immuno-
reaction (Okenshoji, Tokyo, Japan), which had been covered
by a carbon film. After negative staining with 2% uranyl
acetate, TEM observation was carried out using a JEM-1400
Plus TEM (JEOL, Tokyo, Japan) at 80 kV. The microfibril
width was estimated from the image using the commercial
software, ImagelJ.

Immunoreaction using a primary antibody
for a non-cellulosic polysaccharide

Microfibrillated cellulose was spotted onto the grid that was
supported by a carbon film. After treating the grid in 1 M
saline sodium citrate buffer (pH 7.0, containing 1% bovine
serum albumin) at room temperature for 30 min as a block-
ing treatment, the grids were incubated in anti-xylan (LM11)
(McCartney et al. 2005), anti-homogalacturonan (LM18)
(Verhertbruggen et al. 2009), or anti-xyloglucan (LM25)
(Pedersen et al. 2012) antibodies (PlantProbes, Leeds, UK)
(at 1:500 dilution in the corresponding buffer) for 2 h at
room temperature or overnight at 4 °C. After three washings
with the buffer for 15 min, the grids were reacted with goat
anti-rat secondary antibody conjugated with 5 nm colloidal
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gold particles (BBI Solutions, Sittingbourne, UK) for 2 h at
room temperature (at 1:20 dilution in corresponding buffer).
For the control, microfibrillated cellulose was reacted with
only the secondary antibody. Finally, the grids were washed
in three changes of the buffer for 15 min and then washed
in distilled water. For artificial lignin synthesis, we applied
the secondary antibody bound with horseradish peroxidase
(HRP) (Jackson ImmunoResearch Inc., West Grove, PA,
USA) instead of gold particles. In 30 mL of the correspond-
ing buffer, we then dissolved 12 mg of freeze-dried powder
of the antibody bound to HRP; this was defined as the reac-
tion liquid, and it included the secondary antibody.

Dehydrogenation polymer (DHP) synthesis

DHP was synthesized according to a published method
(Grabber et al. 2003): 12 mM coniferyl alcohol and 2 mM
H,0, were simultaneously delivered by adding droplets to
HRP, which then became attached to the microfibrillated
cellulose on the TEM grid at room temperature. The prod-
ucts were washed with distilled water several times before
negative staining for the TEM observation.

Results

We examined woody cell wall synthesis using plant cellu-
lose microfibrils. We concluded that we have successfully
designed artificial lignified cell walls, in three steps: (1) iso-
lation of a microfibrillated cellulose network, (2) optimiza-
tion of the process for localizing peroxidase using immuno-
reaction, and (3) polymerization of DHP to lignify the cell
wall on the TEM grid.

Isolation of polysaccharide network

To prepare the polysaccharide network for the isolation of
artificial lignified plant cell wall (Fig. 1a), callus derived
from C. japonica was employed. The cultured cells viewed
under polarized light showed clear birefringence, which indi-
cated that crystalline cellulose microfibrils had accumulated
in the cell walls (Fig. S1). Terrestrial plant cellulose microfi-
brils are easily shortened by acid hydrolysis (Horikawa et al.
2018); therefore, to extract cellulose from the callus while
retaining the longer fibers, the samples were treated with-
out acidic chemicals. The FTIR microscopic spectra, in the
range of 1800-800 cm™, of the callus during the cellulose
purification process are presented in Fig. 2. Before chemical
treatment, the band at 1508 cm™! (Horikawa et al. 2019),
ascribed to aromatic skeletal vibrations, was not visible,
indicating that little lignin was deposited in the callus cell
wall (Fig. 2a); after treatment with 5% KOH overnight, the
bands at 1650 and 1550 cm™!, assigned to C=O-stretching
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Fig.2 FTIR spectra of Cryptomeria japonica callus samples in the
range of 1800-800 cm™. a Before and b after 5% KOH treatment at
room temperature, followed by ¢ Wise treatment three times and then
d boiling in 5% KOH. The bands at 1650 and 1550 cm™" are assigned
to C=0O-stretching and N-H-bending vibrations from proteins. The
band at 1600 cm™! is ascribed to stretching vibrations due to carboxy-
lates

and N-H-bending vibrations due to protein, were reduced
(Fig. 2b). Repeated Wise treatment accelerated the removal
of protein, whereas the bands around 1600 cm™!, ascribed
to carboxylate, remained (Fig. 2c). After treatment in boil-
ing 5% KOH, a typical spectral pattern of cellulose was
obtained (Horikawa 2017), although there was little absorb-
ance around 1600 cm™! (Fig. 2d). The X-ray diffractograms
of purified cellulose prepared from the callus and woody
powder of C. japonica are shown in Fig. S2. The full width
at half maximum of at the peak (200) can be used to assess
cellulose crystallinity, and the values become higher with
lower crystalline cellulose microfibril based on Scherrer’s
equation. The value from callus cellulose was 3.46, which
is notably higher than that of the woody powder, at 2.55
(Horikawa 2017), indicating that cellulose crystallinity pre-
pared from woody powder was better than that from callus
cellulose. The higher cellulose crystallinity of the woody
powder is due to the fact that it consists mainly of second-
ary cell wall, including highly aligned microfibrils, whereas
callus cellulose consists of primary cell wall.

Mechanical treatment employing a double-cylinder-type
homogenizer was used to prepare microfibrillated cellulose
from purified callus cellulose (Fig. 3). The width of cellulose
fibers was approximately 4 nm, which is consistent with that
of terrestrial plant cellulose microfibrils (Saito et al. 2007).
Therefore, the polysaccharide network constructed on the
TEM grid under the above-mentioned chemical and mechan-
ical processing was applied for the following experiment.

Optimization of the process for localizing
peroxidase near the microfibril viaimmunoreaction

To match the process of in vivo cell wall formation, an
immunoreaction was used to place the enzyme adjacent
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Fig.3 Transmission electron microscopy image of Cryptomeria
Jjaponica callus cellulose microfibrils after mechanical treatment

to the polysaccharide network (Fig. 1b). To determine the
appropriate primary antibody, we examined reactions using
several anti-hemicellulose or anti-pectin antibodies. A sec-
ondary antibody conjugated with 5 nm gold particles was
used to evaluate the distribution under TEM observation.
The negative control, in which only the secondary anti-
body was applied to the microfibrillar network, is shown
in Fig. 4a. There were no gold particles detected adjacent
to the microfibrils or on the surface of the grid. When the
anti-xylan (LM11) antibody was applied, only a few gold
particles were observed (Fig. 4b). This negative finding is
consistent with what would be expected in a woody cell
wall structure, because xylan accumulates mainly in the
secondary cell wall (Kim et al. 2010a). Using an anti-pectin
antibody (LM18), some gold particles were located near the
cellulose microfibrils (Fig. 4c). The TEM observation was
supported by the FTIR spectra, in which bands at around
1600 cm™! became visible, indicating that pectin remained
in the fraction after successive chemical treatments (Fig. 2d).
When anti-xyloglucan antibodies were applied, more gold
particles were uniformly observed on the cellulose microfi-
brillar network (Fig. 4d), consistent with xyloglucans being
the main hemicellulose in the primary cell wall. To find the
optimal antibody for this study, we used TEM images to
assess the distance between gold particles and the micro-
fibril surface (Fig. 4e). Using an anti-xyloglucan antibody,
many gold particles were close to the microfibrils, at a
distance of 14.2+15.2 nm, with a narrow distribution of
distances (Fig. 4f). Kimura et al. (1999) reported that the
distance between gold particle and the antigen, using a pri-
mary and secondary antibody, is around 27.2 nm. Therefore,
the average distance of 14.2 nm, within a narrow distance
distribution, is consistent with specific recognition by the
xyloglucan antibody. These results suggest that xyloglucan

was localized on the surface of the cellulose microfibril-
lar network, even after successive chemical and mechanical
treatments. We, therefore, concluded that the anti-xyloglu-
can antibody was the best tool to place peroxidase close to
the microfibrillar network for artificial cell wall synthesis.

Artificial lignification catalyzed by on-site
peroxidases

To complete the preparation of the artificially lignified cell
wall (Fig. 1c), DHP was synthesized in the microfibrillated
cellulose network on the TEM grid. After a blocking treat-
ment, anti-xyloglucan was applied to the grid on which the
microfibrillated cellulose network was constructed. Second-
ary antibody conjugated with peroxidase, instead of gold
particle, was applied to the primary antibody on the TEM
grid (Fig. 5a). A characteristic contrast was observed around
the microfibrillar network, which was similar pattern in the
binding of xyloglucan to gold particles through primary and
secondary antibodies previously (Fig. 4d, e). To synthesize
artificial lignin, solutions of coniferyl alcohol and H,0O, were
simultaneously applied to the grid upon which the peroxi-
dase was localized around the microfibrillar network via pri-
mary and secondary antibodies. After incubation for 30 min,
new substances were observed, after which the microfibril-
lar morphology became electron-dense (Fig. 5Sb). When the
sample was incubated for a longer time to synthesize artifi-
cial lignin, the microfibrillar morphology became entirely
electron-dense, because these substances had entirely cov-
ered the microfibrillar network.

FTIR spectra were used to chemically assess the samples
before and after artificial lignification. The grid for TEM
observation without negative staining was placed in a micro-
scope equipped with FTIR spectroscopy capability, and the
sample was irradiated with infrared light. The FTIR spectra
in which the bands at 1650 and 1550 cm™", ascribed to C=0-
stretching and N-H-bending vibrations from proteins, can be
seen and are presented in Fig. 6a. The presence of these par-
ticular bands can be explained by the fact that the primary
and secondary antibodies conjugated with peroxidase were
localized to the cellulose microfibrils (Fig. 5a). After incu-
bation for 30 min, a new IR absorption was slightly visible
around 1508 cm™", the band assigned to the aromatic skeletal
vibration in lignin (Fig. 6b). When the DHP was synthesized
for 12 h, the bands at 1508 and 1267 cm™~! (Fig. 6¢), both
of which are related to lignin (Faix 1991; Horikawa et al.
2019), increased. As a negative control experiment, lignin
polymerization was examined by coniferyl alcohol without
H,0,. The bands at 1508 and 1267 cm™" ascribed to lignin
were not seen in Fig. 6d, which was clearly different from
Fig. 6¢. Therefore, we were able to conclude that localized
artificial lignification was catalyzed by peroxidases that were
localized close to the microfibrillar network.
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Fig.4 TEM images of microfibrillar cellulose using antibodies that
recognize various non-cellulosic polysaccharides. a Control in which
only secondary antibody was used. b Anti-xylan. ¢ Anti-pectin. d
Anti-xyloglucan antibodies. e Enlarged image of (d). f Quantification

Discussion

In this study, we successfully developed an artificial lignified
cell wall based on three steps. In the first step, a microfibril-
lated network was constructed on the TEM grid by a com-
bination of chemical treatment with mechanical processing
from the cultured cell wall. The width of cellulose fibers
was approximately 4 nm (Fig. 3), which is consistent with
that of cellulose microfibrils in the higher plants. However,
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when the cellulose suspension was prepared by mechanical
processing from woody powder, the cellulose fibers obtained
were 15-20 nm in width (Abe et al. 2007); this is because
cellulose accumulated in the actual cell wall in the form of
microfibril bundles. Plant callus cell walls consist mainly of
the primary wall, in which cellulose microfibrils, rather than
microfibril bundles, are accumulated. Hult et al. (2003) have
successfully prepared dispersed microfibrils from holocel-
lulose; the hemicellulose appeared to prevent aggregation
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Fig.5 Dehydrogenation polymer (DHP) synthesis using peroxidases
that were localized to the microfibrils via xyloglucan and peroxidase-
attached anti-xyloglucan antibodies. TEM observation images from a
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Fig.6 Dehydrogenation polymer synthesis using peroxidases that
were localized to the microfibrils through xyloglucan (as in Fig. 5).
FTIR spectra in the range 1800-800 cm~': a before, b 30 min, and
c 12 h after DHP synthesis. d Negative control for dehydrogenation
polymer synthesis after adding coniferyl alcohol alone. The bands at

1650 and 1550 cm™" are assigned to C=0-stretching and N-H-bend-
ing vibrations from proteins. The bands at 1508 and 1267 cm™' are

ascribed to aromatic skeletal vibrations and C-O stretching due to
lignin, respectively

of microfibrils. Saito et al. (2007) successfully developed
a highly dispersed microfibril suspension using the chemi-
cal radical TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl).
Selective C-6 oxidation occurred on the microfibrillar sur-
face; the resulting anionic carboxylate groups caused elec-
trostatic repulsion between the TEMPO-oxidized cellulose
microfibrils, resulting in a significant dispersion (Saito et al.
2007).

In our study, we found that hemicelluloses and/or car-
boxylates within pectin may help to effectively disperse
microfibrils; this may be supported by the small absorption

before and b after DHP synthesis for 30 min. Arrows in b indicate
new substances among the microfibrils

which we observed at around 1600 cm™! (Fig. 2d); the band
ascribed to carboxylic acids (Horikawa et al. 2019). We also
examined the sample after 5% KOH + Wise treatment but
without boiling in 5% KOH for 2 h, corresponding to the
spectra in Fig. 2c. After mechanical treatment, the cellulose
microfibrils were significantly dispersed under TEM obser-
vation (Fig. S3). However, an unknown substrate, possibly
a non-cellulosic polysaccharide, between the microfibrils
was also observed. Following artificial lignification on this
microfibrillar network, the synthesized lignin could not be
differentiated from the non-cellulosic polysaccharide under
TEM; therefore, we concluded that the microfibril samples,
as shown in Figs. 2d and 3, provided the required scaffold
for artificial cell wall production.

In the second step, we determined the optimum condition
of immunoreaction to localize enzymes close to microfi-
brils, resulting in successful lignification. In this study, the
best primary antibody was anti-xyloglucan that is the main
hemicellulose accumulated in the cultured cell (Fig. 4d, e).
Kim et al. have reported the temporal and spatial immunolo-
calization of glucomannan and xylan using these specific
antibodies. Therefore, when the polysaccharide network was
prepared on the TEM grid from softwood, anti-glucoman-
nan or anti-xylan should be applied for an artificial lignified
cell wall catalyzed by peroxidase. Furthermore, the amount
of lignin deposited in the polysaccharide network can be
controlled by changing the concentration of these primary
antibodies, which is the potential of our artificial cell wall
synthesis system.

In the third step, by applying monolignol and H,0,, an
achievement of lignification using peroxidases that were
localized to the microfibrils through immunoreaction was
clearly confirmed by TEM observation and FTIR spectral
analysis (Figs. 5 and 6). For the artificial lignification, the
addition of only coniferyl alcohol or only H,0, (the negative
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control) did not alter the microfibrillar network morphology
(Fig. S4a, b). FTIR spectra after lignin polymerization were
clearly different from those produced by coniferyl alcohol
alone (Fig. 6d), demonstrating that the unreacted monomer
did not remain on the grid. Given the above-mentioned con-
trol experiment, we can confirm the synthesis of the artificial
lignified cell wall catalyzed by peroxidase selectively local-
ized on a network of microfibrils by immunoreaction.

Conclusions

The structure of lignin is influenced by the presence of poly-
saccharides, such as hemicelluloses and pectin. We success-
fully designed an artificially lignified cell wall, using three
steps: first, isolation of a microfibrillar network; second,
localization of peroxidase through immunoreaction; and
third, polymerization of DHP to lignify the cell wall on a
TEM grid. The approach has the potential to provide a better
model for understanding cell wall formation, and for under-
standing the minimum requirements to produce a lignified
cell wall. Furthermore, using dehydrogenation polymeriza-
tion to produce our artificial cell wall may help to explain
why non-condensed linkages in lignin are prevalent in living
cells; in a future publication, we will report on the chemical
attributes of the lignin produced using this approach. The
ability to control cell wall formation may also help in the
production of made-to-order biomaterial.
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