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Although the process of biosynthesis and subsequent
crystallization of cellulose is the initial stage of plant
cell wall formation, the in vivo mechanism for cellulose
crystallization has still not been clearly resolved. Sev-
eral years ago, Attala and VanderHart! found that the
cellulose I crystalline structure is really a composite of
two allomorphs, thereby providing a new method by
which to investigate this mechanism. Why are two
cellulose allomorphs, 1, and lg, crystallized at the
surface of plant cells? An earlier study?! pointed out that
cellulose from enlarging algae was rich in the I, phase,
whereas the lg phase was the dominant cellulose
component in higher plants which form thick secondary
walls once the primary geometry of the cells has been
established. More recently, following studies?~> have
suggested that the metastable triclinic I, phase is
formed by some type of stress during crystallization,
whereas the stable monoclinic 13 phase crystallizes in a
relatively relaxed state. The nature or source of the
stress, however, was not specified.

Here, we want to explore the idea that plant cellular
forces exerted during growth have a direct influence on
crystallization of newly biosynthesized cellulose which
can be gel or a liquid crystal phase. This paper provides
an in vivo evidence that the major crystalline component
of cellulose changes from I, to Ig when cellular enlarging
growth ceases.

To examine the cellulose crystalline structure in a
developing wood cell wall, we prepared 30-um-thick
radial (in the radial direction of the annual rings)
sections of differentiating coniferous wood xylem ob-
tained from Cryptomeria japonica (Japanese cedar) and
Chamaecyparis obtusa (Japanese cypress). In these
sections, developing axial tracheids and their cell walls
were lined up in order of maturity starting from the
cambial zone (C) to the mature xylem (MX) as shown
in Figure 1. The sections were disencrusted thoroughly’
by a combination of two purification methods for pri-
mary wall® and for wood cell wall cellulose® and then
were freeze-dried with tert-butyl alcohol.

The purified sections were analyzed with a FT-IR
spectrometer (Nicolet Magna 550) equipped with a
microscopic attachment (Nicolet Nic plan).1® Spectra
were obtained on small areas (300 x 50 um?) from four
distinct stages of the cell wall formation (P, P + S;, P +
S1 + Sy, P+ S1 + S, + S3) as illustrated in Figure 1.

Cellulose I, shows characteristic IR bands at 3240 and
at 750 cm~1, while those for the Iz phase appear at 3270
and at 710 cm~1.4 In Figure 2, FT-IR spectra in the
1000—650 cm™~! region obtained from both wood samples
are shown. The IR absorption band at 750 cm™!
attributed to the I, cellulose form appeared only in the
spectra from the primary wall (P). This band became
weaker with the subsequent deposition of the thick
secondary wall layers on the preformed wall layers (P
+ Sl, P + Sl + Sz, P+ Sl + Sz + 83). On the other
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Figure 1. A radial section of Japanese cedar showing dif-
ferentiating xylem and phloem (Ph). A radial row of develop-
ing axial tracheids from the cambial zone (C) to mature xylem
(MX) is displayed. The primary wall (P) was formed during
radial enlarging (RE) growth. After the enlargement, the outer
(S1), middle (Sz), and inner (S3) layers of the secondary wall
were successively deposited onto the inner surface of the
preformed wall. The region outlined in black shows the area
analyzed using the microscopic FT-IR attachment.
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Figure 2. FT-IR spectra of cellulose in the region from 1000
to 650 cm™~! from developing Japanese cedar (left) and Japa-
nese cypress (right) tracheid walls composed of P, P + S1, P
+ S+ S and P + S; + S, + S; (abbreviations as noted in
Figure 1), compared with standard spectra of cellulose rich in
l. (Valonia ventricosa) and pure Iz (Halocynthia roretzi)
allomorphs. IR absorption bands at 750 and at 710 cm™* are
characteristic for the I, and Ig forms of cellulose, respectively.

hand, the band at 710 cm~? assigned to I cellulose was
not detected in the spectra for the primary wall, whereas
after the start of the secondary wall deposition, it began
to appear as a significant shoulder peak. A schematic
representation of the developing wood cell wall regions
and their corresponding FT-IR spectra are shown in
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Figure 3. Schematic representation of the cellulose from the
four stages in the development of the tracheid walls together
with a series of typical FT-IR spectra in the region from 800
to 700 cm~* showing the change in crystalline form from -
rich cellulose to Is-rich cellulose during tracheid wall forma-

tion.
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Figure 4. Changes in FT-IR spectra for deuterated cellulose
in the region from 3600 to 2400 cm™! (a) and their second
derivatives (b) from Japanese cypress tracheid walls composed
of Pand P + S; + S; + S3, compared with standard second-
derivative spectra of nondeuterated cellulose rich in I, (Valonia
ventricosa) and pure Iz (Halocynthia roretzi) allomorphs. The
IR absorption band at 3240 cm™! is characteristic for the I,
form of cellulose.

Figure 3. These results show that the cellulose in the
primary wall is rich in the lo phase, whereas the
cellulose in the secondary wall is rich in the Ig phase.
The IR absorption due to I, in the primary wall was
also detected in the OH stretching region when samples
were deuterated. As shown in Figure 4, before deu-
teration of the sample IR absorptions in this OH
stretching region were not clearly evident because of the
low crystallinity of wood cellulose and interfering con-
tributions from a variety of OH stretching modes!! in
its amorphous region. After these contributions were
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reduced by deuteration, however, the absorption due to
l, at 3240 cm™! appeared in the second-derivative
spectra for the primary wall, whereas it was not found
for the mature wall (P + S1 + S2 + S3).

There are two contradictory reports that wood cel-
lulose is rich in the I, phase!? while at the same time
the 1 phase is dominant in it.° Our IR results can
explain this apparent contradiction because the mixture
of lg-rich primary and lsz-rich secondary walls was
analyzed concurrently in the samples. Moreover, it has
been reported that the electron diffraction patterns of
cellulose IV crystal structure were obtained from the
primary wall of some higher plant species.8 However,
an IR spectrum we obtained for cellulose 113 showed a
totally different band pattern from the ones described
above. In particular, the band at 750 cm~ did not
appear in the spectrum of cellulose IV. In addition,
primary wall cellulose has been described as being
disorganized cellulose I8 or totally amorphous.’* How-
ever, we have obtained a result that crystallinity of the
tracheid primary wall cellulose can be higher than that
of the secondary wall.%®

Our results also show that the major cellulose crys-
talline component changes from the metastable triclinic
I, to the stable monoclinic g during tracheid wall
formation, indicating that there is a different driving
force for the crystallization. It may be some interaction
among cellulose and these effects, such as the drawing
forces exerted by the cellular enlarging growth, the
arrangement of the TCs (cellulose-synthesizing terminal
enzyme complexes),*1¢ and the affinity of other polysac-
charides for cellulose.>” Among these, the drawing
force can directly cause aggregation and reorientation
of molecules. In fact, during the primary wall forma-
tion, tracheid cells extend mainly in their radial diam-
eter to more than twice their initial size.’® Since the
primary wall cellulose crystallizes between the extend-
ing plasma membrane (PM) and the drawn cell wall,
stresses and strains accordingly produced between two
phases can easily accumulate into its nascent cellulose.
Moreover, because both ends of nascent molecules are
bound, respectively, to the TCs on the PM and to a
crystallized cellulose microfibril on the wall, strong
stresses should occur along the molecular chains. This
whole system is very much like the polymeric crystal-
lization achieved by the drawing of gels. Such a
metastable triclinic crystalline phase has also been
found in drawn polyethylene gels.1®

In summary, right after the biosynthesis, mesomor-
phic state cellulose may be stressed by the cellular
enlarging growth to yield the strain-induced I, phase
for the primary wall. After the enlargement ceases, the
secondary wall cellulose can be crystallized in a rela-
tively relaxed state which favors the strain-free Iz phase.
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