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A synchrotron wide-angle x-ray scattering study of mung bean (Vigna radiata) primary cell walls was combined with published
solid-state nuclear magnetic resonance data to test models for packing of (1→4)-b-glucan chains in cellulose microfibrils. Computer-
simulated peak shapes, calculated for 36-chain microfibrils with perfect order or uncorrelated disorder, were sharper than those in
the experimental diffractogram. Introducing correlated disorder into the models broaden the simulated peaks but only when the
disorder was increased to unrealistic magnitudes. Computer-simulated diffractograms, calculated for 24- and 18-chain models,
showed good fits to experimental data. Particularly good fits to both x-ray and nuclear magnetic resonance data were obtained
for collections of 18-chain models with mixed cross-sectional shapes and occasional twinning. Synthesis of 18-chain microfibrils
is consistent with a model for cellulose-synthesizing complexes in which three cellulose synthase polypeptides form a particle
and six particles form a rosette.

Cellulose is unique among plant polysaccharides, in
that it is synthesized as microfibrils rather than individ-
ual chains. In land plants (embryophytes) and charo-
phycean green algae, each microfibril emerges from a
rosette of six particles on the plasma membrane, so it is
reasonable to assume that a microfibril contains a mul-
tiple of six (1→4)-b-glucan chains, but the value of that
multiple remains uncertain. Herth (1983) suggested that
each particle contains six cellulose synthase (CESA)
polypeptides and that each CESA polypeptide syn-
thesizes a single chain, so that each microfibril contains
36 chains. Scheible et al. (2001) published a represen-
tation of a 36-CESA rosette as a hexagon of hexagons,
and similar representations have appeared in recent
reviews (Bessueille and Bulone, 2008; Mutwil et al.,
2008; Taylor, 2008; Guerriero et al., 2010). A 36-CESA
rosette was compatible with most descriptions of the
microfibrils in primary cell walls up to the time of the
Delmer (1999) review. The larger microfibril dimensions
reported for some secondary walls have been attributed
to aggregation, e.g. cellulose synthesized by raft-like
structures of rosettes rather than individual rosettes
(Guerriero et al., 2010). However, a growing number
of studies of primary cell walls have indicated micro-
fibrils of 24 to 30 chains (Carpita, 2011; Thomas et al.,
2013a) or possibly 18 chains (Guerriero et al., 2010), or

even fewer (Niimura et al., 2010). No single instru-
mental technique is capable of measuring microfibril
cross-sectional dimensions with sufficient precision to
test these alternatives. This paper explores the use of a
combination of two complementary techniques.

All of the available instrumental techniques for es-
timating the number of chains per microfibril depend
on assumptions concerning the cross-sectional shape
of a typical microfibril. Atomic force microscopy (AFM)
can be used to measure the thickness of a microfibril
deposited on glass or a mica plate (Davies and Harris,
2003; Niimura et al., 2010), but the probe tip is usually
too blunt to provide precise information about the
width of a microfibril. Attempts at correcting for probe
tip dimensions can give nonsensical answers (Kirby
et al., 2006). Small-angle neutron scattering can be
used to determine a mean center-to-center distance for
packing of microfibrils in a dry sample, and this dis-
tance is approximately equal to the microfibril diam-
eter if the microfibrils have circular cross sections
(Thomas et al., 2013b). The relative strengths of solid-
state 13C NMR signals can be used to determine the
mean number of (1→4)-b-glucan chains in the (200)
crystal planes of the cellulose Ib crystal form (Fig. 1),
and this number can be used to calculate the number
of chains in a microfibril if a square cross-sectional
shape is assumed (Newman, 1999). A square cross sec-
tion exposes only ð110Þand (110) planes, with the ex-
posed chains (Fig. 1, white) showing NMR signals
displaced from those assigned to chains that are not
exposed (Fig. 1, gray). The larger the number of chains
in a microfibril, the smaller the relative contribution
from the monolayer of exposed chains. The width of
the (200) peak in a wide-angle x-ray scattering (WAXS)
diffractogram can be used to estimate the number of
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(200) crystal planes, but the calculation requires se-
lection of an appropriate ‘shape factor’ for the assumed
cross-sectional shape. Here again, a square cross-sectional
shape is sometimes assumed (Newman, 1999). Newman
and Davidson (2004a) suggested combining WAXS and
NMR as complementary techniques for characterizing the
shapes of cellulose microfibrils. This paper takes that
approach further by using computer simulation ofWAXS
peak shapes (Newman, 2008) rather than just the width
of one WAXS peak.
Mung bean (Vigna radiata) primary cell walls were

chosen because of the availability of exceptionally pre-
cise 13C NMR data for isotopically enriched samples
(Bootten et al., 2004). A synchrotron beamline was used
to obtain a WAXS diffractogram with a high signal-to-
noise ratio for a specimen similar to that used in the
NMR study, so that WAXS peak shapes were well de-
fined. Microfibril models were constructed, and those
conflicting with results from either or both of NMR and
WAXS were rejected.

RESULTS

WAXS Peak Assignments

The specimen was prepared by stacking dried films,
so that the microfibrils were mostly confined to planes
normal to the x-ray beam. The experimental diffracto-
gram (Fig. 2, dots) was therefore dominated by equatorial

reflections, peaks associated with the (hk0) planes il-
lustrated in Figure 1. The tallest component appeared
at a diffraction angle (2u) of 8.7°, corresponding to a
lattice spacing of 0.41 nm, and was assigned to the
(200) planes of cellulose I. This lattice spacing was larger
than typical values of approximately 0.39 nm reported
for cellulose Ib (Wada et al., 1997), but lattice expansion
is commonly associated with cellulose crystallites having
cross-sectional dimensions no more than a few nano-
meters (Ioelovich and Larina, 1999). A broader peak at
2u = 6.3°, corresponding to a lattice spacing of 0.56 nm,
was assigned to unresolved contributions from (110)
andð110Þplanes of cellulose I. Inability to resolve the
contributions from (110) and from ð110Þ and planes is
sometimes taken as evidence for a cellulose IV crystal
structure, but computer simulations have shown that
observation of a single peak is consistent with cellulose I
crystallites having cross-sectional dimensions no more
than a few nanometers (Newman, 2008). A weak but
relatively sharp peak at 2u = 7.0°, corresponding to a
lattice spacing of 0.51 nm, was tentatively assigned to
the (002) planes of cellulose I. This assignment was con-
sistent with a unit cell dimension c = 1.02 nm (Nishiyama
et al., 2002) and with the value of 2u for a peak assigned
to (004), observed outside the range plotted in Figure 2.
An even sharper peak at 2u = 10.7°, labeled with a
question mark in Figure 2, was attributed to an un-
identified impurity. Neither of the peaks labeled with
question marks in Figure 2 was observed in a diffracto-
gram of the adhesive tape alone.

The experimental diffractogram was deconvoluted
to give four component Gaussian peaks, the two con-
tributions from cellulose as discussed above and two
contributions from other substances. The four components

Figure 1. Cross-sectional view of a 36-chain cellulose microfibril
showing carbon and oxygen atoms but not hydrogen. Chains shaded
gray are hydrogen bonded to two adjacent chains, and those shown as
white are hydrogen bonded to just one adjacent chain. Broken lines
indicate the three crystal planes that contribute the tallest peaks in a
WAXS diffractogram, labeled according to the cellulose Ib unit cell of
Nishiyama et al. (2002).

Figure 2. WAXS diffractogram of mung bean cell walls (dots) after
subtraction of the diffractogram of adhesive tape, for radiation of
wavelength 0.06199 nm. Dashed lines represent four best-fit compo-
nent peaks, and a solid line represents the sum of those components.
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are represented by dashed lines in Figure 2. A com-
ponent at 2u = 11.3°, corresponding to a lattice spacing
of 0.32 nm, was assigned to water. Liquid water shows
aWAXS peak at a lattice spacing of 0.31 nm (Hura et al.,
2003), and adsorbed water contributes a peak at a
similar lattice spacing even when it is present at low
levels in plant tissue at equilibrium with laboratory
air (Hill et al., 2010). A relatively broad component at
2u = 7.9°, corresponding to a lattice spacing of 0.45 nm,
was assigned to amorphous polysaccharides. Such poly-
saccharides included xyloglucan, for which a published
diffractogram includes a broad peak corresponding to
a lattice spacing of 0.51 nm (Taylor and Atkins, 1985).
Solvents of pectic polysaccharides were avoided in
preparation of the specimen, because removal of non-
cellulosic polysaccharides can cause sharpening of the
(200) peak in a WAXS diffractogram of primary cell
walls (Wardrop, 1949). Removal of noncellulosic mate-
rial might facilitate the aggregation of adjacent parallel
microfibrils, so that they can coalesce into larger struc-
tures (Mühlethaler, 1967; Fernandes et al., 2011).

WAXS Diffractogram Peak Width

The component assigned to (200) planes (Fig. 2) had
a full width at half height of b = 0.0225 radians (1.29°).
The number of (200) planes can be estimated from the
value of b (in radians) using the Scherrer relationship
(Murdock, 1930):

mdð200Þ ¼ Kl=ðbcosuÞ ð1Þ

Here, m is the total number of (200) planes, l is the
wavelength of the radiation, and K is a shape factor,
which depends on the cross-sectional shape of the crys-
tallite. A value K = 0.9 was selected as typical of the
values suggested by Murdock (1930). Equation 1 gives a
microfibril thickness of md(200) = 2.5 nm; so for a lattice
spacing of d(200) = 0.41, as estimated above, m = 6.1.

If the mean number of (1→4)-b-glucan chains in a
sheet is n, then the number of chains in a microfibril is
mn. Newman and Davidson (2004a), in their study of
cellulose microfibrils in florideophycean algae, used
13C solid-state NMR to obtain an estimate of n as fol-
lows. Cellulose microfibrils are not crystalline, in the
strict definition of that word, because chains exposed
on surfaces (Fig. 1, white) are not identical to those con-
tained in the crystalline core (Fig. 1, gray). A 13C NMR
spectrum shows distinct chemical shifts for C-4 in
chains exposed on surfaces (approximately 84 parts
per million [ppm]) or contained within the interior of
a crystallite (approximately 89 ppm; Newman and
Davidson, 2004b). The difference in chemical shift has
been attributed to differences in molecular conforma-
tion, resulting from disruption of interchain hydrogen
bonding at crystal surfaces (Newman and Davidson
2004b). One chain is exposed at each edge of a sheet,
and there are n2 2 chains contained in the interior of a
sheet of n chains, so:

X ¼ Að89Þ=½Að84Þ þ Að89Þ� ¼ ðn2 2Þ=n ð2Þ

where A represents the area under the relevant peak.
This can be rearranged to:

n ¼ 2=ð12XÞ ð3Þ

Bootten et al. (2004) described NMR studies of a sample
of mung bean cell walls similar to that studied in this
work. They used proton spin relaxation parameters to
separate a subspectrum of cellulose, measured the areas
A(89) and A(84) of 13C NMR signals at 89 and 84 ppm,
respectively, and reported X = 0.37. Substitution of
X = 0.37 in Equation 3 gives n = 3.2, so the approximate
number of chains in a microfibril is mn = 19.

While a combination of Equations 1 and 3 led to an
estimate of mn = 19 for the mean number of chains in a
microfibril, it must be emphasized that this was an
approximate value. One of the weak points in the logic
was the use of K = 0.9 in Equation 1. Murdock (1930)
calculated values of K between 0.84 and 0.90 for dif-
ferent planes in a crystal of square cross-sectional shape,
Scherrer’s original relationship used K = 0.94 (Murdock,
1930), and Ioyelovich (1991) rounded the value to
K = 1.0 for studies of cellulose. This source of uncer-
tainty alone means that the number of chains could be
as low as 18 or as high as 21.

Uncertainties in the value of X, used in Equation 3,
contributed to the uncertainty in the estimated num-
ber of chains. Bootten et al. (2004) used two different
NMR methods to measure X and averaged data from
three cell wall preparations, leading to an estimate of
X = 0.376 0.02. Consideration of this additional source
of uncertainty indicated that the number of chains could
be as low as 17 or as high as 22. While the (200) peak
width did not provide a precise result, it was consis-
tent with an 18-chain model and not consistent with a
36-chain model.

WAXS Diffractograms for 36-Chain Models

The cross-sectional shape in Figure 1 was chosen as
an example of a 36-chain model with X = 0.44, which
is considerably higher than the published value of
X = 0.37 for mung bean cell walls as discussed above.
The corresponding diffractogram was calculated by
computer software described in “Materials andMethods”
and was added to the two contributions from noncel-
lulosic matter discussed in the previous section. The
result (Fig. 3, blue line) was a poor fit to the peak shapes
in the experimental data. In particular, the calculated
(200) peak was considerably sharper than the ex-
perimental peak. The peak assigned to overlapping
contributions from ð110Þ and (110) planes was likewise
sharper than the corresponding peak in the experi-
mental diffractogram, but this comparison presented a
less conclusive test for the microfibril model because
the calculated peak could have been broadened by
increasing the input value of the unit-cell angle g. Other
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36-chain models were considered but not illustrated
because the models with values of X closer to the ex-
perimental value of 0.37 showed even sharper (200) peaks
in the calculated diffractograms, while the models that
showed broadening of the (200) peak showed values of
X even further from the experimental value.
Defective molecular packing can broaden WAXS

peaks. This possibility can sometimes be tested by mea-
suring the width of the (400) peak in a diffractogram of a
cellulose fiber (Ioyelovich, 1991; Thomas et al., 2013a),
but, in this case, the relevant peak could not be resolved
from other broad peaks in the neighborhood. Instead,
the possibility of defective molecular packing was tested
by introducing defects into model microfibrils and cal-
culating diffractogram.
The most obvious deviation from a perfect crystal

structure is the occurrence of mixtures of two crystal
forms, cellulose Ia and Ib, in plant cell walls. These two

crystal forms differ primarily in the longitudinal dis-
placement of neighboring sheets of chains (Nishiyama
et al., 2002, 2003). When the two crystal structures are
viewed in cross section, the two arrangements of chains
are similar. The equatorial WAXS peaks are therefore
similar (Wada et al., 1997). Precise x-ray measurements
have revealed small difference in the spacings between
sheets of chains, with the spacing greater by 0.004 nm
for celluloses rich in Ia relative to those rich in Ib (Imai
et al., 1997; Langan et al., 2005). The consequences for
primary-wall cellulose were assessed by calculatingWAXS
diffractograms for the 36-chain model in Figure 1, but
with d(200) adjusted by 6 0.002 nm. The two diffracto-
grams were then added together, to simulate results for a
mixture of equal numbers of microfibrils packed on Ia
and Ib lattices. The resultant diffractogram (not shown)
was indistinguishable from that shown in blue in
Figure 3a.

Figure 3. WAXS diffractogram of mung bean cell
walls (dots) after subtraction of the diffractogram
of adhesive tape, for radiation of wavelength
0.06199 nm, and diffractograms calculated for
a 36-chain microfibril model without disorder
(blue) and with type 1 disorder (orange; A) and
two models with type 2 disorder as described in
the text (purple and green; B).
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Nishiyama et al. (2012) calculated diffraction patterns
for twisted microfibrils, such as those illustrated by
Fernandes et al. (2011), and showed that the peaks were
broader than those calculated for untwisted micro-
fibrils. The broadening was attributed, at least in part, to
changes in lattice parameters arising from energy mini-
mization for the twisted model. Energy was not mini-
mized in this work, so the consequences of twist could
not be explored. The possibility of broadening through
changes in lattice parameters will be discussed below.

Random disorder was introduced into the lattices of
model microfibrils. The simplest kind of lattice disorder
is known as disorder of the first kind, or uncorrelated
disorder (Eads and Millane, 2001). This type of disorder
was imposed on 36-chain microfibrils by repacking the
chains to introduce random voids. Averaging the cal-
culated diffractograms for collections of such micro-
fibrils showed negligible changes in the width of the
(200) peak, so the results are not illustrated. Uncorre-
lated disorder was also introduced by making random
changes in the rotation of each chain around its axis,
and displacement of each axis relative to a perfect lattice,
with the consequences for each chain considered inde-
pendent of consequences for neighboring chains. Spe-
cifically, chains were rotated about their axes, with a SD

of 8°, chains were displaced above and below sheets,
with a SD of 0.04 nm, and chains were displaced from
side to side within sheets, with a SD of 0.02 nm. Ten
such models were constructed. One is colored orange
in Figure 3A. The three SDs were chosen so that they
were just large enough to cause unrealistically small
separations between the atoms of neighboring chains.
The orange model in Figure 3A shows several exam-
ples of chains that have been brought into such close
proximity that the hydrogen atoms (not shown) would
have to share the same positions in space. Despite the
unrealistic level of disorder, the calculated (200) peak
was not detectably broadened. The orange curve in
Figure 3A shows an average of the diffractograms for
all 10 model microfibrils. The relative heights of peaks
were affected but not their widths.

Peak broadening was achieved by introducing cor-
related disorder, disorder of the second kind. The value
of d(200) was allowed to differ between microfibrils but
held constant within each microfibril, with values de-
termined by a normal distribution (Fig. 4A). The dis-
order was therefore correlated in the sense that if one
value of d(200) was altered within a microfibril, then
all had to be altered. Ten such 36-chain models were
constructed. The purple model in Figure 3B shows one
such model, superimposed on the unaltered model
shown in black and white. The SD of d(200) was 0.015 nm,
chosen so that the average of the 10 diffractograms
(Fig. 3B, purple line) showed broadening of the (200)
peak to a width similar to that of the experimental
diffractogram. In the second step, the chains were
allowed to rotate around their axis, with rotation angles
determined by a normal distribution. The SD of the ro-
tation angle was a function of d(200; Fig. 4B), defined so
that in microfibril models that were tightly packed, i.e.

those with d(200) = 0.385, there was no disorder in the
chain rotation angle. Disorder was permitted for larger
values of d(200), perhaps providing a mechanism for
spreading the sheets of chains further apart, in that dis-
ordered layers seem less likely to pack together effi-
ciently. Correlated differences in the degree of disorder
and the value of d(200) might be associated with differ-
ences in the degree of twisting of microfibrils around
their axes, as illustrated by Fernandes et al. (2011).

Ten such 36-chain models were constructed, including
the green model in Figure 3B. The average of the 10
calculated diffractograms (Fig. 3B, green line) showed
no further broadening beyond that shown by the purple
line, the first step in the introduction of correlated
disorder, in which values of d(200) were correlated
between pairs of sheets within a microfibril but ran-
domized between microfibrils.

Other models for disorder were considered, involving
distributions of spacings within microfibrils rather than
between microfibrils. For example, the spacings be-
tween chains might increase with radial distance from
the center of the microfibril or the value of d(200)
might be a function of the number of chains in the
relevant layers. While those models for disorder might
well contribute to peak broadening, calculations indi-
cated asymmetric peak shapes that were quite unlike
the near-Gaussian shapes observed in the experimental
diffractogram.

Figure 4. Parameters used to introduce type 2 disorder into model
microfibrils: probability of a given value of d(200) in a microfibril (A)
and SD of the chain rotation angle (B).
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While Figure 3B shows that it is possible to broaden
the (200) peak to the width seen in an experimental
diffractogram, it is important to note that the magni-
tude of the disorder is unrealistic. The distribution of
values of d(200; Fig. 4A) has 8% of microfibrils with
d(200), 0.385 nm. This is the value of d(200) measured
for cellulose Ib in the relatively large crystallites found
in tunicates, when those crystallites are cooled to 100 K
(Langan et al., 2005). It seems unlikely that the relatively
narrow microfibrils of primary-wall cellulose would con-
tain sheets of chains that are even more densely packed
than in tunicate cellulose. Figure 4A also shows 10% of
microfibrils with d(200) . 0.425 nm, an increase by
0.04 nm relative to d(200) for tunicate cellulose. Such a
large increase of the interplanar spacing seems unlikely,
considering that adjacent (200) planes are held together
by short-range nonbonded interactions. The 36-chain
models therefore failed to provide good matches to either
NMR or WAXS experimental data.

WAXS Diffractograms for 24- and 18-Chain Models

The 24-chain microfibril shown as blue in Figure 5A
was chosen as an example of molecular packing with
X = 0.37, indistinguishable from the experimental value.
The calculated diffractogram (Fig. 5A, blue line) shows
a (200) peak that is too sharp, relative to the experimental
diffractogram. Thomas et al. (2013b) considered the same
24-chain model in their study of celery (Apium graveolens)
collenchyma cellulose, using the Scherrer equation rather
than calculating the full diffractogram as in this work.
The Scherrer equation indicated that the WAXS dif-
fractogram for the 24-chain model would be broader than
the experimental diffractogram. Thomas et al. (2013b)
also considered a stack of eight four-chain planes, for
which the Scherrer equation indicated a reasonable fit to
experimental data. The full calculations (not illustrated)
showed instead a diffractogram in which the (200) peak
was even sharper than that represented by the blue line
in Figure 5A. These comparisons between the Scherrer
equation and full numerical calculations illustrate the
advantage of the latter approach to interpretation of
WAXS diffractograms.
Calculated diffractograms for 24-chain models can be

broadened by introducing correlated disorder (Fig. 5A,
green model) as in the case of the 36-chain microfibrils
(Fig. 3B). Using the same level of disorder as for 36-chain
models led to the green line in Figure 5A, with a (200)
peak slightly broader than the experimental curve. Dis-
ordered 24-chain models were therefore consistent with
both NMR and WAXS experimental data.
The 18-chain microfibril shown as blue in Figure 5B has

X = 0.33, a little lower than the experimental value, and
the calculated diffractogram (Fig. 5B, blue line) shows an
almost perfect match with the experimental diffracto-
gram. The calculated (200) peak is so broad that intro-
ducing correlated disorder (Fig. 5B, green model and line)
shows little further broadening, even for an unrealistically
large magnitude of disorder as discussed above.

It seems unlikely that the chains emerging from a
cellulose-synthesizing complex will always crystallize
into identical cross-sectional shapes. The experimental
results of Niimura et al. (2010) were consistent with
mixtures of shapes, and no published work disproves
the hypothesis of mixtures, so mixtures were considered.
The 10 blue models in Figure 6 show 10 different cross-
sectional shapes, all built from 18 chains. Values of X
were in the range 0.28 to 0.44, with a mean value of
0.36, a value very similar to the experimental value.
The diffractogram calculated for this collection (Fig. 6,
blue) was similar to the experimental curve, except for
broadening of the (200) peak. Two pairs of microfibrils
were allowed to coalesce, as suggested by Thomas et al.
(2013b) and as shown in the green models in Figure 6.
This coalescence or twinning might arise through a pair
of cellulose-synthesizing complexes traveling across
the membrane in such close proximity that the emerging
chains crystallize as a single microfibril. The value of X
rose to 0.40, and the calculated (200) peak (Fig. 6, green
line) sharpened to show a good fit to the experimental
curve. Similar good fits (not shown) were obtained for
other collections of discrete 18-chain microfibrils mixed
with twinned microfibrils, and values of X were some-
times closer to the experimental value. The collection
shown in Figure 6 was chosen for illustration because
it included two hexagonal cross sections, both readily
assembled from six submicrofibrils of three chains, such
as might emerge from each of the six particles in a
rosette.

Collections of 18-chain models, whether disordered
or not, were therefore consistent with both NMR and
WAXS experimental data.

DISCUSSION

Comparisons with Literature

Although the experimental work described in this
paper was confined to mung bean cell walls, com-
parisons with literature data showed that the ex-
perimental NMR and WAXS data were typical of
data published for the primary cell walls of other
species.

Solid-state 13C NMR experiments, of similar design
to those used for mung bean cell walls (Bootten et al.,
2004), have been reported for the primary cell walls of
nine other plant species (Newman et al., 1994, 1996;
Koh et al., 1997; Ha et al., 1998; Smith et al., 1998;
Thimm et al., 2002; Ratnayake et al., 2011). The median
and mean values of X were 0.35 and 0.36, respectively,
with a SD of 0.05. The value of X = 0.37 reported for
mung bean cell walls (Bootten et al., 2004) was close to
the mean value for the nine other species.

WAXS diffractograms have been published for the pri-
mary cell walls of blackberry (Rubus fruticosus; Lai-Kee-Him
et al., 2002), celery (Thimm et al., 2002), carrot (Daucus
carota; Georget et al., 1999), and strawberry (Fragaria
spp.; Niimura et al., 2010). In all of those cases, the
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diffractograms showed broad peaks similar to the peaks
in the diffractogram of mung bean cell walls. A WAXS
diffractogram of celery collenchymal cellulose showed
relatively sharp peaks (Thomas et al., 2013b). The sharp-
ness might have been associated with the method of
isolation of the cellulose, i.e. acid hydrolysis of non-
cellulosic matter followed by drying. Thomas et al.
(2013b) discussed the possibility of aggregation of mi-
crofibrils under such conditions. Coalescence of cleaned
microfibril surfaces could lead to twinning as illustrated
in the green model of Figure 6, causing an increase in
the mean microfibril thickness relative to the value for
unprocessed cell walls.

Niimura et al. (2010) used AFM to measure thicknesses
of 1 to 2 nm for microfibrils isolated from the primary
walls of three species. Their results indicated microfibrils
that were even thinner than the 18-chain models illus-
trated in Figure 6. It is not easy to reconcile their results
with the NMR and WAXS results reviewed above. Fur-
ther AFM experiments seem necessary to test the reli-
ability of that method.

Chains per Microfibril

The 36-chain models did not provide good fits to the
experimental data. While it was possible to broaden
the WAXS diffractograms to match the experimental
diffractograms, by introducing unrealistically high levels
of correlated disorder, that approach was successful only
for a model with an unacceptably high value of X = 0.44.
Constructing models with values of X closer to the ex-
perimental value of 0.37 made it necessary to introduce
even higher levels of correlated disorder to broaden the
WAXS peaks.

While it was possible to construct 24-chain models
that showed good fits to both NMR and WAXS data, it
was necessary to assume an absence of twinning, co-
alescence of pairs of adjacent microfibrils for at least
a portion of their length. The twinned microfibrils, or
segments of microfibrils, would contain 48 chains and
contribute relatively sharp peaks to the WAXS dif-
fractograms. If twinning were to be introduced into col-
lections of 24-chain microfibrils, the diffractograms would

Figure 5. WAXS diffractogram of mung bean cell
walls (dots) after subtraction of the diffractogram
of adhesive tape, for radiation of wavelength
0.06199 nm, and diffractograms calculated for
24-chain (A) and 18-chain microfibril models (B)
without disorder (blue) or with Type 2 disorder
(green).
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be sharpened and additional disorder would have to
be introduced to account for the broadening observed
in the experimental diffractogram. Twinning would
also increase the mean value of X above the experi-
mental value. The quality of the fits between calculated
and experimental diffractograms should therefore be
regarded with caution, until the level of twinning can
be established. Experimental techniques such as small-
angle X-ray scattering and small-angle neutron scattering
have indicated aggregation of microfibrils in both pri-
mary and secondary cell walls (Fernandes et al., 2011;
Thomas et al., 2013b), but those experiments have not
provided quantitative information about the level of
twinning within the aggregates.
The collections of 18-chain discrete and twinned

microfibrils provided the most realistic fits to the ex-
perimental evidence. The diffractogram peak widths
were already so broad that introducing uncorrelated or
correlated disorder had little influence on peak shapes.
Differences in the levels of twinning might account for
small variations in peak widths between diffractograms
of cell walls taken from different species.

Models for Cellulose-Synthesizing Complexes

Cellulose-synthesizing complexes are visible as
hexagonal rosettes of six particles when plant plasma
membranes are examined using freeze-fracture electron
microscopy. The diameters of the rosettes have been
reported as between 25 and 30 nm (Lerouxel et al.,
2006). Computer modeling has indicated that six CESA
polypeptide molecules can be packed into a particle
with a diameter of 12.6 nm (Sethaphong et al., 2013).
Assembling six such particles in a hexagonal structure
would result in a complex with a diameter of approxi-
mately 36 nm. This model is approximately 20% larger
than complexes observed in experimental images.
Sethaphong et al. (2013) also used computer modeling

to assemble a particle from three CESA polypeptides but

did not attempt modeling of six such particles to make a
rosette. A three-CESA particle is represented in stylized
form in Figure 7, with the three components distin-
guished by red, yellow, and blue coloring. Five addi-
tional particles were added to Figure 7 to form a rosette
of diameter 30 nm. This model shows a good fit to the
rosettes seen in experimental images, e.g. an excep-
tionally detailed image of a rosette on a Eucalyptus
tereticornis plasma membrane (Fujino and Itoh, 1998).
The model in Figure 7 is based on an assumption that
the particles can be packed as hard objects. Computer

Figure 6. WAXS diffractogram of mung bean cell
walls (dots) after subtraction of the diffractogram
of adhesive tape, for radiation of wavelength
0.06199 nm, and diffractograms calculated for
mixtures of microfibril models, without twinning
(blue) or with twinning (green).

Figure 7. Representation of a cellulose-synthesizing complex assem-
bled from 18 CESA polypeptides. Outlines were drawn around each
CESA polypeptide in a detailed model of a three-CESA particle pub-
lished by Sethaphong et al. (2013), and six such particles were as-
sembled as hard objects. Stars mark plant-conserved regions.
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modeling will be needed to provide a more reliable
picture of the interactions between adjacent particles
and hence a more accurate estimate of the diameter of
the rosette.

It is possible to formulate simple rules for self-
assembly of such a rosette, e.g. (1) red binds to yellow,
yellow to blue, and blue to red within a particle and
(2) red binds to red between particles and yellow binds
to blue but neither yellow nor blue bind to red. The
model shows two linkages between each pair of par-
ticles, where one linkage might be sufficient, so these
three rules are not unique. Stars in the yellow and red
CESAs of Figure 7 mark plant-conserved regions, which
are thought to participate in the oligomerization of
CESAs (Sethaphong et al., 2013). The plant-conserved
regions are clearly well positioned for that role.

Scheible et al. (2001) and Timmers et al. (2009) have
described models for self-assembling 36-CESA rosettes,
likewise starting with three different types of CESA, but
their models require additional rules to terminate growth
at precisely 36 CESAs. In the 18-CESA model of Figure 7,
growth is conclusively terminated because only blue
CESAs are exposed on the outer edge of the rosette,
and the potential inter-CESA linkage points of those
blue CESAs are considered ineffective.

An x-ray crystallographic study of bacterial CESA
has shown that a CESA polypeptide synthesizes a single
glucan chain (Mazur and Zimmer, 2011), and computer
modeling has indicated that a plant CESA polypeptide
likewise contains a single active synthetic site (Sethaphong
et al., 2013). The 18-CESA model illustrated in Figure 7
would therefore synthesize an 18-chain microfibril,
consistent with the microfibrils illustrated in Figure 6.

In the discussion above, it has been assumed that all
CESA polypeptides are actively involved in synthesizing
(1→4)-b-glucan chains. It is possible that the channels in
some of the CESA polypeptides become blocked, so that
assembly of an 18-chain microfibril requires a cellulose-
synthesizing complex containing more than 18 CESA
polypeptides. Computer modeling will be needed to
test whether it is possible to assemble more than 18
CESA polypeptides in a complex of the dimensions
observed in electron microscopic images.

MATERIALS AND METHODS
Germinated seedlings of mung bean (Vigna radiata) were bought from a local

store. The cotyledons, roots, and apical hook were removed, and the hypocotyls
(5 g) were homogenized in 20 mM Tris-HCl buffer (pH 7.2; 10 mL) in a pestle and
mortar. All procedures were carried out at 4°C. Breakage of the cells was
monitored using bright-field microscopy after staining with Ponceau 2R, which
stains cytoplasmic proteins red (Harris, 1983). The homogenate was centrifuged
(1,800g; 5 min), and the pellet was washed twice by centrifugation and filtered
onto nylon mesh (pore size, 11 mm). The cell walls on the mesh were washed
with water until the filtrate was clear. The solvent was exchanged by succes-
sively washing with ethanol, methanol, and finally n-pentane. The suspension of
cell walls was cast on a flat surface and stored over silica gel to dry as a film. This
was examined histochemically for the presence of starch using bright-field mi-
croscopy after treating with a solution of iodine in potassium iodide (0.2 g iodine
and 2 g potassium iodide in 100 mL water). No starch granules were detected.

Seven layers of the film of dried cell walls were stacked to prepare a specimen
with an area density of 8mg cm–2. The specimenwas encased between two layers
of Tesa 51408 adhesive tape (Beiersdorf AG). The manufacturer’s data sheet for

the tape specified Kapton (35 mm thick) with a silicone adhesive backing (25-mm
thick). The specimen was mounted so that the beam was normal to the plane of
the stack of films.

WAXS patterns were collected on the small-angle X-ray scattering/WAXS
beamline at the Australian Synchrotron. Radiation with a wavelength of
0.06199 nm was used. A Mar165-CCD detector (Rayonix LLC) was located
300 mm from the specimen. The beam size was 50 mm3 100 mm, and the detector
pixel size was 0.158 mm. The exposure time was 10 s for each of 10 sampling
points. The 10 datasets were averaged, and counts were averaged over arcs
within a 60° segment on the area detector, extending from the beam stop, to
produce a diffractogram, a plot of counts against the angle 2u between
transmitted and reflected rays. The width of each arc was approximately
D(2u) = 0.027°. A blank diffractogram was obtained by repeating the proce-
dure for two layers of tape without cell walls. The blank diffractogram was
subtracted from the experimental diffractogram to eliminate contributions
from Kapton and silicone adhesive.

Computer simulations used the software described byNewman (2008). This
software will be made available on request. The computer software summed
the intensity of radiation scattered from each atom, allowing for differences in
phase angles, and then rotated the model and repeated the calculation. A total
of 359 orientations around the microfibril axis were considered for each value
of 2u, and the value of 2uwas increased from 3° to 12° in steps of 0.04°. Models
for the (1→4)-b-glucan chains were constructed using atomic coordinates for
cellulose Ib (Nishiyama et al., 2002). Hydrogen atoms were omitted because
the corresponding scattering factors were considered too low to justify the
large increase in computing time that would be required. The chains were
placed on a monoclinic lattice with unit cell parameters considered appro-
priate for plant cellulose (Newman, 2008): a = 0.816 nm, b = 0.808 nm, and
g = 96.5°. All of the chains were rotated –5° around their axes, relative to the
rotation angles reported by Nishiyama et al. (2002), to improve the relative
peak heights in the simulated diffractograms. It is too early to comment on
whether this small deviation of the optimal rotation angles from published
values is a feature of the packing of chains into microfibrils with relatively
small cross-sectional dimensions, or at least of packing of chains into the
monolayer exposed on the surface, or perhaps arose from a small distortion of
the diffractogram by underlying contributions from noncellulosic matter. No
value was required for the unit cell parameter c, because the computer soft-
ware calculated contributions associated with (hk0) planes.
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