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Abstract Higher plant cell walls are the major source

of the cellulose used in a variety of industries.

Cellulose in plant forms nanoscale fibrils that are

embedded in non-cellulosic matrix polymers in the cell

walls. The morphological features of plant cellulose

fibrils such as the size, shape, and arrangement, are still

poorly understood due to its inhomogeneous nature

and the limited resolution of the characterization

techniques used. Here, we sketch out a proposed model

of plant cellulose fibril and its arrangement that is

based primarily on review of direct visualizations of

different types of cell walls in maize using atomic force

microscopy at sub-nanometer scale, and is also

inspired by recent advances in understanding of

cellulose biosynthesis and biodegradation. We propose

that the principal unit of plant cellulose fibril is a

36-chain cellulose elementary fibril (CEF), which is

hexagonally shaped and 3.2 9 5.3 nm in cross-sec-

tion. Macrofibrils are ribbon-like bundles containing

variable numbers of CEFs associated through their

hydrophilic faces. As the cell expands and/or elon-

gates, large macrofibril may split to become smaller

bundles or individual CEFs, which are simultaneously

coated with hemicelluloses to form microfibrils of

variable sizes during biosynthesis. The microfibrils

that contain one CEF are arranged nearly parallel, and

the hydrophobic faces of the CEF are perpendicular to

the cell wall surface. Structural disordering of the CEF

may occur during plant development while cells

expand, elongate, dehydrate, and die, as well as during

the processing to prepare cellulose materials.
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Introduction/background

In nature, cellulose molecules, the linear b-1,4-linked

glucan (polyglucose) chains, often form fibrillar

structures. Depending on the degree of polymeriza-

tion, the number of chains, and the way these chains

pack together, the physiochemical properties of cel-

lulose material are enormously complicated and

highly variable. Knowledge of the fundamental struc-

ture of cellulose fibril is primarily gained from

analyzing unusual crystals produced by algae (Ni-

shiyama et al. 2003) and tunicates (Nishiyama et al.

2002), simply because these crystals are large enough

for analysis and thus preferred for crystallography and

spectroscopy. The native structure of the cellulose

fibril in higher plants that accounts for the source of

vast majority of cellulose material, however, remains

mostly obscure. What we know about plant cellulose

fibril is limited, i.e., that a number of cellulose chains
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form long fibrils that are embedded in polymer

matrices that are composed of hemicelluloses, pectins,

and sometimes lignins. In this context, we focus on the

nanoscale architecture of the plant cell walls, and

thereafter use the simple term, ‘‘cellulose’’, which

refers to the general fibrillar entity of plant cellulose.

Specifically we follow our previous definitions of the

terms, the cellulose elementary fibril (CEF) as the

nascent fibril synthesized by the cellulose synthase

rosettes, and the macrofibril as a bundle of CEFs, both

contain only cellulose. The microfibril as a morpho-

logical unit often observed by microscopy may

contain a single CEF or a small macrofibril, in both

cases associated with hemicelluloses (Ding and Him-

mel 2006).

Cellulose has been investigated for more than a

100 years. Most investigations of cellulose biochem-

istry have been carried out by plant biologists who are

particularly interested in genes, proteins and tran-

scription factors, and their regulations of the process of

plant cell wall biogenesis in a living plant. Cellulose

structure, on the other hand, is assessed by chemists

who are interested in properties of ‘‘purified’’ cellu-

lose. The process of preparing such ‘‘pure’’ cellulose

material usually involves the extraction of non-cellu-

losic polymers that co-exist with cellulose in native

cell walls, such as hemicelluloses, pectins, and lignins,

through the use of harsh chemicals and sometimes

elevated temperature and dehydration. There is no

doubt that the native structure of cellulose can be

substantially altered by these purification processes.

The challenges of characterizing native plant

cellulose stem mainly from three facts: (1) cellulose

fibrils are small. The size of the microfibril has been

reported range from 2 to 50 nm based on observations

of varies microscopic and/or spectroscopic techniques

(Thomas et al. 2013). However, the microfibril may be

a composite structure containing multiple CEFs and

hemicelluloses, the CEF and the cellulose crystallites

(the contiguous regions of highly-ordered or ‘‘crystal-

line’’ cellulose found in the fibrils) are likely smaller

than the apparent size of the microfibril (Nishiyama

2009; Fernandes et al. 2011). It is extremely challeng-

ing to measure such small structures by conventional

high-resolution microscopy, such as TEM, without

extensive sample preparation that may alter the native

structure of samples in most cases. (2) The original

nanostructure does not persist indefinitely. The native

cellulose structure (cellulose I) is not the lowest

energy state available (Simon et al. 1988). The CEFs

are always associated with hemicelluloses or aggre-

gated to form macrofibrils in native plant cell walls,

transformed into more stable forms during the process

of preparing cellulose materials, such as mercerized

cellulose II or a mixture of crystalline and non-

crystalline celluloses. (3) It is structurally inhomoge-

neous. The CEF is as long as several micrometers

(Ding et al. 2012); disordered regions are expected in

such long fibrillar structures with nanometers in

dimensions. Cellulose structure may change during

plant development while the cells expand, elongate,

sometimes lignify, senesce, and dehydrate. Isolation

of cellulose from plant materials results in shorter

fibrils, further aggregation, and disordered structures.

All above-mentioned factors affect data interpretation

in many spectroscopic and microscopic approaches.

Despite the challenges encountered in directly

visualizing cellulose structure in vivo, atomic force

microscopy (AFM) is unique in its ability to image the

plant cell walls either in air or under liquid, and can

provide sub-nanometer resolution under certain con-

ditions (Ding et al. 2012; Ding and Himmel 2006;

Kirby et al. 1996). Although AFM is limited to

imaging the surface structure, well-prepared sections

can provide detailed morphological structure and

arrangement of the microfibrils in the plant cell walls

without extensive extraction. Our investigation is

primarily based on the cell walls from naturally

senescent maize, which does not necessarily represent

a real native structure per se. While walls of paren-

chyma cells may still reserve some of the native

characteristics, wood cells are nevertheless already

dead as they are in living plant. In this case, wall

dehydration after plant senescence may be the major

concern, likely causing structural change of cellulose

crystallinity (Toba et al. 2013). However, our recent

study of the surface structure of parenchyma wall has

demonstrated that the morphology of the microfibrils

is negligibly affected in dry and re-hydrated condi-

tions (Ding et al. 2012).

A model of the CEF

The 36-chain CEF model (Fig. 1) is primarily gener-

ated based on the hypothetic rosette structure that is
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possibly assembled by 36 cellulose synthases (CE-

SAs), each of them synthesizes one b-(1,4)-glucan

chain (Doblin et al. 2002). Although evidences from a

variety of spectroscopy have suggested smaller

dimensions than 36-chain of the CEF in plants, direct

visualization of maize cell walls has shown that the

morphology of CEF measured by AFM appeared to be

consistent with the 36-chain model (Ding and Himmel

2006; Ding et al. 2012). Here we extend our previous

analysis of different types of cell walls and further

compare the microfibril morphology measured by

AFM with the proposed 36-chain CEF model.

Three types of cell walls

In mature plants, three types of cell walls are

distinguishable under light microscopy based on their

location and morphology. The primary wall (PW) is

thin, non-thickened and transparent. The parenchyma-

type secondary wall (pSW) is the thickened and

partially lignified wall with visible lamellae as seen in

parenchyma and collenchyma. The sclerenchyma-

type secondary wall (sSW) is heavily thickened,

elongated, and fully lignified as in sclereids, fibers,

vessels, and tracheary elements. Figure 2 shows the

vascular bundle area of a maize stem, in which three

types of cell walls are presented.

Fig. 1 Schematic model of a 36-chain cellulose elementary

fibril (CEF) and the dimensions of a transverse section based on

cellulose Ib structure (Nishiyama et al. 2002). In this model, the

36 cellulose chains are arranged as a hexagonal shape in the

transverse section, including two hydrophobic faces, the planar

or (1,0,0) and (-1, 0, 0) faces, and four hydrophilic faces

including the (1, 1, 0), (-1, 1, 0), (1,-1,0), and (-1,-1,0) faces.

The model contains 18 surface chains (blue), 12 transition

chains (green), and 6 core chains (red). Red lines highlight the

two hydrophobic faces of the CEF. (Color figure online)

Fig. 2 Bright field light

microscopy of a transverse

section of a maize stem

showing the vascular bundle

area containing primary cell

wall (PW), parenchyma-

type secondary cell wall

(pSW), and sclerenchyma-

type secondary cell wall

(sSW). ph phloem,

v metaxylem vessel
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The PW is the first wall formed when cell divides,

and most differentiated cells have secondary walls

(SW) that are deposited from the inner side of the PW.

It has been reported that the SW deposition may

commence before the cessation of cell growth (Gritsch

and Murphy 2005; Macadam and Nelson 2002), which

may undergo two stages, primary thickening when cell

is elongating and/or expending, and secondary thick-

ening after the cell growth ceases. Cells may have only

PW or possess additionally thickened walls, i.e., pSW

and sSW. Traditionally, the pSW may also be called

‘‘thickened primary wall’’ (Esau 1977), but the

polylamellar texture of pSW is clearly different from

the true PW that is thin and morphologically uniform.

In this context, we define all thickened wall as SW, and

the terms pSW and sSW are used to describe the

primarily and secondarily thickened walls, respec-

tively (Ding et al. 2012). It can also be noted that the

PW and pSW cells are normally alive, while the sSW

cells are fully lignified and dead before plant senes-

cence. The innermost surface of the sSW is often

covered by a warty layer that is formed largely from

lignin precursors (Castro 1991; Ding et al. 2012; Zeng

et al. 2014).

Surface structure of the cell walls

Atomic force microscopy imaging was performed in

air, with the cantilever located on certain wall types

with the aid of an optical microscope (Ding and

Himmel 2006), which allowed us to measure the

Fig. 3 Atomic force micrograph of the primary cell wall (PW)

and the proposed schematic model (insert) showing large

macrofibrils that are ribbon-like, randomly arranged, and

sometimes interwoven. This representative image was taken

from the parenchyma cell adjacent to the vascular bundle sheath

in the maize stem (see Fig. 2)
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specific surface structure of the PW, pSW, and sSW.

Representative AFM images are presented in Figs. 3,

4, 5. In the PW (Fig. 3), the wall surface appears to be

rather clean; ribbon-like macrofibrils are predominant,

which are interwoven and randomly arranged appar-

ently containing multiple CEFs; individual CEFs are

also distinguishable. The surface of pSW (Fig. 4) is

also clean, similar to what observed in the PW. Most of

the macrofibrils split into smaller ones and individual

CEFs, and ‘‘bridges’’ are clearly visible that appear to

be hemicelluloses. The microfibrils are arranged in

nearly parallel, forming CEF-hemicellulose layers.

The sSW inner surface is covered with ‘‘warts’’

(Fig. 5a). Microfibril structure can only be observed in

wall sections. The closely packed microfibrils appear

similar in size and heavily coated with matrix

polymers in the sSW. Some microfibrils appear to be

ribbon-like (Donaldson 2007) indicating these may

contain more than one CEF (Fig. 5b).

Size, shape, and arrangement of the CEF

Clean individual CEFs and small macrofibrils can be

found on the surface of pSW and PW. Occasionally the

CEF is found to appear to turn 90 degrees along the

long axis, which allows measurement of the fibril in

different orientations. Analysis of the surface profiles

suggests that the CEF is asymmetric and approxi-

mately 3 nm 9 5 nm, which agrees well with the

theoretical size of the 36-chain model (Fig. 6). Note

that the height measurement of an individual CEF was

not accurate owing to the relative rough surface of the

cell wall, width measurements were used to estimate

the dimensions (Ding et al. 2012). The size of the

macrofibrils varies depending on the number of CEFs.

Measurements of the macrofibrils containing two,

three, four, and multiple CEFs are demonstrated in

Figs. 6, 7, 8, 9, 10, respectively. The macrofibrils may

split and the CEF may rotate from a horizontal to a

Fig. 4 Atomic force

micrograph of the

parenchyma-type secondary

cell wall (pSW) and the

proposed schematic model

(insert) showing parallel

single CEFs and small

macrofibrils in the surface.

This representative image

was taken from the

parenchyma cell between

the vascular bundles in the

maize stem (see Fig. 2)
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vertical orientation, therefore the hydrophobic faces of

the individual CEF appear to be perpendicular to the

surface of the cell wall (Fig. 8). Binding (Dagel et al.

2011) of carbohydrate-binding module (CBM) that

recognize specifically the hydrophobic faces of

cellulose has indicated that the PW surface that

primarily contains macrofibrils is highly accessible

(Ding et al. 2012), suggesting that the CEFs are

associated through their hydrophilic faces, forming

ribbon-like macrofibrils.

Fig. 5 Atomic force micrograph of the inner surface showing

the warty layer (a) and a longitudinal section showing

microfibrils (b) in the sclerenchyma-type secondary cell wall

(sSW). The images were taken from the fiber cell located in the

vascular bundle sheath of the maize stem (see Fig. 2). The

microfibrils appear to be larger in diameter than those single

CEFs observed in PW and pSW. This is probably due to

hemicellulose coating. Small ribbon-like fibrils (white arrows)

are also observed that may contain more than one CEF
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Discussion

Cellulose is synthesized by multiple-CESA complex.

It remains unknown how many CESAs are required to

form a functional cellulose synthase terminal complex

or TC in different organisms. If a TC is essential to

cellulose synthesis functioning and each CESA pro-

tein in the TC catalyzes synthesis of one cellulose

chain, the size of the CEF will be determined by the

number of CESAs in the TC. The TCs in higher plants

have been observed by immune labeling and TEM

techniques (Kimura et al. 1999) to be hexagonally

shaped rosettes, which presumably contain 36-mer

cellulose synthase isoforms and probably synthesize

36-chain CEFs (Kimura et al. 1999; Doblin et al. 2002;

Ding and Himmel 2006). The CESA genes discovered

in higher plants are conserved across species (Yin

Fig. 6 Atomic force micrograph of individual CEFs (a), and

height profiles compared with vertical (b, red line in a) and

horizontal (c, green line in a) arrangements of proposed model

CEF. Adapted from (Ding et al. 2012). (Color figure online)

Fig. 7 Atomic force micrograph of a macrofibril that contains

two CEFs (a) and is measured by the AFM height profile (b,
white line in a)

Fig. 8 Atomic force micrograph of a macrofibril that contains

three CEFs (a) and is measured by AFM height profiles before

(b, blue line in a) and after splitting and rotating (c, green line in

a). (Color figure online)

Fig. 9 Atomic force micrograph of a macrofibril that contains

four CEFs (a) and is measured by AFM height profile (b, while

line in a)
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et al. 2009), which may imply that the fundamental

structure of the rosettes is universal in higher plants,

thereafter likely producing the same CEF.

Despite the fact that a higher order of rosettes has

not been reported, direct visualization using spinning

disk confocal microscopy has revealed that these

rosettes are aligned with cortical microtubules (Pare-

dez et al. 2006), which are guided by the cellulose

synthesis interacting (CSI1) proteins (Li et al. 2012).

We could further speculate that higher-ordered arrays

of TCs, if they occur, may be dynamic and determined

by cytoskeleton structure (Sampathkumar et al. 2013),

a number of rosettes associated with a single micro-

tubule may arrange as a loosely linear array. These

arrayed rosettes synthesize a number of CEFs simul-

taneously and form ribbon-like macrofibrils as

observed by AFM (Figs. 3, 4), so that the size of

macrofibrils may vary in the same organism depend-

ing on the number and arrangement of the TCs in the

array (Saxena and Brown 2005). The rosettes may

switch between microtubules due to the traffic of the

cellulose production process, resulting in interwoven

macrofibrils.

The arrangement of the CEFs appears to be

different in different wall types or in different layers

within one wall type, which is probably the result of

the process of cell expansion and/or elongation that

occurs during plant development. The PW does not

undergo substantial enlargement, so that the CEFs

remain associated as large macrofibrils. The PW cell

may exhibit limited growth driven by autonomous

changes in turgor pressure, which is normally con-

strained by counterforces from surrounding cells;

therefore, the macrofibrils in the PW are randomly

arranged. While the cell elongates, it may grow a

hundred-fold larger during plant growth. During this

process, the SW synthesis is accomplished by rapid

deposition of cellulose and hemicelluloses, where

cellulose is synthesized by an array of rosettes as the

macrofibrils that then split and rotate together with

associated hemicelluloses to form ‘‘sandwich-like’’

layers (Fig. 4) (Ding et al. 2012). Quantitative tran-

scriptional analysis has revealed two groups of CESA

genes that are differentially expressed in primary and

secondary wall synthesis, respectively (Burton et al.

2004), suggesting that the rosettes may be assembled

from different CESAs during secondary wall synthe-

sis. The pSW is developed during cell growth and the

sSW deposition may occur mainly after the cell has

stopped increasing in size, resulting in closely packed

CEFs.

Conclusions

The fibrillar structures of three types of plant cell walls

(i.e., PW, pSW and sSW) were analyzed by AFM. The

CEF appeared to be uniform in size in different types

of walls. The dimensions of the CEF were estimated to

be 3 nm x 5 nm based on the asymmetrical surface

profiles of the CEF (Fig. 6), which were not inconsis-

tent with the proposed 36-chain model that has a

hexagonal cross-section. Ribbon-like macrofibrils

were observed in PW and the surface of pSW, which

apparently are composed of multiple CEFs associated

through their hydrophilic faces. Each microfibril may

contain one or multiple CEFs plus variable amounts of

matrix polymer; microfibrils therefore appear dramat-

ically different in size in different walls.
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