
The major portion of biosphere organic matter is

concentrated within plants. Its main components are

polysaccharides localized within a special compartment

of the plant cell – the cell wall – whose multifunctional

structure largely determines the specificity of plant biolo-

gy. Complexity of structure and dynamic rearrangements

of cell wall are to a large extent based on the presence of

various polysaccharide structures, which can be signifi-

cantly changed in the course of plant cell development

(both due to synthesis and to modification of molecules

within cell wall).

Polysaccharide synthesis, as distinct from that of

proteins and nucleic acids, is not organized on a template

that dictates strict uniformity of primary structure. One

and the same function can be performed by non-identical

polysaccharides; though the variations in structure are

limited, the concept of polysaccharide specificity differs

from that of proteins and nucleic acids whose strict corre-

lation between structure and performed function is sup-

posed. The bearer of functional specificity is not a single

structure, but its certain type [1]. This type may be speci-

fied as strictly as the single structure in the case of protein

or nucleic acid; its characteristics are largely based on the

parameters of spatial organization.

FEATURES OF SPATIAL ORGANIZATION

OF POLYSACCHARIDES

To describe macromolecules, the concepts of pri-

mary, secondary, tertiary, and quaternary structures have

been developed as the most convenient way to specify dif-

ferent levels of spatial organization. According to cur-

rently accepted ideas [2]: primary structure of a

polymer – covalently linked chemical sequence of units

within a chain, plus all inter- and intramolecular links;

secondary structure – locally ordered arrangement of

units (often helical); tertiary structure – overall spatial

organization of an object, which cannot be split without

cleavage of covalent bonds; quaternary structure –
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Abstract—Plant polysaccharides comprise the major portion of organic matter in the biosphere. The cell wall built on the

basis of polysaccharides is the key feature of a plant organism largely determining its biology. All together, around 10 types

of polysaccharide backbones, which can be decorated by different substituents giving rise to endless diversity of carbohy-

drate structures, are present in cell walls of higher plants. Each of the numerous cell types present in plants has cell wall with

specific parameters, the features of which mostly arise from the structure of polymeric components. The structure of poly-

saccharides is not directly encoded by the genome and has variability in many parameters (molecular weight, length, and

location of side chains, presence of modifying groups, etc.). The extent of such variability is limited by the “functional fit-

ting” of the polymer, which is largely based on spatial organization of the polysaccharide and its ability to form supramole-

cular complexes of an appropriate type. Consequently, the carrier of the functional specificity is not the certain molecular

structure but the certain type of the molecules having a certain degree of heterogeneity. This review summarizes the data on

structural features of plant cell wall polysaccharides, considers formation of supramolecular complexes, gives examples of

tissue- and stage-specific polysaccharides and functionally significant carbohydrate–carbohydrate interactions in plant cell

wall, and presents approaches to analyze the spatial structure of polysaccharides and their complexes.
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arrangement of single units of tertiary structure within a

complex built by non-covalent interactions (hydrogen

bonds, van der Waals forces, etc.).

However, to describe polysaccharides, the terms that

characterize various levels of organization are often used

with somewhat different interpretation [3]. A single mol-

ecule is described only in terms of primary and secondary

structures. Tertiary structure is defined as a complex of

non-covalently linked molecules, and quaternary struc-

ture – as a “complex of complexes”, which form the

extended three-dimensional network. This approach to

characterizing polysaccharides is convenient in the case

of regular homopolymers, like cellulose or polygalactur-

onic acid, but while describing the structure of complex

polysaccharides with irregular structure (e.g. rhamno-

galacturonans with complicated side chains) it leaves

without consideration the level of individual molecule

spatial organization, at which the locally ordered parts are

linked by unordered ones. Differences in terminology

cause some confusion, but we will keep the universal con-

cept of organization levels for various nature macromole-

cules by referring to complexes of noncovalently interact-

ing polysaccharides as “quaternary structure”.

To determine the primary structure of polysaccha-

rides, it is necessary to know the degree of polymeriza-

tion, the structure (including absolute configuration) of

individual monosaccharides, the sequence of their link-

age to each other, the points of branching, the type of

substitution, the character and distribution of modifying

groups (e.g. phosphates, sulfates, methyl- and acetyl-

groups), and the configuration (α- or β-) of glycosidic

bonds.

In this review, we will concentrate on the cell wall

polymers of higher plants, which form relatively few basic

structures constituting the backbones or long side chains

of polysaccharides (Table 1). Among them, β-(1→4)

linkages are the most widespread: β-D-(1→4)-Glcp, β-D-

(1→4)-Xylp, β-D-(1→4)-Manp, β-D-(1→4)-Galp.

Neutral chains may also contain β-D-(1→3)-Glcp, β-D-

(1→3)-Galp and β-D-(1→6)-Galp, α-L-(1→5)-Araf.

Also, there are two basic structures that which contain

uronic acids: α-D-(1→4)-GalpA and dimer [→4)-α-D-

GalpA-(1→2)-α-L-Rhap(1→]; polymers based on them

are collectively named “pectins”.

The degrees of polymerization of various cell wall

polysaccharides usually lie within the limits of three- to

five-digit numbers. Most of the plant cell wall polysac-

charides have well-defined backbone. The branched

structures, like glycogen or amylopectin, in which the

distribution of branching points does not permit defini-

tion of some chain as the backbone, are virtually absent.

An exception is arabinogalactan of type II, in which the

various combinations of β-D-(1→3)-Galp and β-D-

(1→6)-Galp may lead to the formation of complex

branched structures. Side chains of the polysaccharides

with well-defined backbone, if any, are usually short (1-3

monomers). Long side chains may be present in rhamno-

galacturonan I, but not always.

Plant can make polymers with different properties

and functions based on the same type of backbone.

General routes to diversify the primary structure of poly-

saccharides built from the listed basic structures together

with the most widespread types of polysaccharides pres-

ent in cell walls of higher plants (cellulose, xylan, xyloglu-

can, polygalacturonic acid, rhamnogalacturonan, etc.)

are presented in Table 1. The character of primary struc-

tures (branched and linear, homo- and hetero-, one or

several types of linkages) determines the higher levels of

spatial organization, influences the various properties like

water-solubility, aggregation and crystallization, gel vis-

cosity, and biological functions (structural, reserve,

defense, signal, etc.).

Secondary structure of polysaccharide chains is dic-

tated, first of all, by the conformation of individual

monosaccharide residues and by the geometry of their

linkage to each other by glycosidic bonds [52, 53]. It is

known that the conformation of an individual monosac-

charide ring is usually rather rigid. For example, it was

shown that the length of the within-cycle linkages, the

valence, and torsion angles of the monosaccharides in

pyranose form are only weakly dependent on the type of

oligosaccharide [54]. The major factor in the final con-

formation of a polysaccharide is made by the relative ori-

entation of monomers. In cases when the glycosidic link-

age is made with participation of the hydroxyl belonging

to the carbon atom of a pyranose or furanose ring (cyclic

hydroxyl), the possibilities for conformational rearrange-

ments are limited by two angles of torsion around the gly-

cosidic bond C-1–O (ϕ) and O–C (ψ). In cases when the

linkage is formed with participation of exocyclic hydrox-

yl (at C-6 in pyranoses and at C-5 in furanoses), three

torsion angles exist (the torsion angle around the linkage

between C-5 and C-6 for hexoses in pyranose form, or

between C-4 and C-5 for pentoses in furanose form); this

increases flexibility of the molecule. Polymers having

elongated chains of the latter type are rarely found in

plant cell walls. An exception is arabinan, which consists

of furanose residues of L-Ara linked by α-(1→5)-bonds.

Low degree of conformational mobility leads to

determination of secondary structure of regularly built

polysaccharidic chains. Several major variants that are

mainly helical are distinguishable. Key parameters to

describe helical conformations are the number of

monomers per turn of helix (n) and the length of the pro-

jection of each residue on the helix axis (h). Four types of

secondary structures are distinguished for linear

homopolysaccharides [55]; these may be partially related

to the combination of equatorial and axial linkages.

Type A – flat ribbon-like structures with n = 2 ± 4

(negative number designates left-handed structure) and h

value close to the absolute length of the residue.

Conformation of flat ribbon emerges as a consequence of
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Backbone (repeat-
ing fragment)

1

β-(1→4)-D-Glcp

β-(1→3)-D-Glcp

[β-(1→4)-D-
Glcp]2–14-β-
(1→3)-D-Glcp

Comments

6

Degree of polymeriza-
tion differs in primary
and secondary cell
walls [4]

Degree of backbone
polymerization
decreases during elon-
gation growth [5, 6]
and correlates with
growth velocity [7].
The degree of back-
bone substitution
grows during elonga-
tion in cells of mono-
cots [8]. Side chain
composition varies
during elongation
growth and differenti-
ation of dicotyledo-
nous plant cells [9-11].
Side chain composi-
tion differs between
species [12]

Stage-specific polysac-
charide. Synthesis
occurs during cell
division, afterwards
the polysaccharide
undergoes rapid
hydrolysis [13].
Callose also occurs
after wounding, during
pollen maturation, etc.
[12, 14]

Stage-specific poly-
saccharide. Synthesis
occurs during cell
elongation, and then
polysaccharide may
undergo hydrolysis
[15]. Degree of poly-
merization depends
on species [16] and
cultivars [17].
Polymerization degree
decreases during elon-
gation growth [18] and
correlates well with
cell wall extensibility
[19-21]. Proportion of
(1→3) and (1→4)
linkages differs
between species [16]
and reduces during
elongation growth
[22]

Table 1. Variability of the main plant cell wall polysaccharides

Varying
parameters
of structure

5

1) Degree of poly-
merization

1) Degree of back-
bone polymeriza-
tion
2) Degree of back-
bone substitution
3) Side chain com-
position

1) Degree of poly-
merization

1) Degree of poly-
merization
2) Proportion of
(1→3) and (1→4)
linkages

Additional
modifications

4

No

Unsubstituted Glc
often is acetyl-
esterified at O-6.
Terminal Gal often
(80%) is acetyl-
esterified at O-6,
O-4 or O-3.
Terminal Xyl
sometimes is feru-
loyl-esterified at
O-5

No

No

Side chains

3

No

Branching point –
O-6 Glcp
Side chains –
D-Xylp-α-(1→back-
bone, D-Galp-β-
(1→2)-D-Xylp-α-
(1→backbone, 
L-Fucp-α-(1→2)-
D-Galp-β-(1→2)-
D-Xylp-α-(1→back-
bone, L-Araf-α-
(1→2)-D-Xylp-α-
(1→backbone and
other

No

No

Polymer

2

Cellulose

Xyloglucan

Callose

Mixed linkage
glucan
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1 

α-(1→4)-D-GalрA

α-(1→4)-D-
GalрA-α-(1→2)-
L-Rhaр

6

Change in methylation
degree accompanies
elongation growth [23,
24]. Reduction of
methylation degree is
necessary and suffi-
cient for determina-
tion of primordial
location in Arabidopsis
[25]. Polygalacturonic
acid with blockwise
pattern of backbone
methylation is a char-
acteristic for cell walls
in the areas of cell
junction. Cell walls in
cell corners and inter-
cellular spaces have
polygalacturonic acid
molecules with ran-
dom distribution of
methyl groups [26].
Degree of backbone
acetylation differs
between friable and
compact calli [27]

Dimer content corre-
lates with the mechan-
ical strength of cell
walls and growth rate
[29, 30]. Degree of
dimerization affects
the porosity of cell
walls [31]

Rhamnogalacturonan
I of cell wall of
sycamore and apple
trees contains consec-
utive α-(1→4)-linked
D-GalpA [32, 33]. 

Table 1 (Contd.)

5

1) Degree of poly-
merization 
2) Degree of back-
bone methylation
3) Distribution of
methyl groups on
backbone (block-
wise or random)
4) Degree of back-
bone acetylation

1) Degree of poly-
merization
2) Degree of back-
bone substitution
by methyl groups
and xylose residues
3) Distribution of
substituents on the
backbone  

1) Degree of poly-
merization
2) Type of sub-
stituents
3) Degree of back-
bone substitution
4) Distribution of
substituents on the
backbone  

Conservative struc-
ture

1) Degree of poly-
merization
2) Degree of back-
bone substitution 
3) Disturbance of
backbone structure
regularity

4

GalA often is
methyl-esterified at
O-6.
Non-methyl-ester-
ified regions of
backbone could
interact by means
of coordination
bonds between car-
boxyl groups with
Ca2+.
GalA often is
acetyl-esterified at
O-2 or O-3

GalA often is
methyl-esterified 
in O-6

GalA often is
methyl-esterified 
in O-6

Dimerization with
participation of
boron

GalA is sometimes
acetyl-esterified at
O-2 or O-3
Rha sometimes is
acetyl-esterified at
O-3

3

No

Branching points –
O-3 of GalpA
Side chains –
D-Xylр-β-(1→back-
bone

Branching points –
O-2 and O-3 of
GalpA
Side chains –
D-Apif-β-(1→back-
bone, D-Apif-β-
(1→3)-D-Apif-β-
(1→backbone

Branching points –
O-2 and O-3 of
GalpA
Side chains – A, B,
C, D – consist of 13
different monosac-
charides and 22
types of linkage [28]

Branching point –
O-4 of Rhap
Side chains – diverse

2

Polygalacturonic
acid 

Xylogalact-
uronan

Apiogalact-
uronan

Rhamnogalact-
uronan II

Rhamnogalact-
uronan I
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1

α-(1→5)-L-Araf

β-(1→4)-D-Galр

β-(1→3)-D-Galр

β-(1→4)-D-Xylp

6

Rhamnogalacturonan I
of cell walls is more
substituted than
rhamnogalacturonan I
of mucilage [34].
Degree of backbone
substitution grows dur-
ing olive fruit matura-
tion [35]. Side chain
structure depends on
species [34, 36-38].
Rhamnogalacturonan I
is tissue- and stage-spe-
cific polysaccharide in
fibers with gelatinous
type of cell walls [39]

Arabinan epitope is
abundant in radial cell
walls of pea epicotyl
cell walls in contrast
with tangential cell
walls [40]. Arabinan
epitope is detectable in
the late stages of pea
seed maturation [41]

Galactan epitope is
abundant in cell walls
during transition of
cells to elongation [42]
and in on the late
stages of lupine seed
maturation [43] 

Degree of backbone
substitution depends
on species and tissue
and differs in primary
and secondary cell
walls [44]

Storage arabinoxylan
of endosperm has no
GlcA as substituent
[45]. During growth of
vegetative organs and
maturation of seeds,
the degree of substitu-
tion by Ara residues
decreases [46-48]. 

Table 1 (Contd.)

5

4) Structure and
composition of
side chains

1) Degree of
polymerization
2) Degree of
backbone substi-
tution

1) Degree of
polymerization
2) Degree of
backbone substi-
tution

1) Degree of
polymerization
2) Degree of
backbone substi-
tution

1) Degree of
polymerization
2) Degree of
backbone substi-
tution

1) Degree of
polymerization
2) Degree of
backbone substi-
tution 
3) Type of sub-
stitution 
4) Distribution
of side chains 

4

Ara is sometimes 
feruloyl-esterified 
at O-2

Gal is sometimes 
feruloyl-esterified 
at O-6

No

Xyl often is acetyl-
esterified at O-3
and/or O-2.
GlcA is often Me-
esterified at O-4.
(Me)-GlcA could be
linked to lignin (ester
bond)

Xyl often is acetyl-
esterified at O-3
and/or O-2
Ara could be linked to
ferulic or para-
coumaric acids at O-5
(ester bond).
GlcA is often methyl-
esterified at O-4

3

Branching points –
O-2 and O-3 of Araf
Side chains – 
L-Araf-α-(1→back-
bone

Branching points –
O-2 or O-3 of Galp
Side chains – 
D-Galp-β-(1→back-
bone
Branching point –
O-6 of Galp
Side chains – 
L-Araf-α-(1→back-
bone

Branching point –
O-6 of Galp
Side chains – 
L-Araf-α-(1→back-
bone

Branching point –
O-2 of Xylp
Side chain – D-(4-
O-Me)-GlcpA-α-
(1→backbone
Branching point – 
O-3 of Xylp
Side chain – L-Araf-
α-(1→backbone

Branching points –
O-3 and/or O-2 of
Xylp
Side chains – L-
Araf-α-(1→back-
bone,
D-(4-O-Me)-
GlcpA-α-(1→back-
bone

2

Arabinan*

Galactan*
(Arabinogal-
actan  type I*)

Arabinogal-
actan   type II 

(Arabino)
Glucuronoxylan

(Glucurono)
Arabinoxylan
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the fact that equatorial linkages O–C-4 and C-1–O are

parallel to each other and lie almost within the same

straight line relative to the ring plane. Among the basic

structures of higher plant cell wall, cellulose, xyloglucan

backbone, β-(1→4)-D-xylan, and β-(1→4)-D-mannan

belong to type A.

Type B – normal helix with a wide range of values of

n = 2 ± 10 and approximately zero h value. Such confor-

mation, which is also called “U-turned hollow helix”, is

formed when the glycosidic linkages of the pyranose ring

are not parallel – one is axial, while the other is equatori-

al. Structures of B type are formed by β-(1→4)-D-galac-

tan and β-(1→3)-D-glucan (callose).

Type C – crumpled ribbon. Structures of this type

are formed by axial linkages that are almost parallel to

each other but are displaced relative to the pyranose ring

plane and do not fit the same straight line; due to this, at

each monomer a zigzag step is formed in the polysaccha-

ride chain. α-(1→4)-D-galacturonan – the most wide-

spread component of pectins – represents type C struc-

ture since it has diaxial linkages.

Type D – flexible random coil. Homopolymers of

type D are formed by linkages involving an exocyclic

hydroxyl, like α-(1→5)-L-arabinan.

For rhamnogalacturonan I heteropolymer, the

repeating unit in which is a dimer (Table 1), data on pos-

sible secondary structure are limited and contradictory.

The only notion that is unambiguously accepted is that

the structure is helical with three monosaccharide

residues per turn [56-59].

Tertiary structure is defined by packing of geometri-

cally regular chains (if they are present in the polysaccha-

ride) into a single whole. The following major factors

determining the polysaccharide tertiary structure can be

listed: interactions with nearby monomers along the

molecular chain, distal three-dimensional interactions,

entropic effects, and interactions with the environment.

Tertiary structure is stabilized by hydrogen bonds and in

the presence of electrically charged groups by electrostatic

forces. Packing of an individual polysaccharide chain with-

in a certain volume has not been described in the literature;

considerably more forces of various characters should be

present to form and stabilize such a structure [60, 61].

Well-ordered forms of regularly-built homopolymers

restrict sharp bending of chains, preventing folding of a

molecule. In complex branched polysaccharides, approach

and interaction of the monomers remote from each other

along the chain is possible. However, the absence of crystal

structure is usually characteristic for macromolecules of

branched polysaccharides. This gives rise to such property

of branched polymers as water solubility despite molecular

mass reaching several million Daltons.

The tertiary structure of the majority of higher plant

cell wall polysaccharides is characterized extremely poor-

1 6

Degree of disubstituted
Xyl residues decreases
during elongation
growth (Mikshina,
unpublished data).
Number of linkages
with phenolic sub-
stances increases after
cessation of elongation
growth [49] and differs
in cell walls of
endosperm and aleu-
rone [50]

Heteroxylan content in
pericarp of different
maize species corre-
lates with resistance to
pathogenic fungi [51]

Table 1 (Contd.)

5

5) Amount of link-
ages with phenolic
compound

1) Degree of poly-
merization
2) Degree of back-
bone substitution
3) Type of substitu-
tion
4) Distribution of
side chains
5) Number of link-
ages with phenolic
compound

4

(Me)-GlcA and
Ara could be linked
to lignin (ester
bond)

3

Branching points – 
O-3 and/or O-2 of Xylp
Side chains – 
L-Araf-α-(1→back-
bone,
D-GlcpA-α-(1→back-
bone,
β-D-Galp-(1→5)-α-L-
Araf -(1→backbone,
L-Galp-(1→4)-β-D-
Xylp-(1→2)-α-L-Araf-
(1→backbone and other

2

Heteroxylan

* Could be side chains of rhamnogalacturonan I.
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ly. In most of them, regular structures, if present, are

more complicated than unbranched homopolymers.

Information on the influence of various substitutions and

their distribution along the backbone on the overall shape

of the molecule is also very scarce.

Quaternary structure is formed by association of

individual molecules; pronounced quaternary structure is

characteristic for many plant cell wall polysaccharides.

Ribbon-like structures of type A lie especially well over

each other and generate supramolecular formations due

to numerous hydrogen bonds and van der Waals forces. As

the result, structures that are regular in three dimensions

are formed, and these are characteristic of crystals. The

capacity to form double and triple helixes and aggrega-

tions of helixes and ribbons has been demonstrated for

several polysaccharidic chains [62-65]. One chain may

pass through several places of association, giving rise to

three-dimensional nets or gels. Many structures, espe-

cially cellulose microfibrils and gels of polygalacturonic

acid have been characterized in detail from both the

chemical and biological viewpoints. There are also some

papers on supramolecular structures of xylan [66], gluco-

mannan [67], galactan [68, 69], and callose [70].

Examples of high levels of spatial organization of cell wall

polysaccharides will be given in the following chapters.

VARIABILITY OF PLANT CELL WALL

POLYSACCHARIDE STRUCTURE

Populations of molecules of the majority of plant cell

wall polysaccharides, the same as for other polymers with

non-template synthesis, have some heterogeneity. The

degree of heterogeneity varies for different plant cell wall

polysaccharides; the range of variability is not always pro-

portional to the complexity of the molecular structure

(Table 1). Virtually all polysaccharides have variable

molecular mass. In branched polymers, the position of

branching points, their frequency and regularity, the

composition and structure of side chains, etc. may vary.

Sometimes the regularity of the backbone structure is dis-

turbed. For example, the ratio of rhamnose to galactur-

onic acid in the backbone of rhamnogalacturonan I is

often not equal to 1 : 1, since the backbone may include

insertions of α-D-GalpA sequential residues connected

by (1→4)-linkages [32, 33]. Having in mind the combi-

nation of many variable parameters in the structure of

most polysaccharides (Table 1) and high degree of poly-

merization, it is reasonable to assume that it is impossible

to find two identical molecules of the same polysaccha-

ride within the cell wall of an individual cell and within

the whole plant (an exception is rhamnogalacturonan II).

Let us consider various xylans and rhamnogalactur-

onans I as examples illustrating variations in polysaccha-

ride composition. Xylans of higher plants can be subdi-

vided into three groups according to the character of

backbone substitution: (arabino)glucuronoxylans, (glu-

curono)arabinoxylans, and heteroxylans [45]; the name

of the main substituent is put just before the name of the

backbone, while the variable substituent, which can even

be absent, is put in brackets.

(Glucurono)arabinoxylans have the residues of α-L-

Araf as the major substituent; they are attached to xylose

at the O-3 position in the case of monosubstitution and at

O-2 and O-3 in the case of disubstitution. As comes from

the name of the polymer, glucuronic acid can be present

in the polysaccharide structure; it is attached to xylose at

the O-2 position [45, 66]. The range of xylan structural

variability is characterized by the ratio Ara/Xyl, which

may be equal to null as in the case of glucuronoxylan, and

may be over 1, as in arabinoxylans from wheat endosperm

[71, 72]. The suggestion of blockwise character of xylan

substitution, which is based both on experimental data

and modeling, is periodically put forward [73-75].

Arabinose residues can be linked with ferulic or para-

coumaric acids [76, 77].

As distinct from (arabino)glucuronoxylans and (glu-

curono)arabinoxylans, which have only Ara, GlcA, and

Ac as substituents, heteroxylans may have Gal and Xyl

within their side chains, sometimes in unique combina-

tions [78] (Table 1). It is for heteroxylans that so-called

weak self-associations were demonstrated for the carbo-

hydrate–carbohydrate system; the importance of such

interactions is well known for enzyme–substrate and

antigen–antibody systems and for the mechanism of cel-

lular recognition. The revealed interaction has hydropho-

bic nature; its affinity differs for heteroxylans of various

origins; however, attempts to determine the relationship

between certain structural elements of a polysaccharide

and its ability for weak self-association have not yet been

successful [79].

The range of rhamnogalacturonan I variability is

mainly based on the number and diversity of side chains

of various length and structure rather than on the above-

mentioned irregularity of backbone structure. Side chains

are attached to rhamnose at the O-4 position, and degree

of rhamnose substitution can vary from 20 to 96%. Side

chains may be single residues or linear and branched ara-

binans, galactans, and arabinogalactans [36, 80, 81]; their

presence, proportion, length, and structural details differ

depending on the plant source and localization within

plant tissues. Besides the above-listed widespread types of

rhamnogalacturonan I side chains, xylogalacturonan

(chains of (1→4)-linked α-D-GalpA units with attached

single Xylp residues or two Xylp connected by (1→4)-

linkage at the O-3 position) was also described as a side

chain of rhamnogalacturonan I [82]. Xylogalacturonan

can also be a part of the polysaccharide backbone [33].

Besides branching with side chains, rhamnogalactur-

onans I may be partially acetylated at position O-2 [83]

and/or O-3 of α-D-GalpA [84] and/or at O-3 of α-L-

Rhap [85]. It was shown that acetyl groups take part in the
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association of rhamnogalacturonan I due to hydrophobic

interactions; the sizes of such aggregates may reach

200 nm [86].

It is considered that α-D-GalpA within rhamno-

galacturonan I backbone does not have side chains, but

there is a paper demonstrating that ~2% of this residue in

the backbone of rhamnogalacturonan I isolated from

sugar beet is substituted at O-3 position by a single residue

of β-D-GlcpA [87]. Residues of α-L-Fucp and 4-O-

methyl-β-D-GlcpA [88], like ferulic and para-coumaric

acids [89], may also be present within the molecules of

rhamnogalacturonan I.

Variability of cell wall polysaccharide structure

makes their study one of the most challenging tasks of

modern biochemistry. Any of the structural analysis

methods well established for the investigation of the com-

ponents of living matter face problems that are often quite

difficult to solve when applied to polysaccharides.

Attempts to identify the higher level of spatial organiza-

tion of carbohydrate molecules meet many challenges. As

a result, the process of matching the structure and func-

tion of particular polysaccharides moves very slowly.

Nevertheless, it is possible to find examples of successful

application of various approaches to characterize spatial

organization of carbohydrates and their complexes [90,

91]. The main methods used for these tasks, the type of

information obtained during analysis, major difficulties in

the application of a given approach, and examples of its

use to characterize polysaccharides of plant cell wall are

given in Table 2.

ORIGIN OF STRUCTURAL VARIABILITY

OF PLANT CELL WALL POLYSACCHARIDES

Using various approaches, the heterogeneity of poly-

saccharides isolated from plant samples are established.

Some examples are given in Table 1.

Does variability in the structure of polysaccharides

that a given cell synthesizes at certain stage of its develop-

ment exist? Though the answer seems to be obvious, it is

rather difficult to obtain conclusive data. The point is that

plant samples used to analyze cell wall polysaccharides

are usually heterogeneous. They include cells of various

tissues, each of which has specificity in cell wall compo-

sition; even within one tissue, the cells are not synchro-

nized by stage of development, and this may also affect

the features of the polysaccharides synthesized.

Moreover, within one cell polysaccharides are present

that were recently deposited into cell wall and those that

have been there long enough to be modified by enzymes

of the apoplast.

Proof of the presence of variability even within one

type of cells can be obtained from the data on cell cultures

(especially if they are synchronized), and the results of

pulse-chase experiments, which can distinguish the poly-

saccharides synthesized in the course of the experiment

and those existing before the experiment. In such experi-

ments, data on variability of the degree of polymerization

of cellulose [199] and xyloglucan [200] were obtained. A

seldom used but effective approach is analysis of tissue-

and stage-specific polysaccharides such as complex

rhamnogalacturonan with ling galactan chains present in

phloem fibers of flax. An additional advantage of this

model system is the possibility of isolating the polysac-

charide of interest before its incorporation into the cell

wall. The broad peak obtained on gel filtration of the

polysaccharide indicates variability in polymerization

degree [36].

There are two general ways to reach a certain primary

structure of plant cell wall polysaccharide that is neces-

sary to fulfill its function: 1) in the course of synthesis, by

the action of corresponding glycosyl-, methyl-, acetyl-,

and feruloyl-transferases – definitely the major way, and

2) modification of polysaccharides that have already been

deposited into cell wall, by enzymatic and nonenzymatic

processes. The picture gets more complicated due to the

formation of covalent linkages between polymers already

within the Golgi apparatus – the place of synthesis of all

cell wall polysaccharides except cellulose and callose. The

presence of such linkages was demonstrated, for example,

for xyloglucan and rhamnogalacturonan I [201], and also

for arabinoxylan and rhamnogalacturonan I [202]. Many

studies considered that the components of pectic sub-

stances – polygalacturonic acid, rhamnogalacturonan I,

and rhamnogalacturonan II – are covalently linked to

each other [34, 203].

Cell wall polysaccharides are synthesized via excep-

tionally complex mechanisms that are poorly character-

ized not only in details, but also in the basic “characters

in the play”, such as the involved glycosyltransferases. As

distinct from many bacterial polysaccharides, which are

formed by a combination of similar oligosaccharide units

[204], plant cell wall polysaccharides are synthesized by

step-by-step addition of single activated monomer to the

growing polysaccharidic chain. All glycosyltransferases

that are involved in the process are membrane-bound

enzymes and are organized into complex multicompo-

nent complexes, as shown for several polymers – xyloglu-

can [205], xylan [75, 206], and pectic substances [34,

207]. Even the synthesis of chemically very simple poly-

saccharide, like cellulose – a linear homopolymer, in

which all the monomers are linked by the same type of

linkage, is provided by a very sophisticated multicompo-

nent complex that has dimensions similar to the ribosome

[4]. Despite massive efforts, enzymes involved in forma-

tion of many types of linkages in plant cell wall polysac-

charides have not yet been determined [28, 34, 207].

Formation of the “necessary” primary sequence of

the polymer is mainly achieved by functioning of a partic-

ular set of glycosyltransferases in combination, if neces-

sary, with methyl-, acetyl-, or feruloyl-transferases. So,
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Method

1

Size exclusion
chromatography
with multidetection
RI/(MA)LS/Vs/
DLS

Asymmetric flow
field-flow fraction-
ation with multi-
detection
RI/(MA)LS/DLS

Static light scatter-
ing

Dynamic light
scattering

Viscosimetry

Ultracentrifugation

Membrane
osmometry

Diffusion-ordered
NMR spectroscopy 

NMR spec-
troscopy (in solu-
tion)

References in relation to cell wall
polysaccharides

4

Pectins [92, 93]
Glucuronoxylan [94, 95]
Arabinoxylan [71, 72, 96-98]
Heteroxylan [79, 99]

Galactomannan, arabinoxylan [98,
100]

Mixed-linkage glucan [63, 101,
102]
Xyloglucan [103, 104]
Arabinoxylan [105]
Heteroxylans [106]
Review [107]

Mixed-linkage glucan [63, 102]
Arabinoxylan [71, 105]
Heteroxylan [106]
Review [107]

Pectins [108]
Mixed-linkage glucan [63, 101, 109]
Arabinoxylan [110]
Heteroxylan [111]

Heteroxylan [79, 111]

Pectins [108, 112]
Arabinan [113]

Glucomannan [114]

Primary cell wall polysaccha-
rides [115]
Pectin [116]
Galactan [68]
Rhamnogalacturonan II [117, 118]
Glucomannan [114]
Xyloglucan [119]
Arabinoxylan [120]

Table 2. Methods for characterization of polysaccharides and their supramolecular complexes

Disadvantages

3

Co-elution of aggregates with single
molecules; influence of possible
interaction with filling material of
column

Effective fractionation of samples
exceeding 1 mg is impossible

Information about optical properties
of an object and solvent as well as
refractive index increment is neces-
sary. Sensitivity to impurities.
Limited range of relatively exactly-
defined Mw for polysaccharides

Appearance of artifacts due to pres-
ence of impurities in sample, effect
of viscosity of sample and aggrega-
tion in solution, influence of turbidi-
ty and large particles on dispersion,
necessity of application of different
algorithms for calculation and
preparation of the experiment
depending on the size and shape of
the object, preliminary orientation
about possible size of object is nec-
essary

Parameters (k and α) obtained by
other methods for any particular
object–solvent system are required

Blurring of boundaries in polydis-
perse samples

Duration of equilibrium establish-
ment; it is necessary to select a suit-
able membrane; laborious method

Appearance of artifacts during
experiment and errors in the numer-
ical interpretation of data

Averaged picture, broadening and
signal interference when using high
molecular weight polysaccharide,
multiplicity is not always expressed

Measured parameter
and information

that can be obtained

2

Mw, Mn, Rg, Rh, Rη, [η]

Mw, Mn, Rg, Rh, Rη, D

Mw, Rg, A2, RT

Rh, D, size distribution,
aggregation

[η], Mw (calculated)

Mw, S, Mw distribution,
polydispersity

Mn, polydispersity

D, Rh, Mw, mixture separa-
tion, molecular dynamic of
polysaccharides and their
complexes, aggregation

Characteristics of the struc-
ture, molecular dynamics,
relative orientation of inter-
acting components, estab-
lishment of interaction sites,
relative Mw, Mw by the end
groups for linear polysac-
charides
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1

Optical rotatory
dispersion and cir-
cular dichroism

Polarimetry

IR spectroscopy/
IR microspec-
troscopy/Raman
spectroscopy

Microscopy

X-Ray diffraction/
neutron diffracto-
metry

Small-angle X-ray
scattering (SAXS)
and small-angle
neutron scattering
(SANS)

Solid-state NMR
with magic-angle
spinning 

4

Pectins [121]
Polygalacturonic acid [122]
Mannan [123]
Galactomannan [124]

Arabinan [113]
Glucomannan [125]

Cellulose [116, 126-131]
Pectins [93, 116, 132-138]
Rhamnogalacturonan I [139]
Arabinogalactan I [140] and II
type [141]
Xylan [127, 128, 142-145] 

Cellulose [146-150]
Glucuronoxylan–cellulose com-
plex [151]
Lignin–cellulose complex [127,
152]
Depectinated cell wall [153]
Pectin [93, 148-150, 154]
Glucomannan, galactan, arabi-
nan [127]
Arabinoxylan [155]
AFM review [156]

Cellulose [157-166]
Pectins [167]
Mixed-linkage glucan [168]
Xyloglucan [169]
Glucuronoxylan [170] 
Mannan [171]

Cellulose [172-175]
Cellulose–cross-linking glycans
complex [176]

Cellulose [68, 177-180]
Glucuronoxylan [181, 182]
Xyloglucan, cellulose and pectins

Table 2 (Contd.)

3

Smooth character of dispersion
curves of carbohydrates; con-
tribute of random coil confor-
mation to optical rotation is
negligible

Low accuracy, increase in reso-
lution is accompanied by limita-
tion of dynamic range

Overlay of absorption bands;
spectra are difficult to interpret
and require development of
algorithms for deconvolution;
significant influence of environ-
ment and bound water

Studies only surface properties,
the local environment, complex-
ity of polysaccharide immobi-
lization, deformation of particle
shape during experiment,
appearance of artifacts during
preparation of sample; often,
complex sample preparation,
insufficient resolution, in most
cases, conditions are far from
those in vivo

Applicable only for oriented
crystallizable polymers (regular
rigid structure). Radiographs of
polysaccharides are not rich
enough in reflections so that
they can give complete picture
of the structure. Conditions dur-
ing analysis are far from those in
vivo

Ambiguous interpretation, com-
plexity of method

Limitation of range of tempera-
tures and frequencies, suitable
for measuring

2

Asymmetry and dissymmetry of
molecules, absorption and emis-
sion of light/search ordered struc-
tures, transition of ordered struc-
ture to a disordered one, non-
bonded interactions, conforma-
tional behavior, local conforma-
tion near optically active chro-
mophore

Concentration of optically active
compounds, intermolecular inter-
actions, nature, internal rotation,
and conformation of substituents

Polysaccharide structure, orienta-
tion, accessibility to solvent and
degree of adsorption of functional
groups, non-bonded interactions,
dynamics and barriers of confor-
mational transitions, orientation
of polysaccharide molecules in
complexes, Mw by the end groups
for linear polysaccharides

Size and shape of particles, size
distribution

Degree of amorphousness/crys-
tallinity, size of amorphous and
ordered parts, chain orientation,
size and concentration of submi-
crocavities

Mw, Rg, shape, size, size distribu-
tion, distribution of scattering
density inside the particle, degree
of solvent penetration, parameters
of interaction of molecules in
solution, parameters of structural
organization at different levels,
aggregation, kinetics of aggregate
growth under different conditions,
analysis of internal structure of
disordered systems in their natural
condition without special prepa-
ration

Characteristics of structure,
molecular dynamics, and inter-
molecular interactions, relative 
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the change of the being formed cell wall type from pri-

mary to the secondary one in the course of cell develop-

ment is coupled to corresponding changes in the activities

of the enzymes involved in the formation of specific poly-

saccharides [208]. Replacements in the synthesis of such

enzymes on change in the being formed cell wall type are

revealed by large-scale gene transcription analysis [209].

Variability in a certain type of polysaccharide struc-

ture can hardly be explained by imperfectness of the

machinery of their synthesis or by errors in its work.

“Reliability” of glycosyltransferase complex work can be

controlled quite fully. For instance, the structure of

rhamnogalacturonan II, which due to the wide diversity

of monomers and of the linkage types is considered to be

one of the most complex compounds of biological origin,

is very conservative not only in various tissues of the same

plant, but also in evolutionary and taxonomically remote

plant species [28, 210].

Polysaccharides present in the Golgi apparatus are

less variable than after incorporation into cell wall, where

the modifications due to the action of numerous enzymes

and non-enzymatic factors are possible. Cell wall

enzymes, mainly glycanases and esterases, are encoded by

exceptionally large multigenic families. This fact was

noticed on the very first description of the whole plant

genome sequence [211]. For instance, in the Arabidopsis

genome 66 genes annotated as pectinmethylesterases are

present [212]. Though the specificity in action of the

enzymes by different representatives of the multigenic

family has not been completely characterized for any type

of glycanase or esterase modifying plant cell wall polysac-

charide, it is known that their products and/or substrates

can differ. For example, there are pectinmethylestarases,

the action of which leads to methyl group removal either

from prolonged sequences of polygalacturonic acid, or in

single, randomly located spots. As a result, homogalactan

with blockwise or randomly localized methyl groups is

formed [212]. Glycanases with tissue- or stage-specific

character of expression have been revealed [15, 213, 214].

TISSUE- OR STAGE-SPECIFIC

POLYSACCHARIDES

Each of around 40 cell types present in plants is

characterized by cell wall specificity [12], which is large-

ly based on the features of polysaccharide structure. The

only polysaccharide that is always present in any type of

1

Calorimetric
methods

Quantum chemical
calculations,
molecular
mechanical and
molecular dynam-
ics simulation

4

in primary cell walls [183, 184]
Xylan–lignin–cellulosic com-
plex of secondary cell walls [185]
Cellulose–acetylated cross-link-
ing glycans–lignin [186]
Galactan [68, 90, 187]
Arabinan [90, 180]
Galacturonan [180, 188]
Pectins [90, 177, 189]
Review [190]

Mixed-linkage glucan [109]
Arabinoxylan [110]

Cellulose [159]
Xyloglucan–cellulose com-
plex [191-195]
Pectins [196]
Arabinan [197]
Arabinogalactan, rhamnogalact-
uronans I and II, polygalact-
uronan [58]
Glucuronoxylan [198]  

Table 2 (Contd.)

3

Structure of sample changes
during measurement at each
temperature

Significant set of experi-
mentally obtained parame-
ter is required; problems
related to ambiguity of force
fields, limitations on model-
ing of high molecular weight
polysaccharides; high com-
puter performance is
required

2

orientation of interacting components,
establishing interaction sites under con-
ditions similar to those in vivo

Character of thermal mobility of repeat-
ing elements of the macromolecule
chain and its change during phase or
physical transitions, regularity of sample,
ratio of side substitution mass to main
chain mass, viscoelastic properties

Prediction of most probable 3D struc-
ture, modeling of interactions of several
molecules 

Note: RI, refractive index; (MA)LS, multi-angle light scattering; Vs, viscometry; DLS, dynamic light scattering; Mw, weight-average molar mass;

Mn, number-average molar mass; Rg, radius of gyration; D, diffusion coefficient; S, sedimentation coefficient; Rh, hydrodynamic radius; Rη, vis-

cometric radius; RT, thermodynamic radius; A2, second virial coefficient; [η], intrinsic viscosity.



STRUCTURE OF PLANT CELL WALL POLYSACCHARIDES 847

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  7   2013

cell in a plant organism is cellulose. However, there are

differences in its structure at different stages of cell devel-

opment. In “young” plant cells with so-called primary

cell wall, which is distinguished by the ability to grow by

expansion, the cellulose is formed with considerably

lower degree of polymerization than in the secondary cell

wall; the latter is formed in the cells which have stopped

expansion growth [4]. Machinery specialized for primary

and secondary cell wall cellulose synthesis exists: differ-

ent genes of cellulose synthesizing catalytic subunits are

expressed in one and the same cell at different stages of its

development. These multienzyme complexes concur-

rently have three types of closely related but distinct cat-

alytic subunits; their sets for the stages of primary and

secondary cell wall formation are completely different

[215].

An example of tissue-specific polysaccharide is cal-

lose; its quaternary structure is formed by weak interac-

tions of coaxial triple helixes [70]. This polysaccharide is

usually not present in cell wall. It can be formed in cer-

tain specific situations (like mechanical injury), but it

plays a major role at the stage of plant cell division, when

the cell plate is formed between two daughter cells. It is

callose that serves as the key polymer in such “newly

born” cell plate. This function is underlain both by a spe-

cial mechanism of synthesis and by special properties of

the polysaccharide supramolecular structure. Callose

synthesis occurs at plasma membrane and is character-

ized by high rate since it is limited neither by the crystal-

lization process, as in the case of cellulose, nor by a long

duration of secretion, like in the case of all other cell wall

matrix polysaccharides, which are synthesized exclusive-

ly in Golgi apparatus [14]. After the being formed from

the center to the cell periphery, cell plate reaches the cell

wall of the mother cell, and callose is degraded by special

enzymes [13]. We can assume that the necessity for cal-

lose degradation is dictated by the poor ability of this

polysaccharide supramolecular structure for extension.

Since the division of a plant cell is followed by a well-

pronounced stage of cell expansion, callose has to be

degraded.

Another example of stage-specific polysaccharide is

the low-substituted glucuronoxylan synthesized at the

stage of secondary cell wall formation. In the backbone of

glucuronoxylans, on average, one of ten xylopyranoses is

substituted at O-2 by a residue of α-D-GlcpA, which is

usually methylated at O-4. Also, xylose can be acetylated

at the O-2 and/or O-3 positions [65]. This polymer forms

left-handed helixes of type A; a single turn of the helix is

formed by three xylose residues located towards each

other at an angle of 120°. This leads to more uniform than

in cellulose distribution of hydroxyl groups along the

molecule, and as a result the xylan chain is less tightly

packed and is more water-soluble than cellulose [170,

216]. The conformation of a β-D-(1→4)-Xylp residue

resembles that of β-D-(1→4)-Glcp, but the fifth atom of

carbon is substituted not by hydroxymethyl group, but by

hydrogen; this may lead to a decrease in the possibility for

intra- and intermolecular associations due to hydrogen

bonds. This makes the xylan molecule more flexible and

able to exist in other conformations [170].

The thickness of the xylan type secondary cell wall is

at least an order of magnitude greater than that of primary

cell wall. In higher plants, it is comprised from three

major polymers – cellulose, glucuronoxylan, and lignin.

The main function of the secondary cell wall is mechani-

cal; thus, “good” interactions between key components

must be provided. Cellulose and lignin do not interact

with each other. They are interconnected by glu-

curonoxylan, part of its molecules forming covalent link-

ages with lignin, mainly through glucuronic acid residues

[217, 218]. The study of isolated lignin–carbohydrate

complexes showed higher tendency of these compounds

for self-association and for adsorption on the surface of

cellulose microfibrils as compared to non-lignified xylans

[219, 220].

Analysis of the energy of xylan and cellulose interac-

tion suggested that it is largely based on hydrogen and van

der Waals bonds [221-223]. In water solution, xylan has

the conformation of ribbon-like helix with n = 3. On the

basis of data of solid-state 13C NMR-spectroscopy with

magic angle spinning, arguments were suggested indicat-

ing that upon interaction of cellulose the length of the

xylan helix turn decreases to two residues, i.e. it becomes

similar to that of cellulose [224]. This suggestion is con-

firmed by molecular dynamic simulation [225]. However,

Paananen et al. [151] questioned the importance of

hydrogen bonds and suggested that the driving forces of

interaction between xylan and cellulose are the increase

in entropy upon exclusion of solvent and of weak van der

Waals bonds.

The structure of glucuronoxylan is so well adapted by

evolution that it is quite similar in the secondary cell walls

of dicotyledonous plants of various taxonomical groups

[45, 226]. However, the same xylan backbone may be the

basis for synthesis of polysaccharides with a very different

set of substituents and frequencies of their presence.

Variations in xylan composition are well exemplified

by analysis of different tissues in seeds of grasses.

Arabinoxylans of endosperm are almost exclusively com-

posed of arabinose and xylose with average molecular

ratio around 0.5. The amounts of ferulic and glucuronic

acids are negligibly small [66]. Reserve function in addi-

tion to the mechanical one is considered to be the main

function of these polysaccharides; also, due their consid-

erable water-holding capacity, they are able to regulate

water balance [227, 228]. It was shown that in water-sol-

uble arabinoxylans from wheat endosperm the presence

of even rather prolonged blocks of non-substituted xylose

residues does not lead to interactions of chains with each

other [229], as often suggested. Thus, endosperm arabi-

noxylans are highly hydrated and do not tend to form
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associates; features of their structure also do not give

them the possibility to make covalent linkages with other

cell wall components (due to the absence of ferulic and

glucuronic acids). The character of xylan substitution

with arabinose leaves enough sites for the enzyme action

to cleave the polymer upon seed germination.

The presence of phenolic substances in the arabi-

noxylans from cell wall of the aleuronic layer can be con-

sidered as their main difference from the arabinoxylans

of endosperm [50, 230]. This peculiarity in structure per-

mits to the molecules of arabinoxylans from cell wall of

the aleuronic layer to interact with each other through

ferulic acid bridges between polymer chains. The

strength of the formed structure increases not only due to

formation of covalent linkages, but also due to the

processes of entangling of polymeric chains [110]. The

tendency of arabinoxylans from cell wall of aleuronic

layer to make supramolecular complexes on the basis of

covalent linkages (including those with cell wall proteins

through tyrosine [231]) allows them to form more rigid

cell walls that are resistant to the action of degradation

factors, thus fulfilling defensive function. Accordingly,

the amount of feruloylated arabinoxylans in the aleuron-

ic layer and pericarp of seeds is proportional to the resist-

ance of different maize cultivars to the pathogenic fungi

Fusarium graminearum [51]. Study of saccharification of

plant raw materials from various sources led to the con-

clusion that the presence of phenolic acid esters in arabi-

noxylans leads to decrease in effectiveness of degradation

of these polysaccharides by the enzymes of fungi or bac-

teria [232].

In the pericarp of wheat [230], maize [51], and bar-

ley [233], heteroxylans were found in which the ratio

Ara/Xyl is above 1, and galactose, xylose, and glucuronic

acids are found in the side chains; significant is also the

amount of hydroxycinnamic acids. Information about the

features of heteroxylan spatial organization and function-

al role is quite limited. It is possible that high degree of

backbone decoration in heteroxylans burdens their enzy-

matic hydrolysis, and the presence of variable substituents

opens additional possibilities for interactions with other

cell wall polymers.

Xylans play a specific function during one of the key

processes in plants – expansion growth. However, the

participation of xylans is not characteristic for all higher

plants, but only for specific groups, mainly grasses (in

other plants, a similar role is played by xyloglucan). In

primary cell walls of the growing plant organs, the key

matrix glycan is glucuronoarabinoxylan distinguished by

high degree of branching with arabinose residues [46,

234, 235]. Treatment with endoxylanases, which needs

three consecutive unsubstituted xylose residues, revealed

the distant orderliness of glucuronoarabinoxylans [235].

Molecules of the polysaccharide may be conventionally

subdivided into domains differing in the degree of back-

bone substitution to such extent that one of the domains

(Ara/Xyl < 0.3) seems to interact with cellulose, while the

opposite is the highly substituted part of the polymer

(Ara/Xyl > 0.7) not linked to microfibrils. The proportion

of these domains changes during expansion growth: at the

beginning of the process, most of the xylose is within

highly substituted domain, while after completion of

growth it interacts with the cellulose domain [236]. These

data correlate well with the known regularity noticed for

expansion growth of monocotyledonous plants –

decrease in Ara/Xyl ratio in cell walls during this process

[8, 46, 49]. High correlation of the features of glu-

curonoarabinoxylan structure with plant cell growth rate

suggests direct involvement of this polymer in expansion

growth [235].

Another polymer with the described tissue-specific

variant is rhamnogalacturonan I. Rhamnogalacturonans I

with all differences in their structure is usually considered

to be a component of the thin primary cell walls, where it

plays the role of special “glue” to keep neighboring cells

together [82, 237-240]. The presence of polysaccharide of

this type was also demonstrated for mucilages secreted by

seeds [37, 241, 242]. A tissue- and stage-specific variant

of rhamnogalacturonan I has still been characterized only

for one cell type – for plant fibers that form the so-called

“gelatinous” cell wall type after elongation growth is

completed. Characteristic features of the gelatinous cell

wall are contractile properties, exclusive width (up to

15 µm), axial orientation of all cellulose microfibrils, and

absence of xylan and lignin [39, 243].

It is not yet possible to relate the set of rhamnogalact-

uronan I structural elements with the performed func-

tion. However, it is obvious that the structure of the poly-

mer differs depending on its location. For example, in flax

plants it is possible to distinguish at least three popula-

tions of rhamnogalacturonan I molecules: 1) those from

primary cell walls; 2) from mucilage secreted by seeds; 3)

from fibers that form a peculiar type of secondary cell

wall.

In primary cell wall rhamnogalacturonan I, there are

three GalpA residues per two Rhap residues, and neutral

monosaccharides are mainly represented by galactose and

to the lesser extent by arabinose; the acetylation degree is

high [244]. Epitopes of (1→6)- and (1→4)-galactans

were immunocytochemically revealed in flax root tips

[245].

Rhamnogalacturonan I from mucilage secreted by

flax seeds contains the rare monosaccharide L-Galp,

which is attached to Rhap at the O-3 position; also, ter-

minal residues of Fucp and D-Galp attached to rhamnose

at the O-3 position are present; the ratio of branched at

O-3 and linear rhamnose is around seven. It was shown

that rhamnogalacturonan I increases the viscosity of

mucilage [37].

Tissue- and stage-specific rhamnogalacturonan I

from flax phloem fibers can be isolated before and after

incorporation into cell wall. The polymer synthesized in
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flax phloem fibers elutes on gel filtration at time corre-

sponding to molecular mass 700-2000 kDa, the

GalA/Rha ratio is close to 1, and the α-L-Rhap substitu-

tion degree is very high (up to 96%); the side chains of

various length consist mainly of β-D-(1→4)-Galp and are

sometimes decorated by single arabinose residues [36,

246].

After incorporation into cell wall, the polymer is

modified by tissue-specific galactosidase leading to trans-

formation of cell wall supramolecular organization that is

necessary to form the specific mechanical properties of

fibers [214]. Part of the rhamnogalacturonan I molecules

get entrapped by laterally interacting cellulose microfib-

rils. The entrapped cellulose microfibrils of rhamnogalact-

uronan I elutes on gel filtration at the time corresponding

to molecular mass 100-400 kDa and has GalA/Rha ratio

close to 1; the degree of α-L-Rhap substitution is 72%.

Most of the side chains are single residues of Galp, but

there are also longer chains with average degree of poly-

merization 14 [38, 247]. It is assumed that this polysac-

charide is able to self-associate due to galactose side chain

interactions; as a result, compact complex is formed with

charged backbone located at the surface [248]. If this

polysaccharide is entrapped between laterally interacting

cellulose microfibrils, such spatial organization of

rhamnogalacturonan I helps to effectively form the ten-

sion of microfibrils; this is considered to be the origin of

contractile properties [249].

Thus, variability that is inherent in almost all plant

cell wall polysaccharides can reach a level of specializa-

tion for a certain function. This gives rise to the challenge

of identifying the crucial parameters of the type of the

polysaccharide molecule population (less important

parameters may vary within a certain range among indi-

vidual molecules), which make this population appropri-

ate to fulfill specific biological functions. Though such

tasks were formulated several decades ago [1], only the

first steps have been achieved in this direction. The spe-

cial challenge originates from the difference in polysac-

charide structure in solution and within cell wall. The

concentrations of polysaccharides within the cell wall are

so high and the various interactions so widespread that

the structure of polysaccharides there may differ consid-

erably from that in solution. An additional reason for the

differences in interactions between the polymers in vivo

and in vitro is the mechanism of individual polymer for-

mation, which dictates to a certain extent the sequence

and conditions for polysaccharide chains to interact.

Thus, investigations of the spatial organization and func-

tional specialization of cell wall polysaccharides will long

be needed.
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