
1

Annual Plant Reviews Volume 41, Plant Polysaccharides, Biosynthesis and Bioengineering, First 
Edition, edited by Peter Ulvskov © 2011 Blackwell Publishing Ltd.

  Chapter 1 
CELL WALL POLYSACCHARIDE 
COMPOSITION AND 
COVALENT CROSSLINKING      
  Stephen C.     Fry  

  Abstract:     Genetics now potentially lets us modify the production, crosslinking 
and degradation of cell wall polysaccharides. There remains, however, the need 
to test experimentally whether intended modifi cations of polysaccharide metabo-
lism have successfully been effected  in vivo . Simple methods for this are described, 
including  in - vivo  radiolabelling, enzymic dissection (e.g. with Driselase) and 
chromatographic/electrophoretic fractionation of dissection products. 

 After an overview of polysaccharide chemistry, I discuss the structures and 
taxonomic distribution of wall polysaccharides in charophytes and land plants. 
Primary and secondary walls are compared. 

 The major wall polysaccharides are cellulose [microfi brillar  β  - (1 → 4) -  d  - glucan], 
pectins ( α  -  d  - galacturonate - rich) and hemicelluloses (lacking galacturonate; 
hydrogen - bonding to cellulose; extractable by 6   M NaOH at 37    ° C). Land - plant 
pectins are anionic polymers built of about four glycosidically interconnected 
domains (homogalacturonan, rhamnogalacturonans I and II, xylogalacturonan). 
Hemicelluloses occurring in most/all land plants are  α  - xylo -  β  - glucans,  β  - xylans 
(including  α  - arabino -  β  - xylans,  α  - glucurono -  β  - xylans, etc.) and  β  - mannans 
(including  α  - galacto -  β  - mannans,  β  - gluco -  β  - mannans, etc.). Another hemicellulose 
[mixed - linkage  β  - (1 → 3)(1 → 4) -  d  - glucan) is confi ned to  Equisetum  and some Poales. 

 Other taxonomically restricted features of angiosperm primary walls occur in 
Poales (xylose - poor xyloglucans; feruloylated arabinoxylans); Solanales and 
Lamiales (characteristic xyloglucans); Caryophyllales (feruloylated pectins); and 
Alismatales (apiogalacturonan). I also summarize characteristic wall features of 
charophytes, bryophytes, lycopodiophytes, fern - allies and gymnosperms. 
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2 ■ Plant Polysaccharides

 The making or breaking of a  ‘ crosslink ’  (defi ned as an individual chemical 
bond, not a whole  ‘ tethering ’  chain) may cause wall tightening/loosening. 
Covalent crosslinks include phenolic coupling products, uronoyl esters and 
amides, and borate diesters.  

  Keywords:     angiosperms  ;   apiogalacturonan  ;   bryophytes  ;   cellulose  ;   charophytes  ; 
  chromatography  ;   crosslinks (covalent)  ;   Driselase  ;   electrophoresis (paper)  ;   gymno-
sperms  ;   hemicellulose  ;   homogalacturonan  ;   hydrolysis  ;   mannans  ;   mixed - linkage 
glucans  ;   pectins  ;   polysaccharide chemistry  ;   primary wall  ;   pteridophytes  ;   radio-
labelling  ;   rhamnogalacturonans  ;   secondary wall  ;   taxonomic variation  ;   uronoyl 
esters/amides  ;   xylans  ;   xylogalacturonan  ;   xyloglucan    

    1.1    Remit 

 This chapter discusses the main cell wall polysaccharides of streptophytes 
 –  i.e. land plants (embryophytes, from liverworts to angiosperms) plus cha-
rophytes (a group of algae sharing many subcellular features with land 
plants). Primary structures (sequences of sugar residues) and covalent 
crosslinks are discussed. A brief introduction to the vocabulary of polysac-
charide ( ‘ glycan ’ ) chemistry, and the sugar abbreviations used, is included 
in the legend to Fig.  1.1 ; these abbreviations are used throughout the text 
without further defi nition. Further details of secondary and tertiary struc-
tures of polysaccharides can be found in Chapter  14 . A major theme in the 
present chapter is the application of simple analytical methods by which 
polysaccharides can be identifi ed, characterized and quantifi ed, and their 
metabolism monitored  in vivo . Another theme is the taxonomic distribution 
of various wall polysaccharides. Works complementing this chapter include 
Brett  &  Waldron  (1996) , Fry  (2000) , Schols  &  Voragen  (2002) , Mort  (2002) , 
O ’ Neill  &  York  (2003)  and Obel  et al.   (2006) .   

   1.1.1    Some  d efi nitions 

 The best - known cell wall component is  cellulose   –  a highly insoluble 
polysaccharide, of which the microfi brils ( ‘ scaffolding ’ ) of the wall are com-
posed. Cellulose is, however, only one of many polysaccharides found in 
plant cell walls, usually accounting for less then half the wall ’ s dry mass. 
The other, non - cellulosic, wall polysaccharides (matrix components) are 
categorized into  pectins  and  hemicelluloses . 

   1.1.1.1    Pectins 
 These were traditionally defi ned by their extractability from the wall with 
chelating agents, often with the assistance of heating (though this inevitably 
causes partial degradation of pectins and should not be used if a determina-
tion of molecular weight is planned) and often followed by ice - cold aqueous 
Na 2 CO 3 . A more acceptable defi nition of pectins is wall polysaccharides rich 
in  α  - GalA residues.  
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   1.1.1.2    Hemicelluloses 
 These are not extracted by chelating agents or ice - cold Na 2 CO 3 , but are by 
concentrated aqueous alkali. They generally share the property of hydrogen -
 bonding to cellulose, at least  in vitro ; and some hemicelluloses probably also 
do this  in muro , tethering adjacent microfi brils (Fry  1989 ; Hayashi  1989 ). 
For this reason, the term  ‘ crosslinking glycans ’  was suggested for hemicel-
luloses. However, this term is not used here because the proposed  in - 
muro  tethering role remains largely hypothetical in many cases, and also 
because some non - hemicellulosic polysaccharides (e.g. rhamnogalacturonan 
II, RG - II) do crosslink.  

   1.1.1.3    Crosslinks 
 A  ‘ crosslink ’ , as the term is used here, is an individual chemical bond, e.g. 
an ester linkage or a hydrogen bond, that joins together two otherwise sepa-
rate polymers; it is not a whole molecular chain that joins together two 
structures (e.g. a xyloglucan chain tethering two microfi brils). 

 Defi nitions of polysaccharide classes by their extractability from the wall 
are far from perfect. One problem is that some polysaccharides chemically 
identical to hemicelluloses but not hydrogen - bonded to cellulose can some-
times be solubilized with hot neutral water  –  for example, the bulk xyloglu-
can present in some seeds as  ‘ food reserves ’ . Another problem is that some 
hemicelluloses are covalently attached to pectins, resulting in hybrid polysac-
charides that are diffi cult to classify. Nevertheless, the broad classifi cation 
of wall polysaccharides into pectins, hemicelluloses and cellulose remains a 
useful convention.  

   1.1.1.4    Non -  p olysaccharide  c omponents 
 Also important in cell walls are non - polysaccharide components. First 
among these is water, typically accounting for around 60% of the wall ’ s total 
fresh weight, and around 70% of the fresh weight of the wall matrix (Monro 
 et al.   1976 ). Water confers important physical properties on (hydrated) wall 
polysaccharides, acts as a solvent for apoplastic solutes and enables the 
functioning of wall - located enzymes. Changes in the water content of the 
matrix may explain changes in wall extensibility (Ulvskov  et al.   2005 ; 
Thompson  2008 ). Other wall constituents are highly variable between 
tissues, developmental stages and taxa: (glyco)proteins (e.g. extensins and 
arabinogalactan - proteins); the phenolic polymer lignin; the polyesters cutin 
and suberin; highly resistant cutan and sporopollenin; and silica (Fry  2001 ).  

   1.1.1.5    Primary  w all 
  A primary wall  layer is one whose cellulosic microfi brils were laid down 
while the cell was still (capable of) growing. Once deposited and the cell has 
stopped growing, a primary wall layer will not acquire more cellulose, 
although in certain cell types it later becomes impregnated with for example 
lignin or cutin. Such a wall layer is still  ‘ primary ’ , even if lignifi ed.  
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     Figure 1.1     Monosaccharide building blocks (shown as Haworth formulae) of plant cell wall 
polysaccharides. The fi gure shows all the known sugar residues of plant cell wall polysaccharides 
and a selection of their esters and ethers. Top row, major components of pectins; 2nd row, 
major components of hemicelluloses; 3rd row, minor sugars of various origins; 4th row, mainly 
or only known from RG - II; bottom row, a selection of sugars with non - carbohydrate substituents. 
Sugars with fi ve and six C atoms are called pentoses and hexoses respectively; Rha and Fuc are 
deoxyhexoses. 

 The monosaccharides are shown as hemiacetal or hemiketal rings. However, within a polysac-
charide, each sugar (except one, the reducing terminus) is present as an acetal or ketal residue, 
the term  ‘ residue ’  implying that it is  ‘ what remains ’  after losing the  – OH group (shown in blue) 
from the anomeric carbon (the anomeric carbon is the one with single - bonds to  two  oxygens; 
it is here drawn as the right - hand extremity of the hexagon or pentagon). In a sugar residue of 
a polysaccharide, this particular  – OH group has departed (in the form of H 2 O),  ‘ taking with it ’  
one oxygen - linked H atom from the next sugar along the polysaccharide chain. The one sugar 
of the polysaccharide that is not strictly a residue is the reducing terminus, so called because it 
has not lost its anomeric  – OH group and in aqueous solution can therefore equilibrate with the 
straight - chain form, which possesses an oxo group (C = O, which has reducing properties). 

 All but two of the sugars shown are aldoses (i.e. the anomeric carbon has only one additional 
C atom attached to it), but Kdo and Dha are ketoses (the anomeric C is attached to two other 
carbons). (Hua has two anomeric carbons (C - 1 and C - 5) and is both an aldose and a ketose.) 
In aqueous solution, each illustrated hemiacetal and hemiketal equilibrates with a small percent-
age of a straight - chain form possessing an oxo group (an aldehyde or ketone, in aldoses and 
ketoses respectively)  –  hence the slightly redundant term  ‘ keto ’  in the names of Kdo and Dha. 

 Each named sugar could theoretically occur as two isomeric forms (enantiomers, designated 
 D -   and  L -  ), distinguished by the orientation of the C – O bond of the penultimate C atom. Galactose 
is the only wall residue known to occur as both  D -   and  L -  enantiomer. Note that  D -   and  L -  Gal 
differ in orientation of the C – O bond at all four non - anomeric, chiral centres ( =    carbons 2, 3, 4 
and 5; the difference at C - 5 is indicated by the placement of the  – CH 2 OH group). 

 The linkage between a sugar residue and the next building - block along a polysaccharide chain 
can be in either of two isomeric forms (anomers, designated  α  -  and  β  - ) defi ned by the orientation 
of the bond between the anomeric C atom and the oxygen atom (shown in blue) that bridges 
the two sugars: if this C – O bond has the same orientation as that of the penultimate C atom, 
then the residue is  α  - ; if opposite,  β  - . This means that, in these Haworth formulae, the  – OH of 
the anomeric carbon points down in  α  -  D  -  and  β  -  L  - sugars, and up in  β  -  D  -  and  α  -  L  - sugars. 

 The sugar ring can be 6 - membered (pyranose;  -  p ) or 5 - membered (furanose;  -  f ). Api and 
AceA  must  be  -  f  because of the absence of an oxygen on a C - 5, and MeGlcA can only be  -  p . 
Ara occurs in both forms. All the others could theoretically occur in either form, but in practice 
occur only in the  -  p  form illustrated. 

 Each sugar residue is attached, via its anomeric carbon, to an  – OH group on the following 
sugar unit in the polysaccharide chain. Usually, there are several such  – OH groups to choose 
from (e.g., in the case of Glc p , on carbons 2, 3, 4 or 6: the linkage is designated (1 → 2), (1 → 3), 
(1 → 4) or (1 → 6), accordingly). However, a given sugar unit (either a residue or the reducing 
terminus) can and often does have more than one sugar residue attached to it. 

 Once it has become part of a polysaccharide chain, a given sugar residue is  ‘ locked ’  in one 
of the four possible ring forms ( α  -  p ,  β  -  p ,  α  -  f , or  β  -  f ). These ring forms have a huge impact on 
the polysaccharide, as is obvious from the enormous differences in physical, chemical and bio-
logical properties between amylose and cellulose (which are  α  -  p  and  β  -  p , respectively, but 
otherwise identical). 

 Although illustrated here in unionized form, the free carboxy groups ( – COOH, shown in red) 
would often be negatively charged ( – COO  −  ) under physiological conditions of pH. Relatively 
hydrophobic (non - polar) groups are shown in green. 

 Abbreviations: The diagrams show (in parentheses) the shorthand used throughout this 
chapter. Thus, unless otherwise stated in the text, the ring - form ( -  p  or  -  f ) and enantiomer ( D  -  or 
 L  - ) are assumed to be as illustrated here; for example,  ‘  β  - Gal ’  implies  β  -  D -  Gal p  unless specifi ed 
as  L  - Gal. Other abbreviations used (not illustrated): MeXyl, 2 -  O  - methyl -  α  -  D -  Xyl p  (ether); MeFuc, 
2 -  O  - methyl -  α  -  L  - Fuc p  (ether); MeRha, 3 -  O  - methyl -  α  -  L  - Rha p  (ether); MeGal, 3 -  O  - methyl -  D -  Gal p  
(ether); 5AcAra, 5 -  O  - acetyl -  L -  Ara f  (ester); 6AcGal, 6 -  O  - acetyl -  D -  Gal p  (ester); 6AcGlc, 6 -  O  - acetyl -
  D -  Glc p  (ester);  Δ UA, a 4,5 - unsaturated, 4 - deoxy derivative of GalA or GlcA.  
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   1.1.1.6    Secondary  w all 
  A secondary wall  layer is one whose microfi brils were laid down after the 
cell had lost the ability to expand. Since microfi brils are laid down adjacent 
to the plasma membrane, it follows that the primary wall is external to the 
secondary wall and that the most recently deposited layer of secondary wall 
is innermost. Xylem vessel elements, tracheids, sclerenchyma and cork are 
cell types depositing much secondary wall material. Like primary wall 
layers, secondary layers sometimes later become impregnated with non -
 polysaccharide substances, typically lignin and suberin.    

   1.2    The  c lassic  p rimary  c ell  w alls of  d icots 

 For many years, rapidly growing and dividing suspension - cultured cells of 
sycamore ( Acer pseudoplatanus ) were the paradigm for primary cell wall 
studies. They do, however, have certain unusual features, e.g. an exagger-
ated extensin content ( ∼ 20% of the dry weight) and  –  probably associated 
 –  resistance to digestion by  ‘ protoplasting ’  enzymes. 

 Not all primary walls are chemically identical. There is taxonomic varia-
tion, surveyed later in this chapter. In addition, there are distinct differences 
between different primary walls within a given plant. Celery parenchyma, 
for example, has an unusually low xyloglucan content (Thimm  et al.   2002 ). 
Changes in wall polysaccharide biosynthesis also occur during the cell 
cycle (Amino  et al.   1984 ). Another example is provided by the duckweed 
 Spirodela , which has a high proportion of apiogalacturonan in the walls of 
its vegetative fronds but almost none in its turions (organs of perennation). 
The frond:turion ratios (of rates of  de - novo  synthesis of polysaccharide 
residues) were 165:1 for  β  - Api, 11.5:1 for  α  - Rha and 1.7:1 for  α  - GalA. Thus, 
compared with fronds, developing turions continued to synthesize pectin, 
but much less rhamnogalacturonan and almost no apiogalacturonan 
(Longland  et al.   1989 ). 

   1.2.1    Pectins 

 Much useful work on pectin characterization can be performed on whole 
isolated cell walls or alcohol - insoluble residue (AIR) (see Section  1.6 ). 
However, if necessary, pectins can be extracted from some tissues (especially 
ripe fruits) with chelating agents at neutral pH and 20    ° C. This does not 
apply to most other plant tissues, especially actively growing ones. Extraction 
can be increased by heating, but with partial depolymerization. Heating 
at around pH   4 is least detrimental in this respect; at this pH, oxalate is a 
more effective chelator than EDTA or EGTA. Oxalate is also easier than 
EDTA, EGTA and hexametaphosphate to remove (e.g. by dialysis) after 
pectin extraction. Another agent increasing some pectins ’  extractability, 
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and maintaining their solubility, is 0.5   M imidazole (pH   7) (Zhang  et al.  
 2007 ). 

 The  ‘ pectins ’  described below (homogalacturonan, RG - I, RG - II, etc.) are 
probably conjoined domains, linked end - to - end by glycosidic bonds into a 
single polysaccharide;  in muro  each  ‘ pectin ’  is not a separate polysaccharide 
in its own right. For example, high -  M  r  pectin extracted from sugar - beet roots 
with aqueous imidazole was degraded to RG - I, RG - II and free GalA by 
polygalacturonases (which hydrolyse homogalacturonan but not rhamnoga-
lacturonans; Ishii  &  Matsunaga  2001 ). The simplest explanation is that the 
pectin was a long chain with RG - I and RG - II domains arranged like beads 
along a homogalacturonan  ‘ string ’ . Further support for the domain concept 
came from the characterization of oligosaccharides released by mild acid 
hydrolysis, including GalA - GalA - GalA - Rha - GalA - Rha, which appears to be 
a fragment straddling part of a homogalacturonan domain and part of an 
RG - I domain (Coenen  et al.   2007 ). 

   1.2.1.1    Homogalacturonan  d omains 
 These quantitatively major domains comprise an unbranched chain of 
anionic  α  - GalA and uncharged MeGalA ( =  methyl ester of  α  - GalA) residues 
joined by (1 → 4) - bonds. The MeGalA residues tend to occur contiguously, 
as neutral blocks, along the homogalacturonan chain; this arrangement 
probably arises by the progressive action of pectin methylesterase on a more 
fully methylesterifi ed precursor chain. The backbone also includes some 
2AcGalA and/or 3AcGalA residues, which may affect the polysaccharide ’ s 
solubility but not its charge. After de - esterifi cation, e.g. by ice - cold dilute 
alkali, homogalacturonan can be cleaved by endo - polygalacturonase (EPG) 
to small fragments with degree of polymerization (DP) 1 – 3, which serve as 
a simple quantitative assay for this domain. 

 Homogalacturonans are water soluble at neutral and alkaline pH, but 
insoluble at mildly acidic pH (especially after removal of any methyl ester 
groups) and in the presence of Ca 2 +  . 

 De - esterifi ed homogalacturonans are digested by  ‘ Driselase ’  (a mixture of 
numerous endo -  and exo - hydrolases from the fungus  Irpex lacteus ; Fry  2000 ), 
giving a quantitative yield of free GalA. Driselase is preferred over acid 
hydrolysis for this purpose because (1) uronosyl linkages are only slowly 
acid - hydrolysed, and (2) the free GalA liberated is considerably less stable 
in hot acid than naturally occurring neutral monosaccharides, so recovery 
is low. Driselase also contains esterases that convert MeGalA to GalA unless 
a nearby  O  - acetyl group interferes. Driselase does not remove acetyl groups 
from homogalacturonan, and can thus yield structurally informative oligo-
saccharides containing AcGalA residue(s) (Perrone  et al.   2002 ). 

 Commercial homogalacturonan ( ‘ polygalacturonic acid ’ ) is a useful 
model, e.g. for practising analyses, but the commercial material is of much 
lower  M  r  than natural homogalacturonan.  



8 ■ Plant Polysaccharides

   1.2.1.2    Rhamnogalacturonan -  I   d omains 
 EPG digestion of walls or AIR solubilizes rhamnogalacturonan - I (RG - I). This 
high -  M  r  pectic domain (typically DP 1000 – 2000) has a backbone of the 
repeating disaccharide [ – 4) -  α  - GalA - (1 → 2) -  α  - Rha - (1 →  – ]. To  O  - 4 of roughly 
half the Rha residues, diverse neutral side chains are attached, which are 
rich in  β  - Gal (more abundant close to the Rha residue) and  α  - Ara (more 
abundant at the side - chains ’  non - reducing termini). Some very high -  M  r  side 
chains of RG - I (rich in Gal and/or Ara) may enable this pectic domain to 
hydrogen - bond to cellulose, a property not exhibited by most pectins 
(Zykwinska  et al.   2005 ). Minor sugar residues also occur (Table  1.1 ). There 
are very many different side chains, their individual structures probably 
defi ned stochastically.   

  Table 1.1    Summary composition of plant cell wall polysaccharides 

   Polysaccharide     %  a        Q   b    

   Residue 
(s) of 
backbone  

   Linkage(s) 
within 
backbone  

   Main 
residue(s) 
of side 
chains  

   Main 
linkages 
between side 
chain and 
backbone  

   Microfi brillar   
  Cellulose    30    0     β Glc    (1 → 4)    none      

   Matrix   
   Pectins   
  Homogalacturonan 
domain  

  15     –      α GalA 
( ± Me ester, 
 ± Ac ester)  

  (1 → 4)    none      

  Rhamnogalacturonan - 
I domain  

  10     –      α GalA ( ±  
Ac ester), 
 α Rha  

  [ - GalA -
 (1 → 2) - Rha -
 (1 → 4) - ] n   

   β Gal,  α Ara 
 >   α Fuc,  β Xyl, 
 β GlcA  

  Gal - (1 → 4) - Rha, 
 Ara - (1 → 4) - Rha  

  Rhamnogalacturonan -
 II domain  

  1 – 4     –      α GalA (no 
Me - esters)  

  (1 → 4)     α AceA,  β Api, 
 α Ara,  α Ara p , 
 β Ara,  β Dha, 
 α Fuc,  β Gal, 
 l  - Gal,  α GalA, 
 β GalA,  β GlcA, 
 α (?)Kdo, 
 α MeFuc, 
 α MeXyl, 
 α Rha,  β Rha  

  Api - (1 → 2) -
 GalA, 
 Kdo - (1 → 3) -
 GalA, 
 Dha - (2 → 3) -
 GalA, 
 Ara - (1 → 3) -
 GalA  
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   Frequent 
linkages within 
side chains  

   Major 
product(s) of 
Driselase 
digestion  

   Other enzymes that 
cleave backbone     Other notes  

      Glc        Water - insoluble. 
Hydrogen - bonded 
within microfi bril  

      GalA  +  MeOH, 
except where 
acetylated  

  Endo - polygalacturonase 
(EPG)  

  Very few (no?) Rha 
residues interrupting 
the backbone. Some 
GalA residues Me -
 esterifi ed, some 2 -  and/
or 3 -  O  - acetylated, 
some both  

  Gal - (1 → 4) - Gal, 
 Ara - (1 → 5) - Ara, 
 Ara - (1 → 3) - Ara, 
 Ara - (1 → 3) - Gal  

  GalA (except 
where acetylated), 
Rha, Gal, Ara, Fuc  

  RG lyase, RG hydrolase    Some GalA residues 
2 -  or 3 -  O  - acetylated, or 
2,3 - di -  O  - acetylated. 
EPG - resistant  

  complex; fi ve main 
types of side -
 chain; see text  

  Trace of GalA and 
GlcA?; largely 
resisant to 
Driselase, with 
borate retained  

  none known    Some  α Rha present as 
3 -  O  - Me ether in some 
pteridophytes. MeFuc 
and AceA are  O  -
 acetylated. One Api 
residue can stably 
esterify with borate, 
crosslinking two RG - II 
molecules. 
EPG - resistant  

 Two useful enzymes will cleave the backbone of RG - I into structurally 
informative fragments: rhamnogalacturonan lyase attacks near the reducing 
end, releasing oligosaccharides such as  Δ UA - Rha - GalA - Rha; rhamnogalac-
turonan hydrolase attacks near the non - reducing end, releasing oligosac-
charides such as GalA - Rha - GalA - Rha - GalA (Mutter  et al.   1998 ). 

 RG - I lacks methyl esters, but it does have 2AcGalA, 2,3 - Ac 2 GalA (Ishii 
 1997 ) and 3AcGalA residues (Perrone  et al.   2002 ), which can be isolated as 
components of Rha - containing oligosaccharides after Driselase digestion. 
De - esterifi ed RG - I is thoroughly hydrolysed by Driselase, giving an almost 
100% yield of the constituent monosaccharides. RG - I preparations from 
potato and soyabean are available commercially (Megazyme); gum karaya 
is also rich in RG - I.  
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   Polysaccharide     %  a        Q   b    

   Residue 
(s) of 
backbone  

   Linkage(s) 
within 
backbone  

   Main 
residue(s) 
of side 
chains  

   Main 
linkages 
between side 
chain and 
backbone  

  Xylogalacturonan 
domain  

   ±      –      α GalA ( ±  
Me - ester)  

  (1 → 4)     β Xyl    >     α Fuc    Xyl - (1 → 3) -
 GalA  

  Apiogalacturonan 
(domain?)  

  0     –      α GalA    (1 → 4)     β Api, (Xyl)    Xyl - (1 → 2) -
 GalA, 
 Xyl - (1 → 3) -
 GalA  

   Hemicelluloses   
  Xyloglucans    20    0     β Glc ( ±  Ac 

ester)  
  (1 → 4)     α Xyl,  β Gal ( ±  

Ac ester), 
 α Fuc ( ±  α Ara, 
 β Ara,  β Xyl, 
 α  -  l  - Gal)  

   α Xyl - (1 → 6) -
 Glc, 
  α Ara - (1 → 2) -
 Glc, 
  β Xyl - (1 → 2) - Glc  

  Xylans    8     –      β Xyl ( ±  Ac 
ester)  

  (1 → 4)     α Ara,  α GlcA, 
( ±  β Xyl, 
 β  -  d  - Gal, 
? -  l  - Gal,  … )  

  Ara - (1 → 2) - Xyl, 
 Ara - (1 → 3) - Xyl, 
 GlcA - (1 → 2) - Xyl  

  Mannans     ±     0     β Man    (1 → 4)     ±  α Gal    Gal - (1 → 6) -
 Man  

  Glucomannans     ±     0     β Man ( ±  
Ac ester), 
 β Glc  

  (1 → 4)     ±  α Gal    Gal - (1 → 6) -
 Man  

  Mixed - linkage 
glucans (MLGs)  

  0    0     β Glc    (1 → 4), 
(1 → 3)  

  none      

  Callose     ±     0     β Glc    (1 → 3)    none?      

  Glucuronomannans     ±      –      β GlcA, 
 α Man  

  [ - GlcA -
 (1 → 2) - Man -
 (1 → 4) - ] n   

   α Ara,  β Gal, 
 α Fuc, Xyl  

  To  O  - 3 of Man 
and GlcA  

   Ac, acetyl; Me, methyl.  
  See Fig.  1.1  for further abbreviations. Unless otherwise indicated, the sugar is the enantiomer ( d -   or  l -  ) and 
ring - form ( -  p  or  -  f  ) illustrated in Fig.  1.1 .  
   ± , not always present;  ∼ , amount varies greatly.  
   a    Rough guide to amount of polymer present, as % of dry weight of a typical dicot primary cell wall from a 
rapidly growing cell culture;  
   b    Charge on polymer molecule (at physiological pH):  – , negative; 0, uncharged.   

Table 1.1 Continued
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   Frequent 
linkages within 
side chains  

   Major 
product(s) of 
Driselase 
digestion  

   Other enzymes that 
cleave backbone     Other notes  

  Some Xyl - Xyl and/
or 
 Fuc - Xyl.  

  ?    Xylogalacturonan 
hydrolase  

  Major side - chains  =  
single Xyl; some 
disaccharides  

  Api - (1 → 3) - Api    ?    ?    Only in certain 
monocots. Major 
side - chains  =  single Api; 
some disaccharide  

  Gal - (1 → 2) - Xyl, 
 Fuc - (1 → 2) - Gal, 
  α  - Ara - (1 → 2) - Xyl  

  Isoprimeverose, 
Glc, Gal, Fuc, Ara  

  Endo -  β  - glucanase 
(cellulase), xyloglucan 
endo - glucanase (XEG)  

  See text for repeat 
units. Some 6AcGlc, 
6AcGal and 5AcAra  

  Xyl - (1 → 2) - Ara, 
 Ara - (1 → 2) - Ara, 
 Xyl - (1 → 3) - Xyl  

  Xylobiose, Xyl, 
Ara, Fer - Ara - Xyl, 
Fer - Ara - Xyl - Xyl. 
No free GlcA?  

  Xylanases    Some 2AcXyl or 
3AcXyl. In Poales, some 
Fer - Ara and 2AcAra  

      Man, Gal, 
oligosaccharides.  

  Mannanase    Heavily galactosylated 
mannans in some 
seeds. Little studied in 
primary cell walls  

      Man - Glc, Man -
 Man, Man, Glc  

  Mannanase    Well known in 
secondary walls of 
xylem. Some Man 
residues 2 -  or 
3 -  O  - acetylated  

      Glc    Lichenase, cellulase    Only in Poales and 
 Equisetum .  

      Glc    Laminarinase    Mainly in wounded 
tissues, wall -
 regenerating 
protoplasts, and 
phloem sieve - tubes  

      ?    [Acid hydrolysis yields 
GlcA - Man disaccharide]  

  Some GlcA may be 
Me - esterifi ed  
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   1.2.1.3    Rhamnogalacturonan -  II   d omains 
 RG - II is a small but exceedingly complex pectic domain. It has a backbone 
of at least eight  α  - GalA residues, to which are attached fi ve different types 
of side chain: the fi rst four are designated A – D, each with a precisely (not 
stochastically) defi ned primary structure (O ’ Neill  et al.   2004 ). The side chains 
typically have the following composition: 

  A (octasaccharide),  α  -  l  - Gal,  β  - GlcA,  α  - MeXyl,  α  - Fuc,  β  - Rha,  α  - GalA, 
 β  - GalA,  β  - Api( ⊗ )  

  B (octa -  or nonasaccharide),  β  - Ara,  α  - Rha ( × 1 or  × 2),  α  - Ara p ,  β  - Gal,  α  - MeFuc, 
 α  - AceA,  β  - Rha,  β  - Api( ⊗ )  

  C (disaccharide),  α  - Rha,  α (?) - Kdo( ⊗ )  
  D (disaccharide),  β  - Ara,  β  - Dha( ⊗ ).    

 where ( ⊗ ) indicates the residue attached to the oligo - GalA backbone. 
 All four of these side chains are themselves acidic (unlike those of RG - I) 

and contain very unusual residues, including some known only from RG - II. 
The fi fth side chain is a single  α  - Ara residue (Melton  et al.   1986 ). Side chain 
B has acetyl groups on the AceA and MeFuc residues (O ’ Neill  et al.   2004 ). 
There are no reports of methyl esters in RG - II. If RG - II has one copy of each 
side chain, it is DP 30 ( ∼ 5   kDa). The dimerization of RG - II by borate crosslinks 
is discussed later. 

 The linkages between the side - chains and RG - II ’ s backbone are unusually 
acid - labile, especially the Api → GalA  *   and Kdo → GalA bonds; the side 
chains can therefore be pruned off the backbone by warm dilute acid. 
However, RG - II is largely resistant to Driselase, which provides a useful 
method for its purifi cation. 

 A convenient source from which to purify RG - II is red wine, since the 
yeasts used in its manufacture cannot hydrolyse grape RG - II (O ’ Neill  et al.  
 2004 ).  

   1.2.1.4    Xylogalacturonan  d omains 
 Another pectic domain, often quantitatively minor, is xylogalacturonan, 
briefl y described in Table  1.1 . A commercial preparation rich in xylogalac-
turonan is gum tragacanth (Zandleven  et al.   2005 ).   

   1.2.2    Hemicelluloses 

 Hemicelluloses are conventionally extracted from the cell wall with aqueous 
alkali. NaOH acts as a chaotropic agent, minimizing hydrogen - bonding 
between hemicelluloses and cellulose. The high pH ionizes the  – OH groups 
of carbohydrates,

   *      In this chapter, light arrows (e.g.  → ) indicate glycosidic bonds; heavy arrows (e.g.   ) indicate 
the direction of a chemical reaction.  
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    R OH OH  R O H O− + − +− −
2 ,  

so that the hemicellulose molecules become negatively charged and repel 
one another, helping to maintain their solubility. The alkali is usually sup-
plemented with NaBH 4  as a precaution against polysaccharide oxidation or 
 ‘ peeling ’ . 

 Hemicelluloses differ in the alkali concentration required for extraction. 
Dilute alkali may extract xylans with many side chains; higher concentra-
tions are required for xylans with fewer side chains; and the highest con-
centrations are required for MLG and xyloglucans (Carpita  1984 ). Complete 
extraction of xyloglucans requires 6   M NaOH at 37    ° C (Edelmann  &  Fry 
 1992 ). The more commonly used 4   M alkali is not fully effective, and is not 
recommended. Inclusion of 4% H 3 BO 3  with the 6   M NaOH may facilitate 
extraction of mannans. 

 Once extracted from the wall with alkali, some hemicelluloses precipitate 
on neutralization (hemicellulose A), but usually the bulk do not (hemi-
cellulose B). 

 Alkali treatment strips off all ester - bonded (e.g. acetyl and feruloyl) groups 
and should not be used if such groups are of interest. 

   1.2.2.1    Xyloglucans 
 The best - studied hemicelluloses of the primary cell wall are the xyloglucans. 
These possess a linear backbone of (1 → 4) - linked  β  - Glc residues (in this sense 
identical with cellulose). In many dicots, the backbone consists of a cel-
lotetraose (G4G4G4G) repeat with the fi rst three Glc residues (counting from 
the non - reducing end) carrying an  α  - Xyl residue on position 6. The repeat-
ing disaccharide,  α  - Xyl - (1 → 6) - Glc, is called isoprimeverose. The fourth Glc 
residue is unsubstituted. Some of the Xyl residues (especially the third from 
the non - reducing end) carry an additional  β  - Gal residue on position 2, and 
the  β  - Gal itself often carries  α  - Fuc on its 2 - position. 

 Xyloglucans can be hydrolysed by endo - (1 → 4) -  β  -  d -  glucanase (cellulase) 
or by a xyloglucan - specifi c endo - glucanase (XEG). These two enzymes 
attack most xyloglucans at the same sites (the unsubstituted Glc residues); 
however, XEG is more specifi c and does not cleave cellulose and xylans. 
XEG hydrolyses the (1 → 4) -  β  - Glc linkage adjacent to and on the non - reducing 
side of an isoprimeverose unit. Endo - (1 → 4) -  β  -  d -  glucanase is available com-
mercially (e.g. Megazyme) at acceptable purity; XEG may be available on 
request from Novozymes (Bagsv æ rd) but requires purifi cation by the 
method of Pauly  et al.   (1999) . Either of these enzymes cleaves xyloglucan to 
yield oligosaccharides (XGOs), which can be purifi ed and characterized, 
thus indicating the structure of the xyloglucan (though without information 
on the order in which the constituent XGOs occur). 

 The following code letters are used for describing concisely the sequence 
of side chains (and unbranched Glc residues) along the (1 → 4) -  β  -  d  - glucan 
backbone of xyloglucan: 
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 The  β  - Glc in each structure is part of the (1 → 4) -  β  - glucan backbone xyloglu-

can. Square brackets indicate branching; for example S is Ara → Xyl → Glc, 
whereas A could be represented Ara → Glc ← Xyl (both pentose residues 
being directly attached to the backbone glucose). The list of code letters will 
soon be extended by new XGOs discovered in bryophyte xyloglucans (Pe ñ a 
 et al.   2007a ). 

 The primary cell walls of  Acer , and many other plants, yield two very 
predominant XGOs: XXFG and XXXG. Other widely observed sequences 
include XXLG, XLXG and XLFG. 

 Like most hemicelluloses, xyloglucans bind strongly to cellulose (e.g. fi lter 
paper  in vitro ) by hydrogen - bonding, especially after drying, but the XGOs 
mentioned above do not and can readily be washed off paper (even after 
drying) with water. In this sense, XGOs differ markedly from oligosaccha-
rides of cellulose (e.g. GGGGGG), which have a very high affi nity for 
cellulose. 

 XXFG often contains 6AcGal in place of the Gal in the F unit (the oligo-
saccharide is then designated XX F G), although the acetyl group can migrate 
non - enzymically to other positions of the same Gal residue. The acetate 
groups are stable during digestion with cellulase or XEG, though rapidly 
removed by NaOH. 

 Isoprimeverose [ α  - Xyl - (1 → 6) - Glc] is the most diagnostic repeat unit of 
xyloglucan, being unknown from any other polymer; it can be released 
quantitatively from xyloglucan by Driselase digestion, which thus serves as 
a simple assay for xyloglucan. The  α  - Xyl residues are completely stable to 
Driselase, which lacks detectable  α  - xylosidase activity. Essentially all the 
other residues are released as free monosaccharides; however, the 6AcGal 
residues appear to be released by Driselase as galactose  +  free acetate. 

  G    a  β  - Glc residue of the backbone (or the reducing terminal Glc moiety) 
with no side - chain attached  

  Gol    glucitol (the former reducing terminus, if reduced with NaBH 4 )  
   G      β  - 6AcGlc  
  X     α  - Xyl - (1 → 6) -  β  - Glc ( =  β  - isoprimeverose)  
  L     β  - Gal - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
   L      β  - 6AcGal - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
  F     α  - Fuc - (1 → 2) -  β  - Gal - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
   F      α  - Fuc - (1 → 2) -  β  - 6AcGal - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
  A     α  - Ara - (1 → 2) - [ α  - Xyl - (1 → 6)] -  β  - Glc  
  B     β  - Xyl - (1 → 2) - [ α  - Xyl - (1 → 6)] -  β  - Glc  
  C     α  - Ara - (1 → 3) -  β  - Xyl - (1 → 2) - [ α  - Xyl - (1 → 6)] -  β  - Glc  
  J     α  -  l  - Gal - (1 → 2) -  β  - Gal - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
   S      α  - 5AcAra - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
  S     α  - Ara - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
  T     β  - Ara - (1 → 3) -  α  - Ara - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
  U     β  - Xyl - (1 → 2) -  α  - Xyl - (1 → 6) -  β  - Glc  
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 Commercially available xyloglucan (Megazyme) is from tamarind seed. 
This polysaccharide broadly resembles  Acer  xyloglucan except that fucose 
is absent; the major XGOs released by XEG are XLLG    >    XXLG    >    XXXG    >    
XLXG. A small proportion of Ara residues is present.  

   1.2.2.2    Xylans 
 The second most abundant hemicelluloses in dicot primary cell walls are 
xylans, which have a backbone of (1 → 4) - linked  β  - Xyl residues. Dicot xylans 
carry side chains, especially  α  - Ara,  α  - GlcA and  α  - MeGlcA attached pre-
dominantly to position 2 of some Xyl residues  –  hence the use of fuller names 
such as glucuronoarabinoxylans (GAXs), but there is probably a continuum 
of compositions, and the term  ‘ xylans ’  will generally be used here to cover 
all such hemicelluloses.  O  - Acetyl groups are also present, especially on the 
Xyl residues. Xylans can hydrogen - bond to cellulose, though generally more 
slowly and less strongly than do xyloglucans and MLGs. 

 When cell walls or AIR are digested with Driselase, the xylan backbone 
is cleaved to yield a mixture containing xylose and xylobiose, the yield of 
which is a valuable indication of xylan content. Xylobiose is a particularly 
useful diagnostic fragment which enables assay of xylan  –  as with isopri-
meverose for xyloglucan. The yield is maximized by prior treatment with 
NaOH or mild acid. Xylobiose is completely stable in the presence of 
Driselase. The endo - xylanase activity of Driselase cleaves xylan ’ s backbone 
to yield progressively smaller oligosaccharides, the last permitted reaction 
being hydrolysis of the trisaccharide:

    Xyl Xyl Xyl H O  Xyl Xyl Xyl− − + − +2  

forming a stable disaccharide, xylobiose. Other enzymes in Driselase 
remove the Ara residues as monosaccharide. However, Driselase lacks 
 α  -  d -  glucuronidase; the GlcA and MeGlcA residues of xylans probably end 
up in oligosaccharides.  

   1.2.2.3    Mannans 
 Dicot primary cell walls contain relatively small proportions of mannans, 
the broad term used here for polysaccharides with a backbone rich in (or 
composed entirely of) (1 → 4) - linked  β  - Man residues. Some mannans include 
 β  - Glc residues within the backbone and/or  α  - Gal residues as side chains 
(Table  1.1 ). Terms such as glucomannans, galactomannans and galactoglu-
comannans can specify this. 

 Endo - mannanases digest the backbone of mannans yielding useful diag-
nostic oligosaccharides (McCleary  &  Matheson  1983 ; Handford  et al.   2003 ); 
some are available commercially (Megazyme).  

   1.2.2.4    Glucuronomannans 
 Perhaps better classed as mucilages than hemicelluloses, and completely 
distinct from the mannans described above, are glucuronomannans, which 
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contain  α  - Man instead of  β  - Man. They have a backbone of the repeating 
disaccharide [ – 4) -  β  - GlcA - (1 → 2) -  α  - Man - (1 →  – ]. To position 3 of many GlcA 
and Man residues are attached diverse side chains rich in  α  - Ara,  β  - Gal, 
 α  - Fuc (Redgwell  et al.   1986 ) and sometimes Xyl. Some GlcA residues are 
reported to be methyl - esterifi ed (Honda  et al.   1996 ); if confi rmed, this is a 
unique feature. 

 The simplest tool for glucuronomannan identifi cation is partial acid 
hydrolysis, which yields the relatively acid - stable disaccharide  β  - GlcA -
 (1 → 2) - Man, detectable by chromatography or electrophoresis and further 
characterized by digestion with  β  - glucuronidase (Sotiriou  et al.   2007 ). 
Preparations rich in glucuronomannan are gum ghatti and leiocarpan A 
(Aspinall  et al.   1969 )  –  useful sources of this disaccharide.   

   1.2.3    Cellulose 

 Microfi brils are composed of cellulose, possibly with small amounts of 
entrapped hemicelluloses. In aerial organs (stems, hypocotyls, leaves), the 
orientation of microfi brils in the outer wall of the epidermis governs the 
direction of organ growth (length versus girth), this specifi c wall being much 
thicker than the others in a growing organ (Kutschera  2008 ). 

 Cellulose can be partially purifi ed as the  ‘  α  - cellulose ’  fraction  –  wall mate-
rial left insoluble after exhaustive extraction of the matrix polysaccharides 
e.g. with 6   M NaOH at 37    ° C. Prepared in this way, cellulose is contaminated 
by glycoproteins (especially extensins) and some pectic material (possibly 
covalently linked to the extensins). 

 Cellulose is relatively resistant to hydrolysis in 2   M TFA at 120    ° C for 1   h, 
although a small proportion can be released as glucose, especially if the 
crystallinity of the cellulose has been compromised by severe alkali pretreat-
ments. Good conversion of cellulose to glucose can be achieved by a two -
 stage acid hydrolysis (Saeman method: stirring in 72% w/w H 2 SO 4  at room 
temperature to dissolve the polysaccharide, then heating in 2   M H 2 SO 4  at 
120    ° C for 1   h to hydrolyse it; subsequently the H 2 SO 4  is neutralized with a 
small excess of BaCO 3 ). More convenient, however, is digestion of the  α  -
 cellulose fraction with Driselase, which usually gives an excellent yield of 
glucose. A short - cut, omitting the preparation of  α  - cellulose, is sequential 
treatment of cell walls with 2   M TFA (120    ° C, 1   h) and then Driselase, giving 
a useful estimate of non - cellulosic and cellulosic Glc residues respectively 
(O ’ Looney  &  Fry  2005 ; Fig.  1.2 ); note, however, that contaminating starch 
would be recorded as non - cellulosic Glc in this procedure.     

   1.3    Secondary  c ell  w alls 

 Cells change their repertoire of polysaccharide synthesis during the differ-
entiation of cambium into xylem (Thornber  &  Northcote  1962 ). Whereas 
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     Figure 1.2     Exploring the effect of a new herbicide on cell wall polysaccharide biosyn-
thesis. Maize cell - cultures were pretreated with ( + ) or without ( − ) 480 - nM oxaziclomefone 
for 0.1 – 30   h and then pulse - labelled with [U -  14 C]glucose for a further 2   h. The results, 
showing no effect of the herbicide, illustrate the reproducibility of the analytical method. 
(a) Total polysaccharide biosynthesis. The radiolabelled AIR was treated with Driselase, 
and the resultant sugars were separated by PC and autoradiographed. The  14 C - labelled 
products were Glc (cellulosic plus wall matrix - derived); Gal; Ara; Xyl and xylobiose (Xyl 2 , 
diagnostic of xylans); GalA and Rha (diagnostic of pectins); isoprimeverose (IP, diagnostic 
of xyloglucan); Man, and Rib. Ribose is not a cell wall sugar, and the polymeric compo-
nent of AIR from which it was released by hydrolysis was probably RNA. (b) Cellulose 
biosynthesis. The radiolabelled AIR was freed of pectins and hemicelluloses by TFA hydro-
lysis (2   M TFA, 120    ° C, 1   h) followed by washing. The remaining insoluble material was 
then Driselase - digested, yielding [ 14 C]glucose, which indicates how much [ 14 C]cellulose 
had been synthesized. 

 From O ’ Looney  &  Fry  (2005) . 1, 2, 3: Marker lanes.  
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cambium has only primary walls, basically similar to those described in 
the above generalizations, the major polysaccharides of mature xylem cell 
walls are cellulose, xylans and mannans. Angiosperm xylem (hardwood) 
contains 33 – 50% w/w cellulose (dry weight basis; Willf ö r  et al.   2005 ). 4 -  O  -
 Methylglucuronoxylan and glucomannan (constituting roughly 20 – 30% and 
0.5 – 5.0% of the dry weight of the wood, respectively; Willf ö r  et al.   2005 ) are 
both partially  O  - acetylated (Teleman  et al.   2003 ). The glucomannans are 
acetylated on position 2 of some Man residues and position 3 of others; some 
Man residues and the Glc residues are non - acetylated. Recent work (Pe ñ a 
 et al.   2007b ) has confi rmed the older report (Andersson  et al.   1983 ) that xylans 
of secondary walls have a backbone whose reducing terminus is  β  - Xyl -
 (1 → 3) -  α  - Rha - (1 → 2) -  α   -  GalA - (1 → 4) - Xyl. In this sequence the Rha - GalA bond 
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is (1 → 2), whereas in RG - I it is (1 → 4). It seems likely that the Xyl - Rha - GalA -
 Xyl moiety is a primer on which xylan backbone biosynthesis is initiated. 

 In conifer xylem (softwood), the (galacto) - glucomannans are acetylated 
but the xylans are not (Teleman  et al.   2003 ). 

 Xyloglucans may be present in small proportions in xylem secondary 
walls (Nishikubo  et al.   2007 ). Arabinogalactans are abundant in larch wood 
(Sigma catalogue), but these are water - soluble rather than structural wall 
components. Wood also contains pectic residues (GalA    +    Rha    ≈    1.5 – 3.5% of 
dry wood; Willf ö r  et al.   2005 ), though probably mainly in the primary walls 
of tracheary elements and ray cells. 

 Cork (phellem) has thick secondary walls. Mature oak cork contains 26% 
w/w polysaccharide, which on Saeman hydrolysis yields 42   mol% Glc 
(mainly cellulosic), 30   mol% Xyl, 12   mol% uronic acids and 8   mol% Ara (sug-
gesting xylans). There is only 3   mol% Man, 3   mol% Gal and 2   mol% Rha, 
indicating small amounts of mannans and pectins (Rocha  et al.   2000 ). NaOH -
 extractable hemicellulose contains xylans with MeGlcA and  β  - Xyl residues 
attached to  O  - 2 of some of the Xyl residues (Asensio  1987 ). 

 A very different secondary wall is that of cotton seed trichomes ( ‘ fi bres ’ ). 
At maturity, this thick wall is almost pure cellulose.  

   1.4    Taxonomic  c onsideration of  p rimary  c ell  w alls 

 The description of primary walls given above relates to dicots  –  the plants 
most intensively studied because of their agricultural importance. Similar 
primary walls, described as  ‘ type I ’ , are also found in many monocots. 
However, a substantially different primary wall,  ‘ type II ’ , occurs in the 
monocot order Poales. Other plant taxa also exhibit characteristic composi-
tional features. A brief survey follows. 

   1.4.1    Poalean primary  c ell  w alls 

 Type II primary walls are characterized by a lower content of pectins and 
xyloglucans, a correspondingly higher proportion of (feruloylated) xylans, 
and the presence of a hemicellulose called mixed - linkage (1 → 3,1 → 4) -  β  -  d  -
 glucan (MLG), which is absent in dicots. 

   1.4.1.1    Poalean  x yloglucans 
 Poalean xyloglucan also differs qualitatively from that of dicots. Although 
possessing a backbone rich in G and X units (see above), the X:G ratio is 
substantially lower than in dicots (e.g. only  ∼ 32 and  ∼ 50% of the Glc residues 
bear a Xyl side chain in the xyloglucan of rice shoots (Kato  et al.   1982 ) and 
barley coleoptiles (Gibeaut  et al.   2005 ) respectively), and the Gal, Ara and 
Fuc contents are very low. Poalean xyloglucans do possess a few Fuc resi-
dues  –  readily detected if the cells are prelabelled by feeding with [ 3 H]fucose 
(McDougall  &  Fry  1994 ). Digestion of alkali - extracted rice seedling xyloglu-
can with partially purifi ed cellulase yielded XGOs from which Kato  et al.  



Cell Wall Polysaccharide Composition and Covalent Crosslinking ■ 19

 (1982)  deduced major sequences to have been XXGGG and XGGG. Gibeaut 
 et al.   (2005)  isolated numerous XGOs from XEG digests of barley coleoptile 
cell walls. 

 Because of the low X:G ratio, NaOH - extracted poalean xyloglucans have 
a limited water solubility; they may fall into the hemicellulose A class, pre-
cipitating upon neutralization. However,  in muro  many of the unbranched 
Glc residues in the backbone of poalean xyloglucans are 6AcGlc (designated 
 G ); this acetylation increases water solubility, like xylosylation. Major oligo-
saccharides obtained upon XEG digestion of alkali - untreated barley coleop-
tile walls include XX GG G, XX G G, XX GG GG, XX GGG G and XX G GG (Gibeaut 
 et al.   2005 ). Indeed, (Xyl - free) cellulose that artifi cially carries 0.5 – 1.0  O  - acetyl 
groups per Glc residue is water - soluble  –  unlike cellulose itself and unlike 
commercial cellulose acetate, which typically has approximately 2.5  O  - acetyl 
groups per Glc residue. It is interesting that artifi cial water - soluble cellulose 
acetate is an effective donor substrate for xyloglucan endo - transglucosylase 
(XET) activity, in this sense evidently resembling xyloglucan (Fry  et al. , 
unpublished).  

   1.4.1.2    Poalean ( f eruloylated)  x ylans 
 Poalean xylans differ from dicot xylans in having the  α  - Ara residues attached 
mainly to position 3, rather than 2, of some backbone  β  - Xyl residues. The 
Ara residues are frequently also further substituted with oligosaccharide 
side chains containing  β  - Xyl,  d -  Gal,  l  - Gal, and acetyl groups (Carpita  1996 ). 
The  α  - GlcA and/or MeGlcA are mainly on  O  - 2 of the Xyl residues, as in 
dicots. 

 Poalean xylans have feruloyl and 4 - coumaroyl groups esterifi ed to  O  - 5 of 
some Ara residues (forming Fer - Ara; Fig.  1.1 ). This applies to very diverse 
members of the Poales ( sensu lato ), from grasses to pineapples (Smith  &  
Harris  2001 ) and also to some related monocot orders (Commelinales, 
Zingiberales, Arecales  –  the commelinoid group), but not to the Asparagales 
or Liliales. The position of feruloylation can be investigated by isolation 
and characterization of feruloyl - oligosaccharides. Mild acid hydrolyses 
furanosyl more rapidly than pyranosyl linkages, so the Ara f  → xylan bond 
is selectively cleaved, yielding free arabinose and Fer - Ara; in addition, 
larger feruloylated side chain oligosaccharides are also obtained, always 
with Ara at the reducing terminus (Wende  &  Fry  1996 ). These structures 
show that some of the feruloyl groups were attached to Ara residues which 
themselves also bore additional sugar side chains. Xylans can also be hydro-
lysed with Driselase, releasing feruloylated oligosaccharides in which the 
reducing terminus is a Xyl that was formerly a backbone residue (Kato  &  
Nevins  1985 ).  

   1.4.1.3    Poalean  m ixed -  l inkage  g lucans 
 Mixed - linkage (1 → 3,1 → 4) -  β  -  d -  glucan (MLG) is a hemicellulose of poalean 
primary walls, being especially abundant during periods of rapid cell 
expansion. It often decreases in quantity per cell (indicating breakdown, 
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rather than simply dilution by continued deposition of different poly-
saccharides) when cell expansion is complete. Once extracted in alkali, 
MLG is a fl exible molecule, soluble in neutral water (Buliga  et al.   1986 )  –  
unlike (1 → 4) -  β  - glucan (cellulose), which is insoluble. In growing cells, MLG 
is very fi rmly hydrogen - bonded to the cellulose (Carpita  et al.   2001 ), and 
may tether microfi brils (Labavitch  &  Ray  1978 ; Wada  &  Ray  1978 ; Fry 
 1989 ). MLG also occurs abundantly in cereal grains, where it is largely not 
microfi bril - bonded. Barley fl our MLG is available commercially (Megazyme, 
Sigma). 

 Poalean MLG is an unbranched chain of  β  - Glc residues linked by (1 → 3) 
and (1 → 4) bonds. The polysaccharide typically takes the form:

    … …G G G G G G G G G G G G G G G ,3 4 4 3 4 4 4 3 4 4 3 4 4 3  

reading from non - reducing to reducing terminus, where  ‘ G ’  is  β  - Glc, and 
 ‘ 3 ’  and  ‘ 4 ’  indicate (1 → 3) and (1 → 4) bonds respectively. The underlined 
domains are effectively cellotriose and (fewer) cellotetraose units, inter-
linked by single (1 → 3) bonds (Meikle  et al.   1994 ). 

 MLG can be characterized by digestion with lichenase [(1 → 3),(1 → 4) -  β  -  d -
  glucan 4 - glucanohydrolase; EC 3.2.1.73], which cleaves the (1 → 4) bond in 
the sequence  … G3G4G … , yielding analytically informative oligosaccha-
rides, always with a (1 → 3) bond at the reducing end (Meikle  et al.   1994 ; 
Grishutin  et al.   2006 ; Li  et al.   2006 ). The major oligosaccharide released by 
lichenase digestion of poalean MLG is G4G3G, but appreciable amounts of 
G4G4G3G are also obtained. The trisaccharide:tetrasaccharide molar ratio 
varies between samples, usually within the range 1.5:1 to 4:1. Progressively 
smaller proportions of G4G4G4G3G, G4G4G4G4G3G etc. also occur, certain 
larger oligosaccharides being favoured, especially a nonasaccharide and a 
dodecasaccharide (Woodward  et al.   1983 ). These short  ‘ cellulose - like ’  
domains within MLG probably help the MLG to hydrogen - bond to micro-
fi brils. Very little (sometimes  ‘ no ’ ) disaccharide (G3G; laminaribiose) is 
obtained, which would have indicated the sequence  … G4G3G4G3G … , and 
there is no strong evidence for consecutive (1 → 3) - bonds. 

 Cellulase digests MLG by cleaving mainly the (1 → 4) bond in  … G4G3G … , 
yielding oligosaccharides with a (1 → 3) bond at the non - reducing terminus. 
However, cellulase also attacks some other hemicelluloses.  

   1.4.1.4    Other  p oalean  p olysaccharides 
 Members of the Poales also possess (gluco)mannans, concentrated in the 
epidermal walls (Carpita  et al.   2001 )  –  a location playing a particularly 
important role in restraining organ growth. 

 Most poalean cells contain relatively small proportions of pectin (thus a 
low GalA and Rha content). However, cultured maize and rice cells have 
RG - I that is remarkably similar to that of dicots, except for a lower Fuc 
content. Grass RG - IIs are typically present at less than 10% of the concentra-
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tion seen in dicot primary walls, but are qualitatively indistinguishable from 
those of dicots (Thomas  et al.   1989 ).   

   1.4.2    Taxonomically  r estricted  f eatures of  n on -  p oalean 
 a ngiosperm  w alls 

 Although all dicots have xyloglucan in their primary cell walls, there is some 
distinct taxonomic and developmental specifi city in the repeat units liber-
ated by XEG digestion (Hoffman  et al.   2005 ). The classic ( ‘ XXXG - type ’ ) of 
xyloglucan has a backbone in which three contiguous xylosylated  β  - Glc 
residues are followed by a single non - xylosylated one. The polysaccharide 
is thus built of Glc 4  - based repeat - units, usually mainly XXXG and XXFG, 
with less XXLG, XLFG, XLLG and others. 

 In some dicots  –  the Solanales and Lamiales  –   ‘ XXXG - type ’  xyloglucan is 
scarce or absent. In these two orders, both in the asterid clade of eudicots, 
most xyloglucan has two or three contiguous non - xylosylated Glc residues. 
Examples are Glc 4  - based (XXGG - type) repeat units, e.g. XXGG, XSGG, 
SXGG, SSGG, LXGG, LSGG, LLGG, LTGG; and Glc 5  - based (XXGGG - type) 
repeat units, e.g. XLGGG, XSGGG, SXGGG and SSGGG. However, xyloglu-
can in olive fruit (Lamiales) is  ‘ XXXG type ’  (predominant repeat units being 
XXSG and XLSG). Some S units (designated  S ) have 5AcAra in place of Ara. 

 Many of the XXGG -  and XXGGG - type repeats are 6 -  O  - acetylated, most 
commonly in the sequence XX G G and XX GG G, underlining indicating that 
an  O  - acetyl group that effectively replaces the  ‘ missing ’   α  - Xyl residue(s), as 
discussed for Poales. 

 In the order Caryophyllales (e.g.  Spinacia ,  Beta ,  Sagina , etc.), pectins carry 
feruloyl and 4 - coumaroyl ester groups linked to certain  α  - Ara and  β  - Gal 
residues, predominantly at the non - reducing termini of the Ara -  and/or 
Gal - rich side chains of a pectic domain, probably RG - I (Fry  1983 ). Diagnostic 
oligosaccharides (Fer - Gal - Gal and Fer - Ara - Ara) can be released from spinach 
pectin by Driselase digestion (Fry  1982 ). 

 Another taxonomically restricted polysaccharide (domain?) is apiogalac-
turonan, found only in certain aquatic monocots of the order Alismatales, 
e.g.  Lemna ,  Spirodela  and  Zostera .  

   1.4.3    Cell  w alls of  n on -  a ngiosperms 

 To date, most cell wall research has understandably been focused on 
angiosperm crops and coniferous wood. Much less detail is available about 
the wall polysaccharides of non - angiosperms, although progress is begin-
ning towards a description of the evolutionary history of the plant cell wall. 

   1.4.3.1    Charophytic  a lgae 
 Charophytes are the closest living algal relatives of land plants. Indeed 
charophytes plus land plants are now often classifi ed as a single taxon, the 
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Streptophyta, well resolved from other green algae. There is debate as to 
which charophytic order (Charales or Coleochaetales) is most closely related 
to the land plants. Unfortunately, very little is known about charophyte wall 
composition. They contain cellulose; they are also usually rich in GalA resi-
dues, probably as partially methylesterifi ed homogalacturonans (Cherno 
 et al.   1976 ), much of which is readily extracted from the wall with oxalate 
buffer, pH   4.3. 

 Acid hydrolysis yielded roughly equal amounts of Xyl and Glc from 
walls of  Klebsormidium  and  Chara  (Popper  &  Fry  2003 ). However, Driselase 
digestion of  Chara ,  Coleochaete  and  Klebsormidium  walls (or hemicelluloses) 
yielded no isoprimeverose, indicating the absence of conventional xyloglu-
can (Popper  &  Fry  2003 ). In fact,  Coleochaete  walls yielded very little Xyl on 
acid hydrolysis, precluding an appreciable xyloglucan content (Popper  &  
Fry  2003 ). Lichenase digestion also failed to yield oligosaccharides from 
 Chara  or  Coleochaete , indicating undetectable MLG. 

 Charophytic walls have a moderate content of GlcA, Man and MeRha 
residues (from unidentifi ed polysaccharides), but no detectable MeGal 
(Popper  &  Fry  2003 ). Much remains to be discovered about charophytic cell 
walls  –  information that would promote our understanding of the primor-
dial features of the land - plant wall.  

   1.4.3.2    Bryophytes 
 Bryophytes are non - vascular land plants, traditionally divided into liver-
worts, hornworts and mosses, although some  ‘ mosses ’  such as  Sphagnum  
and  Andreaea  seem suffi ciently isolated that they should be placed in sepa-
rate classes. Unlike all other land plants, the bryophytes have the gameto-
phyte (haploid) phase of the life cycle dominant. The sporophyte (diploid) 
phase tends to be shorter - lived, smaller and dependent on a supply of nutri-
ents from the gametophyte. Few chemical analyses of bryophyte sporophyte 
walls have been published; therefore, in comparisons between bryophytes 
and vascular plants, the effects of taxonomy and life - cycle stage are usually 
confl ated. 

 Like all land plants, bryophytes possess xyloglucan, albeit often in smaller 
proportions than in vascular plants. The simplest demonstration of this 
is the production of isoprimeverose on Driselase digestion of bryophyte 
AIR. Work is in progress (Pe ñ a  et al.   2007a ) to characterize the bryophyte 
XGOs. Intriguingly, XGOs from the moss  Physcomitrella  have branched side 
chains containing acidic sugar residues. Despite these major differences 
between bryophyte and angiosperm xyloglucans, AIR from cell cultures 
of the hornwort  Anthoceros  yields the nonasaccharide XXFG (unpublished 
observations), a highly specifi c structure that has evidently been preserved 
unchanged throughout land - plant evolution. 

 All bryophyte walls investigated contain GalA and Rha, characteristic of 
pectins, and Driselase digestion yields xylobiose, indicative of xylans. 
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Bryophytes usually give a very high yield of Man on acid hydrolysis, sug-
gesting a high mannan content. They contain MeRha (approximately equal-
ling Rha), but little or no MeGal. 

 Driselase digestion of walls from bryophyte gametophytes yielded small 
quantities of a borate - containing polysaccharide (0.004 – 0.025% of the wall 
dry weight) that coelutes with RG - II dimer on gel - permeation chromato-
graphy (Matsunaga  et al.   2004 ). The same bryophyte walls also contained 
traces of MeFuc and MeXyl, characteristic of RG - II; however, Api and AceA 
were below the limit of detection (Matsunaga  et al.   2004 ). Thus, bryophytes 
may well contain RG - II or a similar polysaccharide, albeit about 100 times 
less than in fl owering plants. Bryophyte sporophytes have not yet been 
tested in this respect. 

 On acid hydrolysis, gametophyte walls of the hornwort  Anthoceros cauca-
sicus , unlike mosses and liverworts, give a very high yield of an unusual 
disaccharide,  α  - GlcA - (1 → 3) -  l  - Gal, from an unidentifi ed polysaccharide 
(Popper  et al.   2003 ). The same disaccharide was obtained from cultured cells 
of  Anthoceros agrestis  (unpublished), suggesting that it is taxonomically 
rather than developmentally stipulated. The existence of a unique polysac-
charide in this evolutionarily isolated genus supports the view that major 
steps in plant evolution were accompanied by signifi cant changes in wall 
composition. 

 Extraction of bryophyte cell wall polysaccharides is often diffi cult by 
standard agents, e.g. chelating agents and alkali, possibly because of the 
presence of Hua residues (Fig.  1.1 ) acting as crosslinks  –  see later. A pretreat-
ment with mild acid may be benefi cial, as may acidifi ed NaClO 2  (Painter 
 1983 ).  

   1.4.3.3    Lycopodiophytes 
 Lycopodiophytes, e.g.  Lycopodium ,  Selaginella  and  Isoetes , are early - diverging 
vascular plants, traditionally treated as pteridophytes although clearly 
distinct from the euphyllophytic pteridophytes (see below). Modern 
lycopodiophytes are the few remaining progeny of a much more diverse 
and abundant fl ora that throve in the Devonian. They are split into homo-
sporous (e.g.  Lycopodium ) and heterosporous plants (e.g.  Selaginella ). 

 MeGal is abundant in all lycopodiophytes tested but not in bryophytes or 
euphyllophytes. MeRha is abundant in homosporous (but not heterospo-
rous) lycopodiophytes. It is a component of their RG - II, in place of Rha 
(Matsunaga  et al.   2004 ); however, the total MeRha content (Popper  &  Fry 
 2004 ) seriously exceeds what would be required for the modest RG - II 
content, suggesting that the MeRha of homosporous lycopodiophyte walls 
is not confi ned to RG - II. 

 Many lycopodiophyte walls are rich in Man, although the polysaccharides 
involved have not been characterized.  
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   1.4.3.4    Euphyllophytic  p teridophytes 
 All vascular plants possessing megaphylls (leaves with true veins) instead 
of microphylls are called  ‘ euphyllophytes ’ . Living euphyllophytic pterido-
phytes are  Equisetum ,  Psilotum  and  Tmesipteris  (which are all eusporangiate) 
and ferns (both eusporangiate and leptosporangiate, the latter being later -
 diverging). They contain RG - II remarkably similar to that of angiosperms, 
though in some groups (ferns and  Psilotum  but not  Equisetum ) Rha is replaced 
by MeRha (Matsunaga  et al.   2004 ). No functional consequences of the Rha/
MeRha swap were detectable. 

 It has recently been found that, apparently unique outside the Poales, 
horsetails ( Equisetum ) contain MLG (Fry  et al.   2008b ; S ø rensen  et al.   2008 ). 
 Equisetum  MLG broadly resembles that of the Poales, except that the major 
product of lichenase is the tetrasaccharide, not the trisaccharide, and that 
laminaribiose is also a noticeable lichenase product.  Equisetum  MLG resem-
bles poalean MLG in having appreciable quantities of a nonasaccharide 
repeat unit, but appears to lack the dodecasaccharide.  Equisetum  possesses 
not only the polysaccharide MLG but also a novel endo - transglucosylase 
whose favoured action appears to be cleaving MLG and grafting a segment 
of it on to a xyloglucan (acceptor substrate) chain (Fry  et al. , unpublished). 

 For such an enzyme to act  in vivo ,  Equisetum  would need also to possess 
xyloglucan. This it clearly does, on the basis of Driselase and XEG digestion 
products; however, these digests include several unusual oligosaccharides, 
indicating that  Equisetum  xyloglucan has unique structural features. 

 Man residues are more abundant in eusporangiate pteridophyte walls 
(extreme in the case of  Psilotum ) than in leptosporangiate fern walls (Popper 
 &  Fry  2004 ). Conversely, proanthocyanidins are more abundant in leptospo-
rangiate fern AIR than in eusporangiate species.  

   1.4.3.5    Gymnosperms 
 Gymnosperms studied to date (mainly conifers) seem to have wall compo-
nents resembling those of dicots, including xyloglucan with the repeat units 
XXXG, XXFG, XLFG, XXLG and XLLG. A high mannan content is a recurrent 
wall feature of conifers (Edashige  &  Ishii  1996 ) and cycads, though not gne-
tophytes (Popper  &  Fry  2004 ). Gnetophytes may be the gymnosperms closest 
to angiosperms. All four extant gymnosperm classes possess feruloyl esters 
in their primary walls (Carnachan  &  Harris  2000 ), but the feruloylated 
polysaccharide is unidentifi ed.    

   1.5    Covalent  b onds  b etween  w all  p olysaccharides 

 The primary cell wall has the strength to resist expansion (and rupture) in 
the face of, typically, 0.5 - MPa turgor pressures, while permitting controlled 
creep and thus cell growth. The ability of the wall to restrain irreversible 
expansion (i.e. the wall ’ s plastic extensibility) can be regulated  in vivo , e.g. 
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hormonally, and this is assumed to involve the making or breaking of inter-
polymeric crosslinks in the wall (see above regarding defi nition of crosslink). 

 Decreasing wall extensibility may involve the formation of additional 
crosslinks and is termed wall  tightening . This term is preferred over  ‘ stiffen-
ing ’  or  ‘ rigidifi cation ’ , which would wrongly imply that the inextensible 
wall becomes diffi cult to bend; it usually does not. Conversely, an increase 
in plastic extensibility is described as wall  loosening . 

 It is therefore important to document the polymer – polymer crosslinks 
existing in the primary cell wall. This chapter considers covalent crosslinks, 
non - covalent ones being discussed in Chapter  14 . 

   1.5.1    Glycosidic  b onds  j oining  p olysaccharides  i nto 
 m olecular  ‘  t rees ’  

 Glycosidic bonds are not regarded as true  ‘ crosslinks ’ . A glycosidic bond 
has a well - defi ned directionality, indicated for example by the arrow in the 
systematic name of isoprimeverose:  α  -  d  - Xyl p  - (1 → 6) -  d  - Glc. This is described 
as Xyl attached to Glc (not Glc to Xyl) because the linkage involves the ano-
meric centre of the Xyl, not the Glc. With one postulated exception (Hua; 
see Section  1.5.2 ), each sugar residue can form only a single glycosidic bond 
to another sugar unit, whereas a given sugar unit can in principle have 
anything from zero up to three (in a C 5  sugar), four (in a C 6  sugar) or even 
fi ve (in Kdo) additional sugar residues attached to it  –  potentially leading 
to a branched tree - like structure (e.g. RG - I, RG - II or xyloglucan); the reduc-
ing terminus is the base of the  ‘ tree trunk ’  (ignore the tree ’ s roots!). It is 
chemically feasible for the reducing terminus of one polysaccharide to form 
a glycosidic bond to a residue within another (identical or non - identical) 
polysaccharide, thus covalently joining the two polysaccharides. However, 
this is not a true crosslink because the linkage does not differ in its funda-
mental nature from any glycosidic linkage within either  ‘ individual ’  polysac-
charide. The product is effectively a single larger polysaccharide, albeit 
maybe with qualitatively dissimilar domains. 

 Examples of this type of structure are found in pectins, where the reducing 
terminus of xylogalacturonan or RG - I can be glycosidically linked to the 
non - reducing end of homogalacturonan. It is likely that pectins  in muro  have 
structures such as

    … …RG-I HGA XGA HGA RG-II HGA→ → → → →  

where  →  denotes a glycosidic bond, HGA is homogalacturonan and XGA 
is xylogalacturonan (Ishii  &  Matsunaga  2001 ; Coenen  et al.   2007 ). 

 In suspension - cultured angiosperm cells, roughly half the xyloglucan is 
covalently bonded to acidic pectic domains, probably RG - I (Thompson  &  Fry 
 2000 ; Popper  &  Fry  2005 ). The precise chemistry of this xyloglucan – pectin 
bond is still uncertain; it is stable to prolonged treatment in concentrated 
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NaOH and urea and a tenable model is a glycosidic bond between the reduc-
ing end of the xyloglucan and the Ara/Gal - rich side chains of RG - I. The 
xyloglucan – RG - I association is most easily demonstrated by ion - exchange 
chromatography or high - voltage electrophoresis on glass - fi bre  ‘ paper ’ : 
despite angiosperm xyloglucans containing no acidic residues, 44 – 75% of the 
6   M NaOH - extractable xyloglucan (recognized by its conversion to isopri-
meverose by Driselase) binds to an anion - exchange column (Popper  &  Fry 
 2005 ) or migrates towards the anode (Thompson  &  Fry  2000 ). The formation 
of these xyloglucan – RG - I bonds has been shown by  in - vivo  pulse - radiolabelling 
to occur cosynthetically (probably within the Golgi system), rather than by 
heterotransglycosylation in the wall (Popper  &  Fry  2008 ). 

 Hrmov á   et al.   (2007)  have shown that a barley XTH can catalyse the forma-
tion of an MLG → xyloglucan bond by using MLG as donor substrate and a 
xyloglucan oligosaccharide (e.g. XXXGol) as acceptor substrate in a hetero-
transglycosylation reaction:

    

… …

…

GGGGGGGGGGGGGGGGGGGGG XXXGol

GGGGGGGGG XXXGol GGGGGGGGG

+

→ + GGGG…
 

where  … GGGGGG …  is MLG,  →  is a glycosidic bond, and    indicates the 
direction of the enzymic reaction. However, the barley enzyme catalysed 
this reaction at approximately 0.2% of the rate of the classic XET reaction 
(where the donor is a xyloglucan). This is slower than with any of various 
artifi cial substrates, e.g. hydroxyethylcellulose or cellulose sulphate; the 
biological signifi cance of the heterotransglycosylation reaction therefore 
remains unclear. 

 Recently, an enzyme activity was detected in  Equisetum  for which the 
formation of MLG → xyloglucan bonds is the preferred reaction, well exceed-
ing the classic XET reaction rate (Fry  et al.   2008a ). Thus, at least in  Equisetum , 
the formation of interpolysaccharide glycosidic bonds may be a major  in - vivo  
reaction.  

   1.5.2    Glycosidic  b onds  f orming  t rue ( ‘  l ateral ’ )  c rosslinks 
 b etween  p olysaccharides? 

 The inextractability of  Sphagnum  (moss) polysaccharides may be due to the 
presence of  d -   lyxo  - 5 - hexosulopyranuronic acid (Hua) residues. This is an 
unusual monosaccharide with two anomeric carbons, potentially capable of 
simultaneously forming glycosidic bonds to two different sugars and thus 
acting as a true glycosidic crosslink between polysaccharide chains (joining 
two trees through their  ‘ branches ’ ) (Painter  1983 ). This intriguing hypothesis 
requires future evaluation.  
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   1.5.3    Oxidative  c oupling  p roducts as  c rosslinks or 
 i ntrapolymeric  l oops 

 The feruloyl residues of poalean xylans and caryophyllalean pectins undergo 
oxidative phenolic coupling  in vivo , forming dimers (dehydrodiferuloyl resi-
dues), probably catalysed by peroxidases (Encina  &  Fry  2005 ). The linkages 
between the two participating feruloyl residues are C – O – C (ether) or C – C 
(e.g. biphenyl) bonds. Some of this coupling occurs well after the feru-
loylated polysaccharides have been deposited in the wall, but pulse -
 radiolabelling experiments show that a substantial percentage of it occurs 
within 1 – 2   min of the feruloyl groups ’  becoming attached to the polysac-
charide, thus presumably still within the Golgi system (Fry  et al.   2000 ). 

 It is widely assumed that the two feruloyl residues that couple are from 
separate polysaccharides, so that the coupling reaction makes an interpoly-
meric crosslink. Recent data support this hypothesis (Lindsay  &  Fry  2008 ), 
which would provide a plausible mechanism for wall tightening, restraining 
further growth (Ortega  et al.   2006 ). However, it is currently not possible to 
eliminate the additional possibility that sometimes both consenting feruloyl 
residues are on the same polysaccharide chain, coupling to form an intrap-
olymeric loop. Such loops are less likely in the case of ferulate trimers and 
larger coupling products, which in cultured maize cells considerably exceed 
the dimers (Fry  et al.   2000 ). Some specifi c trimers and tetramers have been 
characterized (e.g. Funk  et al.   2005 ), though this is challenging because of the 
steeply increasing number of structural permutations with increasing size. 

 Coumaroyl esters are much less susceptible than feruloyl esters to oxida-
tive coupling  in vivo  (Fry  et al.   2000 ).  

   1.5.4    Uronoyl  e sters and  u ronoyl  a mides 

 Theoretically, the  – COOH group of an acidic sugar residue could become 
ester - bonded to an alcohol (e.g. another sugar residue) or amide - bonded to 
an amino compound (e.g. glucosamine, lysine or putrescine), thus potentially 
forming a crosslink. In the case of methylesterifi ed GalA residues, a plausible 
crosslinking mechanism is transacylation whereby a GalA – methanol bond 
in homogalacturonan is cleaved and the  ‘ uronoyl ’  residue transferred (still 
glycosidically linked within a homogalacturonan chain) on to an acceptor 
substrate (alcohol or amine). In principle, a pectinmethylesterase - like enzyme 
could catalyse such a reaction, if the enzyme could be coerced into favouring 
transacylation over hydrolysis; and it is intriguing that there are about 98 
and 53 genes encoding putative pectinmethylesterases in  Arabidopsis  and 
rice respectively (few of which have been tested for enzymic activity). 

 Authentic model  O  - galacturonoyl – sugar esters (Brown  &  Fry  1993a ),  N   ε   -
 galacturonoyl – lysine amide (Perrone  et al.   1998 ) and  N,N ′   - di - galacturonoyl –
 putrescine amide (Lenucci  et al.   2005 ) have been synthesized chemically and 
their properties investigated. Notably, these ester and amide bonds are 
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resistant to Driselase, suggesting an obvious method of documenting their 
presence  in muro . Preliminary evidence was compatible with GalA – Lys 
bonds in cultured cells (Perrone  et al.   1998 ). Corresponding evidence was 
originally interpreted as suggesting GalA – sugar ester bonds  in muro  (Brown 
 &  Fry  1993b ) and was, with hindsight, probably due to the inability of 
Driselase to cleave the glycosidic bonds of methylesterifi ed GalA residues 
that are also  O  - acetylated (Perrone  et al.   2002 ). Independent evidence was 
obtained for non - methyl GalA esters in maize coleoptile cell walls: namely, 
the yield of methanol obtained on alkaline hydrolysis was only 50 – 75% of 
the total quantity of apparently esterifi ed (NaB 2 H 4  - reducible at pH   7) GalA 
residues (Kim  &  Carpita  1992 ). However, it is diffi cult to imagine that, as 
these data suggest, cell walls could contain one to three ester crosslinks 
for every three MeGalA residues. Covalent crosslinks are expected to be 
strong but few (cf. weak but many in the case of non - covalent crosslinks). The 
nature of the putative non - methyl galacturonoyl esters remains an intriguing 
mystery.  

   1.5.5    Borate  d iesters 

 A proportion (usually high) of the RG - II present  in muro  is dimerized via a 
crosslink formed by a single borate group that is esterifi ed to four  – OH 
groups: those at positions 2 and 3 of the Api residue of side chain A of each 
of two RG - II domains (O ’ Neill  et al.   2004 ). This arrangement can be repre-
sented as

    RG-II B RG-II.>( )<−   

 The formation of this structure is probably the main reason why plants 
require borate as a micronutrient. 

 Most common sugars extremely rapidly form borate esters in the pres-
ence of inorganic borate  –  the basis for separating neutral sugars by 
electrophoresis in borate buffer. However, such electrophoresis is routinely 
performed at pH   9.4 (Fry  2000 ), and the esters are immediately hydrolysed 
at slightly lower pH values. Furanose residues possessing a diol group (e.g. 
the ribofuranose residue of RNA and the Api f  residue of methyl apioside) 
form borate esters that are more acid - resistant than those of pyranose resi-
dues. However, the ester bonds in RG - II > (B  −  ) < RG - II are clearly in a different 
league. They form, slowly,  in vitro  at pH   3.7, the bonding being promoted 
by large divalent cations, especially Pb 2 +   (although possibly Ca 2 +   suffi ces 
 in vivo ) (Matsunaga  et al.   2004 ). Once formed, however, RG - II > (B  −  ) < RG - II 
bonds are suffi ciently stable for RG - II dimers to be isolated by column chro-
matography; they are hydrolysed only by quite strong acid (e.g. pH   1 at 
room temperature). 

 The formation of RG - II – borate – RG - II bonds is thus not due to the Api 
residues alone; other structural features of RG - II also contribute, including 
what might at fi rst sight appear rather minor details. For example, the  mur1  



Cell Wall Polysaccharide Composition and Covalent Crosslinking ■ 29

mutant of  Arabidopsis  produces an RG - II with  l  - Gal and 2 - O - Me -  l  - Gal in 
place of the deoxyhexose residues Fuc and MeFuc respectively: the mutant 
RG - II makes borate crosslinks signifi cantly more slowly and less stably than 
the wild type (O ’ Neill  et al.   2001 ).   

   1.6    Methodology 

   1.6.1    Specifi c and  n on -  s pecifi c  r adiolabelling  in vivo  

  In - vivo  radiolabelling offers access to much information that would be 
diffi cult or impossible to acquire without it (Fry  2000 ). By straightforward 
methods, radiolabelling renders detectable minute traces (e.g. 1 – 10   pg) of 
the polysaccharides of interest; it is non - destructive, so the sample can be 
further analysed later; and it enables studies of the dynamics of synthesis, 
modifi cation, secretion, crosslinking and degradation of polysaccharides in 
living cells. 

 Non - specifi c radiolabelling results in all newly synthesized organic com-
ponents of the cell becoming radioactive (Fig.  1.3 ). This can be useful for the 
detection, quantifi cation and characterization of novel or little - known resi-
dues or substituents, which will be detectable by their radioactivity whether 
or not their presence was anticipated. Specifi c radiolabelling permits atten-
tion to be focused on a chosen group of metabolically related residues without 
interference from a large excess of other accompanying residues (Table  1.2 ).     

 Both specifi c and non - specifi c radiolabelling can give valuable informa-
tion about the partitioning of metabolic fl ux between competing intermedi-
ary pathways (Sharples  &  Fry  2007 ), and between the diverse end - products 
that stem from a common pool of precursors. Thus, feeding of [ 14 C]glucose 
can indicate the relative rates of synthesis (during the time - frame for which 
the exogenous [ 14 C]glucose was available in the medium) of all organic 
components of the wall (Sotiriou  et al.   2007 ). Similarly, feeding of [2 -  3 H]
mannose can indicate the relative rates of synthesis of Man, Fuc and  l  - Gal 
residues (three quantitatively minor hexoses), without interference from the 
large excess of the major hexoses (Glc and  d  - Gal). 

 [2 -  3 H]Mannose feeds  3 H into the metabolic network  upstream  of the 
branch - point leading to polysaccharide - bound Man, Fuc and  l  - Gal residues 
(Fig.  1.3 a), so these three residues can be expected to acquire the same spe-
cifi c radioactivity (e.g. measured in MBq    μ mol  − 1 ). This contrasts with the 
situation when [ 3 H]arabinose is fed (Fig.  1.3 b). [ 3 H]Arabinose selectively 
labels Ara and Xyl residues, such that pentosan metabolism can be specifi -
cally examined; however, because of the tritium enters metabolism down-
stream of the branch point leading to polysaccharide - bound Xyl and Ara 
residues (the radioisotope is infi ltrating the UDP - Xyl pool against the bulk 
metabolic fl ux, which is indicated by large arrows in the fi gure), the Ara 
residues of polysaccharides will acquire a higher specifi c radioactivity than 
the Xyl residues, so it is not possible to quantify the partitioning of material 
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     Figure 1.3     Incorporation of radioisotopes for specifi c radiolabelling of polysaccharide 
residues  in vivo . In (a), the isotope (dotted arrows) enters the network upstream of the 
branch point so the three radiolabelled residues acquire approximately equal specifi c 
radioactivities. In (b), the isotope enters downstream of the branch point:  3 H enters the 
UDP - Xyl pool only by travelling against the bulk carbon fl ux, and in so doing decreases 
in specifi c radioactivity. 

 Solid arrows denote fl ux from bulk carbon source, dotted arrows fl ux from radiolabelled 
tracer.  
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between these two pentose residues. For example, when [1 -  3 H]arabinose 
was fed to cultured maize cells, the polysaccharide - bound [ 3 H]Ara and [ 3 H]
Xyl residues acquired specifi c radioactivities of 1.68 and 0.78   MBq    μ mol  − 1  
respectively (Wende  &  Fry  1996 ). Nevertheless, it is reasonable to assume 
that all polysaccharide - bound Xyl residues will have approximately the 
same specifi c activity, so the partitioning of material between the Xyl resi-
dues of xyloglucan and the Xyl residues of xylans can be validly monitored 
by analysis of the [ 3 H]isoprimeverose and [ 3 H]xylobiose released from these 
two polysaccharides, respectively, by Driselase (Kerr  &  Fry  2003 ).  

   1.6.2    Chemical and  e nzymic  ‘  d issection ’  of  w all  p olysaccharides 

 Much valuable work can be done without extraction of intact polysaccha-
rides from the cell wall. For example, plant tissue can be homogenized in 
75% ethanol (preferably acidifi ed with 10% formic acid to inactivate endog-
enous wall - digesting enzymes) and washed to yield an AIR which is com-
prised of the total cellular polymers, of which polysaccharides usually 
predominate. Phenol/acetic acid/water (PAW, 2:1:1, w/v/v fi nal composi-
tion; Fry  2000 ) is useful for denaturation and removal of proteins; it does 
not extract polysaccharides, and a PAW treatment often seems to render 
wall polysaccharides more vulnerable to subsequent digestion by deliber-
ately added enzymes. Starch can be removed by prolonged stirring in 90% 
dimethylsulfoxide (though this may dissolve a small proportion of some 
wall polysaccharides, e.g. MLG and  O  - acetylated hemicelluloses) or in 
 α  - amylase solution. 

 For analysis of total sugar residues, it is recommended that the walls (or 
extracted polysaccharides) are fi rst hydrolysed in 2   M TFA at 120    ° C for 1   h. 
This yields monosaccharides as the major products from most matrix 
polysaccharides; however, because of the relative acid stability of uronosyl 
linkages, uronic acid - rich polysaccharides will additionally yield disaccha-
rides (e.g. GalA → GalA from homogalacturonan, GalA → Rha from RG - I, 
GlcA → Xyl from xylans, GlcA → Man from glucuronomannans, and GlcA →  l  -
 Gal from  Anthoceros  polysaccharides). TFA does not effi ciently hydrolyse 
cellulose; therefore the TFA - insoluble residue is subsequently treated with 
Driselase, which yields free cellulosic glucose. 

 For  ‘ dissection ’  of wall polymers, retaining more structural information 
about sugar → sugar linkages, mild acid or enzymes are used. Mild acid, 
suffi cient to hydrolyse furanose linkages but not the majority of pyranose 
residues (Kerr  &  Fry  2003 ), cleaves the Ara f  → Xyl bonds of xylans and 
thereby releases much free Ara and also intact side chains that had been 
linked to the xylan backbone via an Ara f  residue. Examples are Fer - Ara, Xyl -
 (Fer) - Ara, and more complex feruloylated side chains (Wende  &  Fry  1996 ). 

 Driselase digests all the common polysaccharides of the plant cell wall, 
and in several cases gives analytically useful  ‘ diagnostic ’  fragments that 
defi ne what polysaccharides were present  –  e.g. isoprimeverose from 
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xyloglucans, xylobiose from xylans (Kerr  &  Fry  2003 ), GalA - 3AcGalA -
 3AcGalA(Me - ester) - GalA from acetylated homogalacturonan, GalA - Rha -
 3AcGalA - Rha - 3AcGalA from RG - I (Perrone  et al.   2002 ) and essentially intact 
RG - II from whole pectin (Matsunaga  et al.   2004 ) (Table  1.1 ). Some substitu-
ents on polysaccharides may hinder Driselase digestibility, and this problem 
can be overcome by a preliminary treatment of the AIR with alkali and/or 
mild acid (Kerr  &  Fry  2003 ); TFA is the acid of choice because it can easily 
be removed, by drying, before Driselase addition. 

 Purifi ed endo - acting enzymes (Table  1.1 ) attack polysaccharides at spe-
cifi c sites along the backbone to yield larger fragments than does Driselase. 
Such enzymes are endo - hydrolases (e.g. XEG, EPG, RG hydrolase, lichenase) 
and RG lyase. Several of these are available commercially (e.g. Megazyme). 
An extensive battery of wall - digesting enzymes, produced in the fungus 
 Pichia pastoris , is also now available (Bauer  et al.   2006 ). 

 It is important to distinguish the enantiomeric forms of monosaccharide 
residues.  d  - Gal is metabolically quite unrelated to  l  - Gal, and both occur in 
wall polysaccharides. Enantiomers can be distinguished if the monosaccha-
ride is made to interact with another chiral molecule, which can be either 
an enzyme or a low -  M  r  chiral alcohol. For example, the Gal is treated with 
ATP  +   d  - galactokinase (which phosphorylates  d  -  but not  l  - Gal) or O 2   +  
 d  - galactose oxidase (Popper  et al.   2003 ). The enzymic technique is particu-
larly useful when then the Gal in question is radiolabelled and available only 
in minute quantities: for example, [ 3 H]Gal - 1 - P (formed by galactokinase) is 
readily separated from remaining unreacted [ 3 H]Gal by chromatography or 
electrophoresis. Alternatively, Gal (either enantiomer) will react with hot 
( + ) - butan - 2 - ol (containing 1   M acetyl chloride, which forms HCl on contact 
with butanol) to produce a series of galactosides, the  d  - Gal and  l  - Gal ver-
sions of which are not enantiomers (mirror images) of each other and can 
therefore be resolved chromatographically (Gerwig  et al.   1979 ).  

   1.6.3    Fractionation and  c haracterization of 
 m ono -  and  o ligosaccharides 

 Once the polysaccharides have been dissected into monosaccharides and 
oligosaccharides, these fragments can be fractionated and characterized. 
Depending on the aims of the research, various types of chromatography or 
electrophoresis are employed. Use the simplest technique that works. 

   1.6.3.1    Paper  c hromatography ( PC ) 
 PC gives excellent resolution of most of the common monosaccharides 
and disaccharides obtained from wall polysaccharides (Fry  2000 ). They 
can be detected by staining, either with AgNO 3  (which detects  ∼ 0.1    μ g Ara) 
or with aniline hydrogen phthalate (which detects  ∼ 0.4    μ g Ara). The latter 
gives different colours with different monosaccharide classes (aldohexoses, 
brown; aldopentoses, red; ketohexoses, yellow; uronic acids, orange); in 
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disaccharides, the colour is dictated by the reducing terminus, so isopri-
meverose (brown) is easily distinguished from xylobiose (red). PC is also 
suitable for larger oligosaccharides (e.g. XEG digestion products, and feru-
loyl oligosaccharides), which it effectively resolves into size - classes. 
Radioactive analytes can be located by autoradiography (for  14 C) or fl uoro-
graphy ( 3 H), or, if these fi lm - based methods are not sensitive enough, the 
paper is cut into strips, which are assayed by scintillation counting. To 
exploit maximally the resolving power of PC, the sample is mixed with an 
internal authentic marker (radioactive if the sample is non - radioactive, and 
vice versa); any mismatch between the sample spot and the internal marker 
spot, even by as little as 1 – 2   mm, proves that the sample is not the same 
substance as the marker. 

 A few important oligosaccharides, e.g. MLG - , cello -  and manno -
 oligosaccharides, cannot satisfactorily be run on PC if their DP exceeds about 
3. This is because of their high affi nity for paper (cellulose)  –  they fail to 
migrate from the origin, or do so only as an diffuse streak. 

 Suitable papers for PC are Whatman 1   CHR for general - purpose rapid 
runs (typically 16 – 36   h, with about 60 samples per tank), the thicker Whatman 
3 mm    Chr for preparative work, and the denser Schleicher and Sch ü ll 2045B 
for better - resolution slow runs (2 – 9   days). The best general - purpose solvent 
for exploratory work with mono -  and disaccharides is butan - 1 - ol/acetic 
acid/water (12:3:5 by volume, freshly prepared); for larger oligosaccharides 
it is ethyl acetate/acetic acid/water (10:5:6). These acidic solvents tolerate 
quite heavy contamination with salts and proteins. For better discrimination 
between different neutral mono -  and disaccharides, ethyl acetate/pyridine/
water (8:2:1) is excellent (Fry  2000 ).  

   1.6.3.2    Thin -  l ayer  c hromatography ( TLC ) 
 TLC on silica gel gives similar resolution to PC but on a smaller area (typi-
cally 20    ×    20   cm as opposed to 46    ×    57   cm) (Fry  2000 ). TLC is more useful for 
large oligosaccharides, including those that bind paper (MLG - , cello -  and 
manno - oligosaccharides). Suitable solvents include butan - 1 - ol/acetic acid/
water (2:1:1) and propan - 1 - ol/nitromethane/water (5:2:3). A useful stain for 
carbohydrates on silica gel is freshly prepared 0.5% (w/v) thymol in 96% 
ethanol/H 2 SO 4  (20:1 v/v)  –  the plate is quickly dipped in this solution, dried, 
and then heated in an oven at 105    ° C for 3 – 6   min.  

   1.6.3.3    Paper  e lectrophoresis ( PE ) 
 High - voltage PE (Fry  2000 ) is a surprisingly little - used technique that can, 
however, give excellent resolution of charged carbohydrates e.g. amino 
sugars, uronic acids, aldonic acids, aldaric acids, sugar phosphates and NDP 
sugars (e.g. Green  &  Fry  2005 ; Sharples  &  Fry  2007 ; Takeda  et al.   2008 ; see 
also http://homepages.ed.ac.uk/sfry/service.html). Even neutral sugars 
can be analysed by PE if a borate buffer is used, with which the sugar revers-
ibly forms an anionic borate ester (e.g. O ’ Looney  &  Fry  2005 ). Electrophoretic 
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mobility depends on both the charge ( Q ) of the compound (which at pH   6.5 
will be about  − 1 in the case of GalA and GlcA → Man, and nearly  − 2 in the 
case of GalA → GalA) and its molecular weight ( M  r ). The migration rate 
towards the electrode (relative to a neutral marker) is proportional to  Q / M  r  2/3  
(Offord  1966 ). Therefore, if several compounds with known  Q  and  M  r  are 
run on the same electrophoretogram, the mobility of an unknown radioac-
tive spot can provide valuable data  –  if its charge is known, then its  M  r  can 
be estimated, and if its approximate  M  r  is known (e.g. that it is a disaccha-
ride), then its charge can be estimated.  

   1.6.3.4    High -  p ressure  l iquid  c hromatography ( HPLC ) 
 For details, see El Rassi  (1995) . Several forms of HPLC are useful for the 
resolution of mono -  and oligosaccharides. In particular, a form of anion -
 exchange chromatography developed by Dionex Inc. enables excellent sepa-
ration of all the common monosaccharides and numerous diverse 
oligosaccharides. The analytes are readily quantifi ed with a pulsed ampero-
metric detector if it has been calibrated for the compounds under investiga-
tion. Samples require more cleaning up than for PC. Radioactivity monitors 
designed for HPLC eluates are not sensitive enough (compared with auto-
radiography or scintillation counting in vials) to be useful unless unusually 
high levels of radiolabelling are employed.  

   1.6.3.5    Methylation  a nalysis and  g as  c hromatography ( GC ) 
 Methylation analysis is particularly useful when no suitable enzymes are 
available for  ‘ dissection ’  of wall polysaccharides, or when detailed structural 
information is required about novel polysaccharides. Details are outside the 
scope of the present chapter (Waeghe  et al.   1983 ; Harris  et al.   1984 ; Carpita 
 &  Shea  1989 ). GC of sugars (or partially methylated sugars) requires them 
to be converted to volatile derivatives. Usually this involves reduction of the 
monosaccharide to an alditol with NaBH 4  (or NaB 2 H 4  so that the original 
reducing end can be followed during MS) followed by acetylation with 
acetic anhydride. Resolution of partially methylated alditol acetates by 
GC is excellent, as is quantifi cation; GC is, however, rarely attempted with 
radiolabelled samples because of the diffi culties involved in measuring and 
disposing of radiolabelled volatiles.  

   1.6.3.6    Mass  s pectrometry ( MS ) 
 GC and HPLC are both frequently combined with MS, giving information 
about the masses of ions (strictly, the  M  r / Q  ratio, referred to in MS work as 
 ‘  m / z  ’ ) of the analytes and of the fragments formed from them inside the 
mass spectrometer. The  m / z  values can reveal the number and often the 
sequence of sugar residues of each class (e.g. pentose, hexose, deoxyhexose), 
but not the identity of the specifi c monosaccharide(s) (e.g. Glc, Gal and Man 
all have the same mass).    
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   1.7    Conclusions 

 The recent development of convenient methods for genetic manipulation of 
plant cells, by which the genes for chosen wall - related enzymes can be tar-
geted for up -  or down - regulation in a spatially and temporally precise 
fashion, has given us the potential ability to alter artifi cially the production, 
modifi cation, secretion, crosslinking and degradation of wall polysaccha-
rides. There remains, however, the need to test experimentally whether the 
intended change in polysaccharide metabolism has actually been effected. 
Therefore, there is a need for simple methods by which wall polysaccharide 
composition and metabolism can be documented  in vivo . A range of suitable 
methods for such endeavours has been compiled in this chapter. Of particu-
lar value are techniques of  in - vivo  radiolabelling (by which even quantita-
tively minor components can be detected, and the dynamics of their 
metabolism explored), enzymic dissection of wall polysaccharides, and sepa-
ration of the digestion - products by chromatography and electrophoresis.  
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