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Abstrac+Models of the primary cell wall are discussed in relation to results obtained by the present authors 
from studies of the primary cell wall of lupin and mung bean hypocotyls. A structure of the primary cell wall 
is suggested that differs in several respects from structures already proposed. It has a non-covalent interaction 
of much of the pectin, he~ce~ulo~ and gly~protei~ and a more direct interaction of the glycoprotein and cellulose 
microfibrils. An idea of scale is introduced through a consideration of degree of ~i~er~t~on and monomer 
size of polymers, and of the volume of the cellulose microfibrils. Wall structure is discussed in relation to polymer 
orientation and elongation of the primary cell wall, 

Without the constraint of the cell wail the plant proto- 
plast would be spherical Cl]. The importance of the cell 
wall in dete~ining the expansion and final shape of the 
plant cell is therefore fundamental, and yet we know ii&e 
of the structure and molecular mechanism underlying 
this function. The gross structure of the wall has been 
known for some time because of the relative ease with 
which the cellulose microfibrils can be detected, and the 
relationship between microfibrii arrangement and cell 
growth has been established [23. Growth occurs at right 
angles to the predominant direction of cellulose microfi- 
bril orientation, and is accompanied by reorientation of 
the microfibrils [Z]. However, the ease with which the 
inextensible microfibrils can move within the ceil wall 
matrix determines the rate of cell enlargement. 

Some authors have already proposed structures for the 
matrix and have constructed ceil wall models [Z-6]. The 
most recent and comprehensive model, that of Alber- 
sheim and co-workers [6] will be considered in relation 
to our results, published previously [7-l 11. Other models 
will not be considered in as much detail, as they are 
in essence embodied in that of Albersheim et al. [6]. 
Some chemical and biophysical information which must 
be included in a model of the primary cell wall of lupin 
hypocotyl will be presented. 

MODELSOFTHE PLANT PRIMARY CELL WALL 

Until recently cell wall models have been concerned 
only with the organization of the carbohydrate com- 
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ponents of the wall. But since the discovery of-the ara- 
binosylhydroxyproline-rich glycoprotein extensin in the 
primary wall [12J, and its negative correlation with 
growth [13], the matrix has become regarded as an 
exte~in-~ly~~ha~de complex. 

Two structures of this extensi~~ly~~~ride com- 
plex have been proposed; that of Lamport [S] and that 
of Albersheim et al. [6]. In the first extensin is linked 
to cellulose microfibrils by an arabinosylhydroxyproline- 
linked galactan. Discovery of the galactosylserine linkage 
of cellulose to extensin together with other evidence 
[ 14,151 lead to the model of Albersheim which is out- 
lined in Fig. 1. In this case arabinose oligo~~ha~de 
side chains of hydroxyproline are free and the main link- 
age of the extensin (E) to the wall is through the series 
of polymers galactan (D) --+ rh~no~la~uron~ (C) -+ 
arabinan or gala&m (B)-+xyloglucan (A), with the 
xyloglucan being attached to the microfibrils (m) by hy- 
drogen bonds [6]. These hydrogen bonds are the point 
of movement of matrix and microfibrils and it was in- 
itially suggested that these bonds are influenced by %pH, 
itself controlled by an auxin sensitive hydrogen ion pump 
in the plasmalemma [16]. 

Another aspect of the Albersheim model that the cell 
wall matrix polymers are all glycosidicaily linked. Total 
matrix is therefore regarded as a macromolecular glyeo- 
protein. The only proposed linkage of this macromole- 
cule with the cellulose microfibrils is through the hydro- 
gen bonds of the xyloglucan, On the basis of subsequent 
work it has been suggested that this model is generally 
applicable to dicotyledon primary cell walls [17], 
although the effect of pH in allowing creep of xyloglucan 
along microfibrils has since been questioned [18]. 
Changes in xyloghzan metabolism may however reflect 
the means by which auxin mod&es the ceil wall to cause 
elongation [ 193. 
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Fig. I. ~5l~r sequence in Al~~heim model of the ~~~r~ 
ceil wall of Symore. A = xyl5~u~n; I3 = arabinan and 
4iinked gatactan; C = r~mnog~~cturon~; D = arabino- 

y&ctan; E = extensin; m = c&~Iose ~i~r5~bril. 

EN. ATiON TO ~R~POS~~ MODELS 

In our work on the extraction of polymers from lupin 
and mung beau hypocotyls we have obtained several 
results which suggest that the Al~rshe~m model does 
nut represent the structure of the Gerry wail of ix&x% 
lupin [‘MI] a& rnu~~ bean [9-J hypoc5tyls. These 
results have been sublimed in detail elsewhere and are 
sugared here, with reference to Fig. I. 

(1) ~~~a~tion of the ~i~ro~de from lupin and 
mum bean h~~otyl wall under ~~djtions which 
remove and degrade ~l~~~de [203 extracts little of 
the wall protein [7,9], as predicted by the 
Alb~rsheim [6]. In Fig. 1 rem5val of C should release 
L3 and E. Although in one experiment [9] 60”/, of the 
‘*%-pro&e in~or~m~ for 4 hr into mung bean hype- 
cotyl waifs was removed the total unfilled ext~ct~ons 
WBft? wer, in the order of IO% f21]. It is pro~bIe 
that synthesised extensin invoived in the incor- 
poration ~x~~~ts is more easily extracted from the 
wall than that bound in for longer periods. 

(2) loo/, KOW at 20-24” will remove he~~e~ul5se 
without extr~t~g ~Iy~ro~de [9]. Extractions of hemi- 
ceIl~lose (A) ~~cloding xylagIu~) should be atom- 
panied by release of bath exte~s~n (E) and ~l~o~de 
(Ch according to the model. Polyuronide is therkfore not 
a component of a polymer bridge between xyloglu~n 
and extensin. 

(3) 6A4 ~~nidi~i~rn th~5cy~n~~ (GTC), which is a 
~wer~I cbaotrop~~ agent [22], will remove about a 
third of the 10% KOH soluble he~~~o~ ~inclu~ng 
xylan) from depectinated lupin hypocotyl [lI]_ If the 
only ~nkage between h~~elloiose (A) and the micro& 
brils (m) is via hydrogen ~nd~g of xyi~lu~ (A), then 
impends such as XM urea or t&f GTC shouid extract 
most of the he~~~~o~ and protein. 

(4) Even after ~rolo~~d (18 hr, 20”) 6M GTC extras- 
tion a further fraction of the wall is extracted by 1004 
KON at 0” [ll]. Release of this further fi-action may 
require rupture of very alkali labile covalent bonds. The 
GTC isolable mate~al’i~~ludes most of the h~i~Ilu- 
lose-A which is however a minor fraction. This latter 

alder is over 70% xylose and only 6% glucose and 
is therefore not a xylo~~~an of the type which is claimed 
to contain al1 the hemice~ulo~ xylose and to bind the 
hemicellulose to the cellulose microfibrils. Some 60% of 
the wall hemiceilulo~ ~i~clu~~ that eXtraCted by GTC) 
may be removed with lOo/, KOR at 0” without extracting 
the wall protein. 

(5) Extraction of hemi~~~ose with loo/, KOH at 0” 
does not cause any change in amino acid ~om~sition 
of the walls [ 1 i] such as would occur during ~-elimi~- 
tion. It is noteworthy that there is no loss of serine 
although this does occur at room temperature with 10% 
KON. malice delimitation of galactos~l~~ne links is 
therefare n5t necessary for ext~ctiou of the bulk of wall 
hemiceilulose, which is therefore not dependent on links 
to the serine for its covalent association with the wail. 

(6) 10% KOH at 18-22” releases most of the hemicel- 
Nose not s5luble at O”, along with most of the wali 
protein (as measured by hydr5xyproli~e extraction) [lO]_ 
The time course of extraction shows that material in- 
itially extracted at room temperature is different to that 
extmc~d after 4 hr [IO, tl]. The latter polymer delude 
the “i-4 iinked herni~elIul5~~ fraction of which ara- 
binose is 86% of its mono~~harides [Ii]. Because ara- 
bans with l-4 li~ages have not been reported in plants 
it is sweaty that at this stage extensin and its associ- 
ated hydroxyproline-linked arabinose oligosaccharides 
are being released. The gaiactose level at this point is 
low, most gala&m of the M-22” 10% KOH ~luble 
polymer having already been extracted. It is ~erefo~ 
u~ikely that the arabinose in question is part of a serine- 
linked ambi~o~lac~n, but rather, is part of the protein 
of which most is extracted after the bulk of the g~~~~. 
A linkage of the protein in addition to that involving 
the galactan extracted at 18-22” is therefore s ested. 

(7) Extraction of the wall with 10% KOH is unable 
to ~mplet~y remove either the non-glucose polysac- 
charides or the protein from the wall. There appears ‘ro 
be a strong association of protein and cellulose microfi- 
brils, and the low ievel of se&e in the alkali ~sist~t 
protein [ll] suggests that galactosyl~rine linkages are 
not involved. Ce~~inly a more direct association than 
through a~b~no~iac~~, ~ly~onide, ~l~~nide side 
chains, and xyloglu~n is apparent. 

(8) If bluer creep is involved in control of cell elon- 
gation then bonds co~~oIli~g the creep should be at 
right angles to the direction of elo tion. In the AIber- 
sheim model and in the similar model of Davies C23] 
the x~l5~u~n chains creep along the mi~rufibril~ As 
the microfibrils are mainly transverse, these models will 
apply mainly to cell expansion, not elongation, and 
~0~~~ predict a relatively larger auxin or low pzI stimu- 
lation on radial rather than io~it~~n~ ~x~~~on, Such 
is not observed and in fact low pH gave a deerease in 
radius [24]. 

The above data s ests that the ~5110~~~ general fea- 
tures should be part of any model of the primary cell 
wall of lupin hypacotyl. 

(I) A ~lyuronide bridge is not involved in binder 
of extensin into the wail, 

(2) A ~lyur5~de bridge is not necessary to the bind- 
ing of hemi#~ulose to the wall, and a bemi~elluiose 



bridge is not necessary to the binding of polyuronide 
to the wall. 

(3) Much of the hemicellulose is not covalently bound 
to the wall or to extensin through galactosylserine links, 

(4) A large proportion of the hemicellulose is bound 
into the wall by very alkali-labile covalent bonds. Weak 
ester links involving uranic acid residues are a possibi- 
lity. 

(5) Ga~ctosyl~~ne linkages are not necessary for the 
binding of the he~~~ulose mentions in (4) to the wall. 

(6) Much of the wall hemicellulose is bound into the 
wall by more alkali stable covalent bonds than those 
broken by 10% KON at 0”. These are ruptured by 10% 
KOH at 18-22”. Such hemicellulose polysaccharide may 
be involved as a covalent bridge between extensin and 
the microfibrils but represents no more than about 30% 
of the total hemicellulose. 

(7) A fraction of the wall protein and hemicellulose 
is strongly bonded to ceiiulose mictofibrils. Extensin is 
covalently bonded to micxofibrils or to other polysac- 
charide itself covalently bonded to micro~br~s, or else 
the covaient bonds of the polymers are so arranged that 
disentanglement of the polymer complex and microfibrils 
can occur only if covalent bonds are broken. 

(8) Cellulose microfibrils are at right angles to the di- 
rection of elongation. Bonds involved in the polymer 
creep allowing microfibril separation are at right angles 
to the direction of cell elongation. 

A partial model of the primary cell wall of lupin hypoc 
cotyl, based on the above points, is given in Fig. 2. 

The present work with hypocotyls does suggest that 
certain sequences of polymers do not occur to a major 
degree in the walk but does not actually indicate the 
position of the bonds that are present. Consequently, the 
proposed wall structure shown in Fig. 2 depicts the type 
of networks which might occur. It shows covalent exten- 
sin-polysaccharide association (A) with unspecified 
bonding to the microfibrils, and the pectin or hemicellu- 
lose network (B) not involving extensin, but intercon- 
nected at either GTC-labile or 0”, 10% KOH-labile junc- 
tions. 

Fig. 2. Partial model of primary cell wail of lupin hypocotyl. 
A = extensin-polysaoharide network; B = peetin network 
(A and B drawn separately for convenience); m = cellulose 
microfibril; ----- = extensin; - = polysac+i”de; 

m = junction zone between pobsaccharide chains. 
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Fig. 3. Calculation of distance between cellulose microfibrils 
assuming equidistant spacing within wall, and area of one 
mierofibril as 16”/, of the area ABCD (see text). m = micro- 

fib& r = radius of mierofibril (taken as 75 A). 

The suggested organization has been made more rele- 
vant to the in vivo situation by introducing scale through 
a consideration of microfibril size and separation, and 
poiymer length, as discussed in the following section. 

MicroJibril separation and matrix polymer length 

The wall is estimated by weight to be 60% water and 
40”/, polymers [2]. The average density of the wall 
polymers is about 1.5 [25]. The ratio of polymer volume 
to water volume is therefore 26:60. Thus 30.7% of the 
wall volume is polymer. In lupin hypocotyl about 40% 
of the wall polymer is cellulose [7], and as cellulose in 
contact with water contains 16% water 123 the actual 
volume occupied by the microfibrils is 16% of the total 
volume of the wall, 

It is necessary to know how far apart the mi~rofibr~s 
are in the cell wall to determine whether a given polymer 
can link adjacent microfibrils. It is to be expected that 
in practice some microfibrils will be virtually touching 
at some points whereas at other places they may be fairly 
distant from one another. 

The greatest minimum distance between microfibrils 
is therefore the length of a side of the equilateral paralle- 
logram made by joining the centre points of four adja- 
cent microfib&, minus the diameter of one microfibril 
(see Fig. 3). The area enclosed by four adjacent microfi- 
brils is the area ABCD minus the area of one microfibr~. 
If the area ABCD is 100 square units the area of the 
microfibril will be 16 square units. 

The area of ABCD = DC-BE 
= DC.05 DC tan 60. 

If the radius (r) of a microfibril is taken as 75A [26] 
the cross sectional area of a microfibril, trr’, which is 
16% of the total area ABCD is 16 x 10V2 0.05 DC? 
tan 60 and DC = 358 A. The greatest minimum distance 
between microfibrils is therefore 

358 - 2 (75) = 208 A, 

and this will also be the average separation. 
In practice some microfibrils will be closer than this 

as the calculation is based on the assumption that 
polymers are distributed evenly through the cell wall. 
However the polymers do not have an even distribution, 
the pectic substances for instance being concentrated in 
the middle lamella [273. In many cell walls the micro- 
fibriB appear to be arranged in lamellae separated by 
matrix polymers [2,28]. 

The capacity of wall matrix polymers to CrOsSlink or 
enmesh the microfibrils will depend partly on the length 
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of the pcjlgmers. Pectins are over 500 w in length [29] 
and would therefore easily stretch between two microfi- 
brils. Moreover several different pectin chains are cap 
able of forming a network by joining through non-cova- 

lent bonds at regions of association termed junction 
zones [30]. Such a network has recently been demon- 
strated under the electron microscope [31]. 

XyIans generally have a degree of ~~y~ri~tion of 
150-200 [32f. If the xylobiose unit has similar dimen- 
sions to the cellobiose unit (10.2 A in length) a conserva- 
tive figure for xytan length would be 500 A. Xylans have 
also been shown to be capable of forming junction zones 
r331. 

Estimates of the MW of extensin, based on the size 
of presumed extensin precursors vary between 35000 
[34] and, 11000 [S]. The average MW of the amino acids 
of extensin is about 114, giving a degree of polymeriza- 
tion of 307 in the case of MW 35000, and 97 in the 
case of MW IlOO@. Assu~ng that extensin has a ply- 
proiinz configuration (as found in collagen) the molecule 
NJII rncr-zaair: III length by 3.12 A per residue [35J. Chain 
lengths based on the above MWs will therefore be 950 
and 303 A respectively. 

A~thou~ the above calculations are not based on data 
d&ved from Iupin hypocotyl cell walls the order of 
pofjmer size for this tissue is apparent and it can be 
appreciated that a very extensive extensin-polysacchar- 
ide complex can exist. A series linkage of xylan, pectin, 
gala&m and protein would be capable of stretching over 
several micro~b~is at an average spacing in the wall. 

THE CELJ. WALL UNDER STRESS 

Any modef relating to the elon~t~g cell wall must 
take into account large forces responsible for c&i exten- 
sion. The hydrostatic (turgor) pressure (P) of the cell 
causes a considerable stress on the wall and is the driving 
force necessary for cell expansion. Stresses on the cell 
wall can be calculated from a knowledge of pressure in 
the cell (E’), cell radius (r) and cell wail thickness (t), 
by the foIlow~g forum [36]. 

Tangential stress 6b = Pr/r 
and Longitudinal stress 61 = F@t. 
Although P is not accurately known it can be estimated 
from the freezing point depression of the cell contents. 
A freezing point depression method gives the vacuolar 
osmotic potential as equivalent to a 0.31 M solution of 
mannitol. The water potential of the hypocotyl would 
be just less than zero, and a good estimate of the turgor 
pressure would be about 6.5 bars [37J The stress on the 
wall of a cylindrical cell due to this pressure can be cal- 
cuhted [36] from a lowing of wall thickness and cell 
radius. 

In the lupin hypocotyl the cell walls which appear to 
be most important in limiting extension are those of the 
epidermis and the two to three outer files of cortical 
celIs [38], and in these the ratio of cell radius (r) to 
wall thickness (t) is 2O:l. Approximate ~u~ibrium 
values for longitudinal stress and tangential stress would 
therefore be 65 and 130 bars respectively. 

In growing ~11 walls the cellulose microfibrils are 
oriented mainly in the transverse direction and are 
thought to resist most of the tangential stress, so that 
elon~tion occurs along the celi axis. The cellulose of 
the lupin hypocotyl has been calculated in this paper 

to be about 16% of the dry wall volume so that the 
tangential stress on the microfibrils will be in the order 
of 1000 bars. Although these forces are high they are 
not excessive with respect to the calculated properties 
of the cellulose microfibril. Values for the elastic modulus 
and breaking strain in the direction of the rn~cro~b~ 
are given by Mark [25] and are 1.37 x IO4 kg/mm’ and 
753-770 kg/mm* respectiveIy+ The 1000 bar (10 k~~2) 
stress on the celiulose would therefore give an elastic 
extension of less than 0.1% and is only a few percent 
of the stress required to break the cellulose rn~~~~b~i. 

Although there are fewer microfibr~s in the longitudf 
nat than in the transverse direction the orientations are 
approximate so that the transverse microfibrils will take 
some longitudinal stress. Longitudinal microfibrils could 
be important in controlling growth of the intact tissue 
as bands of such microfibrils have been observed in the 
epidermis of Avena coleoptile [39] and lettuce hypocotyl 
[40]. There is some evidence that the epide~al layer 
of a tissue strongly influences its elongation response 
to auxin [41,42]. However, peeied sections have been 
shown [4i411 to give the usual elongation response to 
auxin, Cortical cells with their pr~ominantly circum- 
ferential a~n~~t of microfibr~~ at least in Iettuce 
hypocotyi [40], provide the main constraint to radial 
expansion. The main resistance to longitudinal stress 
may however come from those matrix polymers which 
can cross-link between the microfibrils in such a way 
that they resist stress and still allow cell extension. Creep 
along microfibrils as envisaged by marshes et al. [6] 
could apply to the lo~itu~na~ ~cro~b~ls in the epi- 
dermal cell wall but not to the normal expansion of most 
of the cells, where the tnicrofibril orientation is mainly 
transverse, and there is little change in cell diameter [23J. 

Until the ~rofibr~s in Fig. 1 have assumed an angle 
to the transverse place there will be no shearing of the 
bonds purported to be involved in creep. A shear com- 
ponent parallel to the direction of creep will then be 
involved. In the model proposed in this paper the hydro- 
gen bonded regions are in the matrix, and the polymers 
can undergo shearing of the bonds independent of micro- 
fibril orien~tion, even when the ~cro~brils are in a 
plane perpendicular to the axis of elongation {Fig. 4). 

Strong forces encountered in the cell wall put many 
polymers under tension, and this must be taken into 
account in constr~ti~ models of the wall. The modei 
of Al~rsheim et al. [6] may refer to io~tudin~ microfi- 
brils of ceils at zero turgor pressure but is not likely 
to hold for elongating cells under tension, 

The orientation of cellulose microfibrils has been 
widely studied [2], but little is known of the orientation 
of matrix polymers in higher plants, a question which 
is clearly very important to any ~nsi~ation of their 
role in control of elongation. Visuali~tion of pectin with 
heavy metal stains [31] raises the possibility of emptoy- 
ing such methods on preparations of whoIe cell Walt. 

The molecular mechanism behind auxin induced wall 
elongation has yet to be clarified. There are un~rtainties 
in wall structure and in the meaning of rheo1ogica.l 
measurements on the wall [43]. Lowering of the mini- 
mum yield stress [44] or increased extensibility [42] 
could be involved. There is also a lack of evidence for 
the nature of agents responsible for wall loosening. 
Albersheim ef al. [6] considered cleavage and reforma- 
tion of non~ov~ent bonds to be the basic rn~~ism 
of cell elongation, while earlier theories were more con- 
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Fig. 4. Arrangement of junction zones (possible regions of 
creep) of matrix polysaccharides where extensin is either per- 
pendicular (A) or parallel 0)) to the cellulose microfibrils. 
m = microfibril; ----- = extensin; = = junction zone 

between polysaccharides. 

cerned with hydrolytic enzyme activity [4SJ. Rapid re- 
sponses to auxin are too rapid to involve synthesis of 
carbohydrases [43] although activation of enzymes can- 
not be ruled out [46]. Auxin induced lowering of pH 
could activate hydrolytic enzymes such as wall glycosi- 
dases [47,48] although the aldonolactone inhibitors of 
glycosidase activity did not inhibit growth of lupin hypo- 
cotyls [49]. In addition, normal auxin induced growth 
of lupin hypocotyls occurred in the absence of any de- 
tectable drop in pH, and had different characteristics to 
that induced by low pH [So]. The activity of wall carbo- 
hydrases alone is ins~cient to cause cell elongation at 
constant turgor pressure [Sl]. ft is important now that 
the site and ipt viva action of the wall hydrolases be iden- 
tied. Cleavage of extensin does not appear to be in- 
volved as there is no detectable protease activity in wall 
preparations or in digests of walls prepared with prote- 
ase-free cellulase and pectinase [20]. 

A role for extensin in wall biosynthesis has been sug- 
gested [52] on the basis of an auxin stimulated incorpor- 
ation of a hydroxyproline rich fraction into Avena col- 
eoptile cell walls in the presence of carbohydrate sub- 
strate. Auxin also causes an increase in addition of wall 
~ly~~ha~de by intuss~~tion [53]. This implies that 
if the wall or that part of it involving extensin is an 
extended polymer, covalent bonds must be capable of 
forming in the free space of the wall, that is, probably 
away from the polymer activating processes. The dimen- 
sions of polymers and the separation of cellulose microfi- 
brils considered earlier in this paper suggest that if all 
primary wall polymers are glycosidically linked, for in- 
tussusception to occur, polymer units must link Cova- 
lently in the wall matrix. Given that intussusception 
occurs, and that ATP driven polymer activation does 

not occur in the wall, it is difficult to see the matrix 
being a macromolecule rather than a mass of separate 
units. 

The idea of bond formation throughout the wall is 
however attractive as it enables the covalent bonding 
of the whole wall at any one time to be under metabolic 
control and to play a direct part in changes in wall 
properties. 

Recent work has shown that the glycosylation of 
hy~ox~rol~e with a~bino~ligo~~~~des occurs 
within the cytoplasm [54-J. There is now evidence [SS, 561 
that hydroxyproline is linked to polysaccharides in some 
plants, probably by a similar system to that involved 
in attachment of the arabinose oligosaccharides. Forma- 
tion of galactosylerine linkages has been suggested to 
occur in the wall [34]. However, little is known of the 
fabrication of an extensin-polysaccharide complex from 
polymers. Should it be possible to follow the growth of 
such a complex, a great deal will be learnt of the struc- 
ture of the cell wall. 

Al~~h~rn et al. [6] have made an un~r~~~ con- 
tribution to our unders~n~ng of polymer structure and 
bondings in the primary plant wall but their model does 
not appear to accommodate bonds of the labilities 
encountered in our studies, and which should be fitted 
into a more comprehensive model than proposed in the 
present paper or previously. The alkali fractionation 
studies of the present authors, while providing less infor- 
mation, do suggest that linkages other than glycosidic 
bonds are involved in the cohesion of matrix polymers, 
and that certain polymers are not glycosiciically intercon- 
nected. An accurate ceil wall model must eventually take 
into account stresses on the cell wali, orien~tion of wall 
components, detailed structure of wall polymers and the 
nature of bonds between components. Our knowledge 
of primary cell wall structure is at the moment too inade- 
quate to allow the models proposed now to be other 
than working hypotheses. 
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