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Review

The cell wall stiffening mechanism inPinus
pinaster Aiton: regulation by apoplastic levels
of ascorbate and hydrogenperoxide¹
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Abstract : The peroxidase activity associated with cell walls from hypocotyls of Pinus pinaster Aiton

seedlings grown in the absence of light as well as cell wall content of ferulic acid, cell wall extensibility

and apoplastic ascorbate and hydrogen peroxide contents are reviewed in relation to the cell wall

stiþ ening mechanism and growth cessation. Phenolic cross-linking, mainly 8,8º-dehydrodiferulate,

between wall polysaccharides formed by the action of wall peroxidase is the main factor involved in

the wall stiþ ening mechanism. A regulatory mechanism for stiþ ening based on the relative content of

ascorbate and hydrogen peroxide in the apoplast is proposed.
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INTRODUCTION

The growth of plant cells is mediated by water
uptake into the symplast accompanied by the exten-
sion of their cell walls.1 Cell wall extension results
from an interplay of two separate processes : (a) loos-
ening of load bearing bonds in the cell wall matrix
leading to an increase in the extensibility of the wall,
which are based on the action of xyloglucan endo-
transglycosidase and/or expansin ;2,3 (b) cell wall
stiþening through the insertion of stabilizing cross-
links between load-bearing wall polymers, which is
based on the formation of diphenyl bridges between
pectin chains and/or isodityrosine bridges between
hydroxyproline rich glycoprotein chains.4 The
balance between both processes, loosening and
stiþening, determines the extension capacity of the
cell walls, and thus the growth capacity of the cells.

The formation of diphenyl bridges between cell
wall components is carried out by the peroxidases
present in the apoplast using hydrogen peroxide as
oxidant.4 Thus, the diþerent aspects involved in the
cell wall stiþening mechanism and its possible regu-
lation, using hypocotyls of Pinus pinaster Aiton seed-
lings grown in the absence of light at diþerent
growth stages have been studied.

GROWTH CHARACTERISTICS

The hypocotyl growth of pine seedlings grown in the
absence of light shows a sigmoid kinetic curve with
the fast-growth phase beginning on the 7th day after
soaking, the growth rate declining at day 13 and
growth cessation taking place after 16 days.5 Fur-
thermore, pine hypocotyls also show a growth gra-
dient along the axis, not only in intact seedlings6 but
also in the response to exogenous auxin of isolated
sections.5 Thus, the growth capacity decreases with
hypocotyl age as well as from the cotyledonary node
towards the hypocotyl basal region.

HYDROXYCINNAMIC ACIDS

Ferulic acid is the main hydroxycinnamic acid
associated with hypocotyl cell walls of pine seedlings
grown in the dark, although a small amount of p-
coumaric acid is also present.7 Their release by
NaOH at room temperature suggests that their
association with cell walls is through ester linkages.
Driselase digestion of pine cell walls released small
oligosaccharides associated with phenolic acids. The
fractionation of that material using Sephadex LH-20
and TLC produced a number of diþerent phenyl-
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oligosaccharides. Their analysis showed a signiücant
correlation between the amount of arabinose and of
ferulic acid (Queijeiro E, unpublished), suggesting
that ferulic acid in pine cell walls is also associated
with arabinose-containing pectic polysaccharides as
has been found in other plant cell walls.8 Phenolic
acid dimers are also present in the primary cell walls
of pine hypocotyls.7 Three dehydrodiferulic acids
released from pine cell walls by saponiücation were
identiüed by GC-MS (Fig 1) as 8–5@ (compound 1)
and two 8–8@-dehydrodiferulic (compounds 2 and 3)
acids. These three dehydrodimers are formed
through 8–5@- (compound 1) and 8–8@-(compounds 2
and 3) dimerisation mechanisms.9 On the other
hand, the 5–5@-dimer frequently reported for
monocot and dicot cell walls has not been found in
pine hypocotyl cell walls.7 While the amount of
ferulic acid on a cell wall dry weight basis does not
show signiücant changes with the hypocotyl age, the
amount of dehydrodimers, mainly the 8–8@-coupled,
increases not only with hypocotyl age but also from
the cotyledonary node towards the hypocotyl basal
region. Although the diferulic content of cell walls
appears to be somewhat low (37lg g~1 cell wall at 16
days old seedlings), Neukom10 suggested that even
low levels would be enough to cause appreciable
cross-linking of wall polysaccharides and modifying
of wall extensibility.4

PEROXIDASES

Peroxidases are present in a soluble form in the apo-
plastic ýuid as well as linked by ionic and covalent
bonds to cell wall components of pine hypocotyls.
Peroxidase activity against diþerent hydrogen
donors, 2-2@-azino-bis-[3-ethylbenzthiazoline-6-sul-
phonic acid] (ABTS), guaiacol and ferulic acid has
been found in pine hypocotyls.7,11 The relatively low
speciücity for hydrogen donors is one of the reasons
for difficulties in establishing the biological function

of particular peroxidases.12,13 Although the peroxi-
dase activities against the three diþerent substrates
mentioned above were quantitatively diþerent, their
changes with hypocotyl age and also along the hypo-
cotyl axis showed very similar patterns. Peroxidase
activity increased with the hypocotyl age and also
increased from apical towards basal hypocotyl
region.7,11 On the other hand, ascorbic peroxidase
has not been detected either in the apoplastic soluble
fraction or ionically or covalently bound fractions
from pine hypocotyls.14 Ascorbic acid, however, was
oxidised by pine cell wall peroxidases from the three
cell wall fractions in the presence of ferulic acid and
hydrogen peroxide, the oxidation of ferulic acid
being prevented until the ascorbic acid has been
completely oxidised. A function for ascorbic acid in
preventing the oxidation of phenolics in the apoplast
of dicot plants at the same time as scavenging hydro-
gen peroxide has been proposed.15h17

APOPLASTIC FLUID

Ascorbate and dehydroascorbate are components of
the apoplastic ýuid from pine hypocotyls, their
amounts being in the range 0.5–3nmol g~1 fresh
weight,14 similar to those found for apoplastic ýuid
from azuki bean epicotyls.18 Their apoplastic levels
in pine hypocotyls do not change signiücantly from
day 7 to day 13 but dramatically decrease at day 16,
the ratio between ascorbate and ascorbate plus dehy-
droascorbate being about 0.8 between days 7 and 13,
while it decreases to about 0.6 on day 16. Further-
more, the amounts of ascorbate and dehydroascorb-
ate also decrease from the apical towards the basal
region of 10 days old hypocotyls.14

There is no experimental evidence about an
ascorbic acid regenerating system in the apoplast,
but transport from cytosol towards the apoplastic
space has been postulated.16,19,20 Recently, Hore-
mans et al21 have demonstrated the presence of an

Figure 1. Chemical s tructure of the main dehydrodiferulic releas ed by s aponification from pine hypocotyl cell walls . Compound 1, 8-5@-
dehydrodiferulic acid ; compounds 2 and 3, 8-8@-dehydrodiferulic acids .
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Figure 2. Changes in the molar ratio between apoplas tic

as corbate and hydrogen peroxide with the hypocotyl age (left

panel) and along the hypocotyl axis of 10 days old s eedlings

(right panel).

ascorbate carrier in the plasma membrane from Pha-
seolus vulgaris hypocotyls which translocates dehy-
droascorbate from apoplast to cytosol. Since no
enzymes or low molecular weight compounds
capable of reducing dehydroascorbate were found in
the apoplast of plant cells,19,22,23 uptake of the oxi-
dized form and outward transport of the reduced
form through the plasma membrane seems to be an
important and a necessary step in the regeneration of
extracellular ascorbate.

Hydrogen peroxide is also present in the apoplastic
ýuid from pine hypocotyls (Sa� nchez M,
unpublished). The amounts (0.5–2nmol g~1 fresh
weight) are similar to those found for ascorbate. The
amount of hydrogen peroxide increases with hypo-
cotyl age, 0.5 and 2.0nmol g~1 fresh weight at day 7
and 16, respectively. It also increases from the apical
towards the basal hypocotyl region. The generating
mechanism of hydrogen peroxide in the apoplast of
plants under non-stressed conditions remains contro-
versial. Mechanisms that may be responsible for
hydrogen peroxide apoplastic generation include a
peroxidase catalysed oxidation of NADH produced
by a cell-wall-bound malate dehydrogenase,24 cell-
wall-bound laccase25 and diamine oxidase.26,27 A
CuZn-superoxide dismutase coupled to NAD(P)H
oxidase associated with the plasma membrane from

hypocotyls of spinach has recently been involved in
the hydrogen peroxide supply for ligniücation of cell
walls.28

The molar ratio between ascorbate and hydrogen
peroxide shows important changes among the diþer-
ent growth stages (Fig 2). Its value is higher than 2
in whole hypocotyls at day 7 and 10 as well as in the
apical and subapical hypocotyl regions of 10 days old
seedlings, while its value was lower in the older
hypocotyls and in the basal regions of 10 days hypo-
cotyls.

CELL WALL EXTENSION

The constant-load extension technique has been suc-
cessfully used to study the mechanical behaviour of
isolated cell walls without interference from cellular
activities, showing a close relationship between cell
wall extensibility and growth rate.29 Thus, we used
this technique to study the eþect of pre-incubation
of frozen thawed pine hypocotyl segments with
hydrogen peroxide, horseradish peroxidase and
ascorbate on the extension behaviour of their cell
walls. The pre-incubation for 1h of apical segments
from 10 days old hypocotyls with hydrogen peroxide
and hydrogen peroxide plus horseradish peroxidase
signiücantly decreased the acid pH cell wall exten-
sion. The addition of ascorbate to the pre-incubation
medium reduced that decrease (Queijeiro E,
unpublished). A similar stiþening eþect of hydrogen
peroxide has been found in maize coleoptiles.30
Thus, it seems reasonable to assume that the balance
between hydrogen peroxide and ascorbate may
control the extensibility of cell walls, probably
through the formation of phenolic linkages.

STIFFENING MECHANISM

Table 1 summarises the changes in the apoplast with
hypocotyl age as well as along the hypocotyl axis.
Cell wall peroxidases, soluble, ionically and covalent-
ly bound, are able to oxidize ester-linked ferulate
acids leading to the formation of 8–8@-
dehydrodiferulates linkages between wall poly-

Parameter Age Hypocotyl axis

(young]old) (apical]bas al region)

Growth rate

intact s eedlings decreas e decreas e

auxin-induced decreas e decreas e

Cell wall as s ociated ferulate no change increas e (only at bas al region)

Ibid 8-8@dehydrodiferulate increas e increas e

Peroxidas e

apoplas tic s oluble increas e increas e

ionically bound increas e increas e

covalently bound increas e increas e

Apoplas tic as corbate decreas e decreas e

Apoplas tic hydrogen peroxide increas e increas e

Table 1. Summary of the

changes in growth and different

apoplas tic parameters found

during hypocotyl ageing and

along 10 days old hypocotyls of

Pinus pinas ter
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Figure 3. A propos ed s cheme for cell wall

s tiffening mechanis m and its regulation by

apoplas tic levels of as corbic acid and

hydrogen peroxide. AA, as corbic acid ; DHA,

dehydroas corbic acid ; MDA, monodehydro-

as corbic acid ; NAD(P)H oxid, NAD(P)H

oxidas e ; PC-PhOH, phenyl res idue es ter-

linked to pectins , POX, peroxidas e ; SOD,

s uperoxide dis mutas e ; X?, putative

as corbate/dehydroas corbate carrier.

saccharides, probably via arabinogalactan chains.
The ferulate dimerisation mediated by cell wall per-
oxidases uses apoplastic hydrogen peroxide as
oxidant to produce phenoxy radicals (PC- (FigPhO0 )
3). The phenoxy radicals may spontaneously react
with each other producing cross-linking among wall
components and thus leading to wall stiþening and
growth cessation. The phenoxy radicals, however, in
the presence of ascorbate (AA) may also be reduced
back to ferulates (PC-PhOH) coupled to the oxida-
tion of ascorbate to monodehydroascorbate
(MDHA). Further, the monodehydroascorbate may
be oxidised again to dehydroascorbate coupled to the
reduction of another phenoxy radical or mono-
dehydroascorbate. The co-existence of hydrogen
peroxide and peroxidases active against ferulate and
ester-linked ferulates all together in the apoplast sug-
gests that the formation of phenoxy radicals cannot
be prevented. Thus, the only possibility to prevent
cell wall cross-linking and stiþening would be the
reduction of the phenoxy radicals produced via
ascorbate oxidation. Thus, the low levels of hydro-
gen peroxide and high levels of ascorbate in the apo-
plast of young hypocotyls and apical hypocotyl
regions would prevent the formation of cross-linking
making possible the cell wall extension mediated by
the loosening mechanism. When the apoplastic
ascorbate levels decrease and hydrogen peroxide
levels increase with hypocotyl age and towards the
basal regions of hypocotyl, however, the ascorbate
would not be able to scavenge all the phenoxy rad-
icals formed by peroxidases, leading to wall stiþen-
ing and cessation of cell growth. Further studies on
hydrogen peroxide production and ascorbate regen-
eration into the apoplast as well as on their regula-
tion will be necessary to complete the cell wall
stiþening picture.
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