Phytochenustry, Vol 27, No 5, pp 1235-1253, 1988
Printed 1n Great Britain

0031-9422/88 $3 00+ 0 00
Pergamon Press plc

REVIEW ARTICLE NUMBER 31

SYNTHESIS OF CELL WALL COMPONENTS: ASPECTS OF CONTROL

G. PAUL BOLWELL*

Department of Biochemustry, Royal Holloway and Bedford New College, University of London, Egham Hill, Egham, Surrey TW20
OEX, UK.

(Recerved 24 July 1987)

Key Word Index—Plant cell walls; membranes; synthesis, polysacchandes; wall-bound proteins, phenolics, development, stress,
pathogenesis

Abstract—The dynamic qualities of the plant cell wall are explored. Recent developments in the understanding of how
membrane systems operate in the synthesis of wall components is discussed. Particular attention 1s paid to the
synthesis of polysaccharides and wall-bound phenolics, while the identification of some wall bound proteins and the
subsequent study of their synthesis and processing is also described. Probable molecular controls, both quahtative
and quantitative, governing the appearance of newly synthesized components within the wall are discussed The
conditions under which sets of components are modified specifically, by the accumulation of newly synthesized
material or extracellular enzyme action, are outlined Some deficiencies in understanding how these aspects may be
interrelated, especially with regard to mechanisms of signal transduction are highlighted However the potentially
rapid capacity for implementation of changes in the extracellular matrix of the cell, probably commencing with

processes of activation of specific subsets of genes 1n response to particular signals, is striking

INTRODUCTION

The purpose of this review is to attempt to bring together
diverse observations on the dynamic qualities of the
plant cell wall In general, the view of the cell wall 1s
moving away from that of a passive extracellular matrix
concerned with maintenance of shape and nigidity to that
of a much more dynamic structure Thus, the plant cell
wall undergoes profound changes during growth and
development and in response to stress and pathogenesis,
and may, as a source of information, be intimately in-
volved in self and non-self recognition processes. The
latter aspects are perhaps not surprising considering the
existence of a complex laminated structure forming a
series of potentially selective surfaces Thts review consid-
ers those underlying synthetic and modificational events
initiated in response to a variety of signals which are
fundamental to the expression of changes 1n this lamina-
ted matrix at the cellular level. There 1s a large body of
studies appertaining to these areas but a considerable
lack of understanding of the assembly of such a complex
structure remains, although an attempt 1s made here to
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outline where the impact of newer types of approaches
might bring forth advances. Nevertheless, the problems
involved in understanding the myriad of molecular re-
cognition events involved in the synthesis and assembly
of a ‘secondary’ structure such as the plant ceil wall seem
particularly daunting when one considers the astomshing
potential complexity of ‘primary’ gene expression [1],
without subsequent changes.

Cell wall structure

Although the detailed analysis of cell wall structure is
beyond the scope of this review which 1s primarily con-
cerned with synthesis of components, some comments
about subsequent assembly and interrelationships are
necessary. Considerable advances of course have taken
place in the analysis of structural components generated
by chemical or enzymatic means of extraction [2-8].
These detailed studies have been largely confined to
stmpler primary walls and have served to classify the
range of non-cellulosic polysaccharides. In one case, the
cell wall of the cultured sycamore cell, this has been
accomplished to an extraordinarily sophisticated level.
These methodologies have revealed the range of linkages
and 1n some cases partial sequences in the primary
structures, branched and unbranched, in the more com-
plex polysaccharides. These are now accepted for the
major components. However, there is much controversy
about the nature of the interactions and associations of
polysaccharides and proteinaceous components in the
non-ligmfied wall which 1n part resides 1n an adherence
to traditional classifications based on methodologies of
extraction It 1s important to ascertain whether the
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heterogeneities observed in the analysis of 1solated ma-
tertal within the broad types of polysaccharide and their
associated molecules 1s indicattve of the true range found
in ivo It may be that traditional analytical procedures
are inadequate to answer these questions completely and
that complementary studies of the biosynthetic ma-
chinery, as regards the full range of enzymatic specificity,
however redundant or spatially or temporarily separated
1t may be, may hold many of the answers At least, studies
at this biosynthetic level, which may include polysacchar-
ides 1n the process of secretion, do not have the added
complextties due to associations generated by the forma-
tion of additional bonds extracellularly or even during
isolation Many of these extracellular cross-linkages be-
tween mdividual components have been examined using
partial enzyme degradations [6-9] Nevertheless, al-
though early theoretical attempts mcorporated the ob-
served range of secondary linkages, models for the assoct-
ations of individual components with known primary
structures have met with limited success Newer elegant
studies using ultrastructural localization with lectins and
enzymes [10-12] and polyclonal and monoclonal anti-
bodies [13 -15] should bring about rapid tmprovements
of our understanding 1n this area When used in combr-
nation, such as in utthzing different-sized colloidal gold
particles to localize separate components distinguished
by species-specific antibodies or other interacting pro-
teins, important information on the assoctations found
within the matrix and during wall assembly should be-
come apparent and complement traditional histochemi-
cal, autoradiographic and electronmicroscopic methods
[16-19] The exciting prospect remains for the develop-
ment of probes for the synthetic components (cDNAs
and antibodies) and for thewr cell wall products (anti-
bodies and histochemical agents) to visualize changes at
the level of single cells using n siru hybndization and
cytochemical methodologies

These temporal interrelationships of the component
structures are even less studied since much of the detailed
mformation has been derived from primary walls The
potential complexity of these processes ts highlighted
when one constders that even within a single cell such as
a germmating Fucus zygote, distinct polysaccharide
moteties are directed to different areas of the cell during
rhizowd development [20, 217 However, such directed
deposition 15 beginning to be understood, as 1s sub-
sequent assembly, with the recent demonstration of the
reassembly of Chlamydomonas glycoproteinaceous wall
components 1 vitro [22] Although similar proteins exist
mn higher plant cell walls, such in witro studies must be a
long way off although initial attempts at reconstitutions
are being made [23]

Faced with such complexity, understanding the syn-
thesis and assembly of such a structure and 1ts sub-
sequent modification during growth and differentiation
or i response to environmental factors, would seem
daunting However some considerable progress has been
made. particularly m plant phenolic metabolism This
review deals with recent advances in understanding the
synthesis of wall components, polysaccharides, protemns
and phenolics and intial attempts to define the temporal
and spatial controls operating With the input of immu-
nological and molecular brological techniques some of
these changes in components can now be foliowed and
thus open up the possibility of beginning to understand
the molecular nature of the control systems
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Synthests of components

Glycosylation Unlike glycosyl transferases of animal
cell endoplasmic reticulum and Golgr body [24-27], no
plant glycosyl transferase of polysaccharide synthase has
been fully characterized at the molecular level. The reas-
on partly restdes 1 the difficulty experienced wn solubs-
lizing and reconstituting the individual enzyme systems
that have been characterised so far Thus a number of
alternative approaches have been designed for mdirect
identification of these elusive enzymes.

Understandably most interest has been directed to-
wards those systems synthesizing homopolymers or
those contaming simple repeated units For the more
complex polysacchandes, the possibihities of complex
precursors, block synthesis or partially redundant en-
zyme specificity has to be taken into account when
examining the interaction of the synthetic systems How-
ever some progress has been made in developing condi-
tions which lead to solubilization of polysacchande syn-
thases as a prerequisite for purtfication and molecular
identification Interestingly Triton X-100 has been found
to be most effictent at solubilizing activity although
recoveries are mvariably low Other detergents, often
constdered to represent milder condition have not been
employed to such success and 1t ts interesting to speculate
whether the greater micelle size generated by Triton X-
100 may have a sigmficant effect in incorporating addut-
1onal membrane bound factors The polysaccharide syn-
thases appear to have K,,s in the uM range and similar
requirements for Mg?* and/or Mn? *, while 1t ts thought
intermediate transfers involving hipid glycosides are not
mvolved [28-30] This 1s 1 contrast to the situation
mvolved 1n protein glycosylations, some of the products
of which are targetted mto the wall, where in common
with similar glycosylattons 1n animal cells lipid inter-
mediates are mvolved [31-33] In particular the follow-
g glycosyl transferases have been described

Polysaccharides.
Glucans The 1dentity of cellulose synthase has been a
matter of considerable debate for some time Partly con-
tributing 1s the failure to achieve accurate and substantial
synthesis of f{1—4) linkages from UDP- or GDP-
glucose precursors with membrane or partially reconsti-
tuted preparations as a prerequistte for purtfication This
1s exemplified by one report [34] of rates of cellulose
synthesis n vitro approaching that found in vivo that was
later qualified The problems experienced 1n achieving f
(1—4) glucan synthesis reflect the difficulty in preparing,
for possible reasons discussed below, higher plant plas-
malemma. which are uncontamnated with endomem-
branes capable of other glycosylations Perturbation of
membrane integrity also appears to activate the form-
ation of f {1—3) linkages which may be catalysed by the
same enzyme or part of the cellulose synthase complex
[35-38] Since 1t 1s anticipated that a molecular identific-
ation of f (1-3) glucan synthase or callose synthase will
be achieved soon [39--41] 1t may indirectly lead to the
characterisation of cellulose synthase. The theory behind
the equivalence of these activities has been expounded
most eloquently [42] and s based on a number of
previous observations [35-38, 43, 44] The identity will
probably be confirmed by those attempts to identify
cellulose synthase by indirect methods so far employed
including electrophoretic methods [45 47], active-site-
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directed labelling [45, 48, 49] and radiation bombard-
ment mactivation [50]

Polypeptides so far identified as good candidates are
an M, 68 000 polypeptide from red beet [47, 50]; or three
of M, 18000, 43000 or 73000 from mung bean [45, 48]
although the 73000 has recently been thought to be
involved in transport and the 43000 may represent a
glycoprotemn since the label appears to be covalently
bound [Read, S. M., personal communication] The
18000 polypeptide may possibly have some regulatory
function. At present, without identification of the en-
zyme, 1t is not known whether the changes in enzyme
activity that have been observed in several systems
[51-54] have their underlying basis in the amount of
enzyme present and ultimately gene regulation
Synthases nvolved in hemicellulose synthests Among
those already described in which the product has been
identified to an appreciable extent include synthases in-
volved m xylan, xyloglucan, glucuronoxylan and glu-
comannan synthesis. Xylan synthases catalysing homo-
polymer § (1-—4) xylose linkages have been described
from corn [55], mung bean [56], sycamore [57] and
French bean [58] and appear similar as regards cofactor
requirements. Attempts to solubilize these enzymes lead
to low recovery for the sycamore enzyme [57] and for the
bean enzyme (Bolwell, G. P., unpublished results) making
further purification difficult. Xylogiucan synthesis by
membrane preparations from pea [59-623, suspension
cultured soybean cells [63-67] and bean cells [68] has
been described although the mechanism of the concerted
enzyme activities 1s unclear [69] The question as to
whether side chain :esidues are added to preformed
backbone or during growth of the heteropolymer chain 1s
also unresolved for the interaction of glucuronyl- and
xylosyl-transferases involved 1n glucuronoxylan syn-
thesis catalysed by membrane preparations from pea
epicotyls [69, 70] Similar questions also arise during
glucomannan synthesis which has been described n
membrane preparations from Phaseolus aureus, pea and
Pinus sylvestris [71-78]. For the heteropolysacchandes,
available evidence points towards a concerted synthesis
at the site of the growing chain perhaps by multienzyme
complexes. The fact that side chain synthesis cannot be
brought about by the addition of primers makes an
alternative mechanism of addition to a preformed back-
bone unlikely, while despite extensive searches for inter-
mediates, the demonstratton of block synthesis via
perhaps lipid-linked precursors has been largely ruled
out [28-30, 69] Complex oligosaccharides linked to lipid
donors have been demonstrated but do not have the
relevant block structure; these appear to be mnvolved 1n
protetn glycosylations and are discussed below.

Synthases wnvolved in pectic polysaccharide synthesis.
Homogalacturonon synthesis has been studied 1n mung
bean [79] sycamore [80] and pea [81] No information is
available on rhamnogalacturonan synthesis or the
dauntingly complex minor substituted rhamnogalactur-
onan-based wall components whose structure has been
worked out so elegantly Arabinan synthesis has been
described for membranes from mung [56] and French
bean [58] In the latter case use of a monoclonal anti-
body lead to a preliminary dentification of the arabinan
synthase as an M, 70000 polypeptide [82]

Other transferases have been described that are in-
volved 1 either backbone or side chamn elaboration.
Some of these are involved 1n protein glycosylation but
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might also be involved m polysaccharide synthesis. These
include galactosyl transferases [83—85] and fucosyltrans-
ferases [86-88] However, the fucosyl-transferase from
Fucus 1s known to be tnvolved in homopolymer fucan
synthesis, while another described in pea 1s involved in
fucosylation of a preformed xyloglucan nonasacchande
[39]
Glycosyl transferases in protein glycosylations. Consider-
able progress is now being made 1n understanding pro-
tein glycosylation some of the products of which will be
targetted into the wall. Following the pioneering work 1n
non-animal systems especially yeast [32, 90, 91] the basic
gluNAc,-mangglc, core oligosaccharide N-linked to pep-
tide-asparagine so elegantly worked out 1n anmmal cells
[24, 25] has been demonstrated in plants [92, 93]. This
type of glycosylation and subsequent processing, where
this 1s permissible depending on conformational con-
straints [94], is now well understood for membrane
preparations from French bean [33, 95-99], mung or
soybean [100-103]. Although there 1s some debate about
a role for glycosylated domains, possible involvement in
sorting of newly synthesized proteins for secretion into
the wall is an attractive possibility. However glycosyl-
ation 1s not a requirement for the transport of phyto-
haemagglutinin and f-fructosidase [104, 105]. It there-
fore still remains a challenge to understand how N-linked
glycoproteins such as phaseollin and phytohaemogglu-
tinin are targeted into protein bodies while peroxidases,
for example, are directed to the wall Molecular investi-
gations currently implicate multiple recognition sites
based on secondary and tertiary structures at the N- and
perhaps C-termin1 Monoclonal antibodies to glyco-
sylated domains may enable further investigations, a
multiantigenic oligosaccharide site on secreted proteins
has been 1dentified [ MacManus, M., personal communi-
cation] which may represent a particular processed
oligosacchande motif

Q-linked giycosylations are less understood. Evidence
for the involvement of pentosyl-lipid intermediates has
been obtained [106, 107] but these may not be obligatory
[108-110] O-linked glycosylations are also found 1n
secreted products, e.g. threonine- and serine-linked oligo-
saccharides of maize-root slime [111, 112] or serine- and
hydroxyproline-linked ohigosaccharides of wall-bound
proteins Membrane preparations capable of carrying
out such glycosylations have been described [106-112]
for a number of sugar precursors
Fine control of polysaccharide synthesis. As discussed
below evidence suggests the major controlling factor in
the qualitative production of polysaccharides resides in
the complement of synthases found at any one time 1n the
endomembrane system. However the availability of nu-
cleoside diphosphate sugars appears to be under some
fine control through a feed-back inhibition of UDP-
glucose dehydrogenase by the level of UDP-xylose [113]
This mechanism probably acts to restrict the accumul-
ation of sugar nucleotides although it can be bypassed by
the 1nositol pathway [114] There 1s little information on
the respective regulation of these alternative pathways.
The levels of nucleoside diphosphate sugars appear not
to be limiting to any great extent [113, 115, 116] prob-
ably since the levels of enzymes involved 1n the inter-
conversions, UDP-glucose dehydrogenase and decar-
boxylase and the epimerases, appear to be maintained
[113, 117, 118] There 1s little or no direct evidence for
fine control mechanisms at the level of the synthases
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except for a modulatron of a xylan synthase by nucleo-
stde mono- and diphosphates [113] and the complex and
as yet not unequivocably demonstrated modulation of
cellulose synthase [39, 42]. The latter may be directly
related to the regulation of callose synthests discussed in
another context below [41, 119]

Protemns
Structural protems Although there have been consider-
able advances n the 1dentification and structural charac-
terization of hydroxyprolme-rich glycoprotens, other as-
pects, including therr brological role, remamn obscure
Nevertheless, there 1s ample circumstantial evidence for a
fundamental role in cell wall structure and disease re-
sistance although confirmation awaits more direct evi-
dence, perhaps employing transformation systems and
antisense-RNA technology This 1s now possible with the
identification and cloning of genes encoding prolmne-rich
precursors from a number of sources [120-122] Sequen-
ces currently available encode ‘extensin® HRGPs but 1t
has become apparent that a number of other precursors
undergo peptide-prohne hydroxylation and glycosyl-
ation before secretion into the wall These incfude arabin-
ogalactans [122 1257, solanaceous lectins [ 122, 125, 126]
and others yet to be classified [107, 127, 128] The full
range of HRGPs has yet to be demonstrated and charac-
terisation at the protemn level has been difficult due to
mnsolubtlization of HRGP precursors tn the wall [129,
130] Some progress has been made by 1solating precur-
sors by salt elution from the wall [131-133] or at therr
site of synthests within the endomembrane system [128,
134] As a result a number of HRGPs have been de-
sctibed These vary in M, of the deglycosylated mono-
mer, bemg n the range 30 000-55 000, and with a hydrox-
yproline content of between 6-50% Genes from a num-
ber of sources encoding extensin-hke variants have been
identified and sequences are available [122] These are
characterized by repeated amino acid sequences encoded
by codons of restricted redundancy Comparative hom-
ologies of HRGPs that are not of the extensin family are
awatted, which will maidentally give an indication of the
range of ammo acid sequences subjected to proline hy-
droxylation

Recently, another class of proteins, probably wall-
bound, which are rich in glycine have been inferred both
from amno acid analyses of plant cell walls and from the
sequence of a Petuma protein, has been described [135,
136] These may replace HRGPs in some species It 1s
mteresting to speculate whether both might have evolved
from some of the common G/C rich portions of the
genome where the codon frequencies CCX (pro) and
GGX (gly) would be prevalent

The range of proline residues capable of being hydrox-
ylated 1s dependent on the specificity of the prolyl hy-
droxylase (EC 1 14 11 2) This 1s now a well characterized
enzyme from a number of sources [137-140] The en-
zyme 1s tetrameric having two acttve subunits with M, of’
65000 (which may dissociate into two polypeptides of M,
32500 in the Vinca enzyme [141]) and two mactive
subunits of M, 60000 which do not copurify on affinity
chromatography 1n the presence of dithiothreitol
[Robwson, D, personal communication]. In contrast,
another report of the purificatton of the enzyme from
Chlamydomonas dentifies an M, 40000 protein [142] At
this time the discrepancy over the Chlamydomonas en-
zyme 1s unresolved [140, 142] An anttbody rawsed
against the M, 65000 subunit from bean also cross-reacts
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with a putative M, 60000 subunit [[43] and also re-
cogmses an M, 32000 polypeptide from potato in Wes-
tern blots [Bolwell, G P . unpublished results] The plant
prolyl hydroxylase has very similar properties to the
mammahan enzyme but differs in being capable of the
hydroxylation of polyproline mn uitro The vertebrate
enzyme [ 144] consists of two active x subunits and two f8
subunits whose cDNA sequence has close homology with
a protein disulphide 1somerase [145] suggesting a com-
plex remarkably adapted to post translational modifi-
cations It 1s not known whether the 60 000 subuntt of the
plant enzyme has a similar function Alternauvely, the
60000 1somerase may represent a separate protemn
(Hanauske-Abel. H, personal communication) The
plant enzyme 1s assoctated with the endoplasmic re-
ticulum, but whether smooth or rough requires absolute
confirmation [137-1437, although being a Tumnal pro-
tein [146] 1t could possibly be found n both
Hydroxyprolme residues are also arabinosylated m
extensin and solanaceous lectins [112, 122, 125] while 1n
the arabinogalactans the side chains are more complex
{123, 124] Ohgosaccharide Opids possibly invoived 1n
mtermediate transfers have been described [84, 106, 107]
and transfer to endogenous polypeptides has been de-
monstrated The serme restdues of HRGPs are galac-
tosylated, a transferase which may catalyse this post
translational modification has been described [&3, 147]
Enzymes A great number of enzymes thought to be wall-
bound have been described of which having particular
relevance to this review are the hydrolases and peroxi-
dases although other groups of enzymes mclude pro-
teases and phosphatases A number of these activities,
due to techmcal difficulties in wall 1solation, require
absolute confirmation of a wall localization. probably
through immunological techniques
Peroxidases Peroxidases have long been familiar compo-
nents of plant membranes and walls and have long been
recogmsed as capable of bringing about intermolecular
cross-linking of phenoltc residues m the presence of hy-
drogen peroxide Total celf peroxidase activity 1s a pro-
duct of a range of differentially mduced and localized
1soenzymes [148 154] some of which may be wall-
bound Peroxidases are also secreted from suspension
cultured cells [155-158] They form a very heterogenous
group when analysed on the basis of pl and M,, usually
by histochemical stamming following gel electrophorests.
Correlating such bands on gels to activity in tivo should
be undertaken with caution as other haeme protemns,
such as cytochrome P450, and Cu?' phenolases can
exhibit peroxidase activity under certain circumstances
The complete charactersation of a wall-bound peroxi-
dase at the molecular level 18 anticipated soon [cf
159--162]
Hydrolases Plant cells can exhibit a large range of hy-
drolase activittes which are dependent on the tissue or
mode of mduction Thus the glycosidases mnvolved m
seed germunation form an extensively characterised
group [163, 164] which have some relevance since some
storage polysaccharides are wall-bound and resemble the
non-cellulosic polysaccharides of primary and secondary
cell-walls of vegetative tissues Thus mobilisation of these
storage matenals, e.g xyloglucans of the Legummosae. or
of wall-material during fruit ripening or abscission may
represent enzymatic mechanisms which may be respon-
sible for cell-wall turnover at a much lower rate m
vegetative tissues. itself a controversial 1ssue until re-
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cently Since the specific expression of genes encoding
glycosidases occurs at a high level in some tissues this has
attracted some nterest recently leading to the character-
isation of cellulases [165, 166], B [1-3] glucanase
[167-169], chitinase [170-173], exo B [1-4] glucanase
[61, 174] and detection of activities of « and f glycanases
specific for the whole range of residues found in wall
polysaccharides [175-179] However, at the protein level
1t has often not been established which of the hydrolases
identified are actually secreted into the wall, how active
they are in viwo, or whether the products of their activity
are mobilized to any great extent in mntact vegetative
tissues Specific products of the hydrolysis of wall poly-
saccharides can be readily demonstrated in suspension
cultured cells however [180, 181]. Breaking of such cova-
lent bonds may have important consequences for growth
through wall loosening mechanisms Additionally, pro-
duction of specific oligosaccharide fragments may of
course have important consequences for cellular control
mechanisms [182-186]. Simularly, proteases may be im-
portant 1n wall loosening Wall-bound protease activity
has been demonstrated [187, 188]

Ligmin and phenolics
Enzymology and control of phenolic metabolism The path-
way from L-phenylalanine through hydroxycinnamoy!
mtermediates provides substrates which converted to
their coenzyme A thiol esters, serve as precursors which
are channelled into branch pathways leadmg to the bio-
synthesis of a number of classes of secondary products
[189-191] Many of the enzymes of the central phenyl-
propanoid pathway and the lignin and flavonoid branch
pathways are now well characterized and their properties
have been reviewed [192-194] With the increasing use of
immunological and molecular biological approaches
there have been considerable advances in our under-
standing recently

Phenylalanine ammonza-lyase (PAL, E.C. 4 3.1 5.), the
first enzyme of the phenylpropanoid pathway leading to
the formation of hignin, 1s probably the most extensively
studied enzyme of secondary metabolism and has been
the subject of many reviews mcluding one 1n this series
[195] PAL from most sources appears to be a tetrameric
enzyme possessing two dehydroalanine-containing active
sites per molecule The subunit M, appears dependent on
the source and mode of purification but 1s usually in the
range 77 000-83 000 for most species [196-199]. If ana-
lysed by chromatofocussing, the enzyme from bean [200]
or potato [Gilliatt and Northcote, personal communica-
tion] can be resolved into at least four forms of
differing pl and kinetic properties This suggests the
negatively cooperative kinetics previously reported for
PAL [201] may reflect combined activities of the differ-
ent forms with differing Michaelis-Menton properties.
Molecular cloning of cDNA encoding PAL has been
described from parsley [202] and bean [203] and has
lead to the 1solation and characterisation of three PAL
genes from bean [204] With the wide availability of the
¢DNA clone 1t 1s anticipated that PAL genes from a
number of species will soon be characterized. However
questions remain as to the association of the subunits
and the true nature of the active site.

Cinnamic acid 4-hydroxylase (CA4H, E.C.1. 1413 11),
the second enzyme of the central phenylropanoid path-
way is a cytochrome P450-dependent mixed function
oxygenase [205, 206] Other reactions 1 phenolic metab-
olism thought to be catalysed by cytochrome P450s
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include the 5’-hydroxylation of ferulic acid [207] in phen-
ylpropanoid metabolism and a number in isoflavonoid
phytoalexin biosynthesis [208, 209]. As yet none of the
proteins responsible for these activities has been identified
unequivocably at the molecular level due to difficulties in
purification and reconstitution. However a P450 of M,
56000 capable of some reconstituted CA4H activity was
1solated from Jerusalem artichoke [210] Another P450,
possibly capable of CA4H activity, of M, 52000 had been
identified 1n tulip using homologous antibodies which
did not cross-react with antigens from any other species
[210]. Similarly, heterologous antibodies to bacterial
P450 did not cross-react with antigens from plant species
[212] while a report of the 1dentification of a M, 48 000
polypeptide as a possible CA4H [144] using a cross reac-
tive anti-rat P450 monoclonal antibody may have been
premature due to the semi-specific behaviour of the anti-
body [Boobis, A. R. and Sesardic, T., personal communt-
cation] Plant P450s thus appear much more hetero-
logous than animal P450s where antigenic homologies
[213, 214] have aided the identification of many P450s
and are reflected in the sequences of the P450 gene
superfamily where cDNA and/or amino acid sequences
of over 60 gene products are now known [215].

Subsequent hydroxylation of p-coumaric acid to caf-
feic acid has often been thought to be catalysed by a
phenolase of low specificity. However phenolase isoforms
have been implicated as specifically catalysing this activ-
1ty [216-219]. Alternatively, other mixed function oxi-
dases have been implicated and recently an FMN-depen-
dent microsomal activity has been described from potato
[220] The coumarate 3-hydroxylase has therefore
not yet been 1dentified [221]. The S-adenosylmethione-
dependent caffeic acid O-methyltransferase (COMT EC
21 1.-), 1n contrast, has been 1solated from a number of
tissues [222] and can be distinguished from those in-
volved 1n methylation of flavonoids [223, 224]. Further
hydroxylation to S-hydroxyferulic acid by a cytochrome
P450 [207] precedes methylation to sinapic acid [224]

At least two types of 4-coumarate: CoA hgases (4CL
EC. 62.1 12) with differing substrate specifictties have
been described [226-229] Thus, type I mitially punfied
from soybean has highest affimties for 4-coumarate,
ferulate and sinapate, the CoA esters of which are sub-
strates for the lignin pathway; a second 1soenzyme, type
I, also purified from parsley cells as well as soybean has
highest affinities for 4-coumarate and caffeate, the CoA
esters of which appear to be the sole substrates for the
first enzyme of the flavonoid/isoflavonoid pathway of
spectes dependent subunit M, 42000-46000 chalcone
synthase (CHS) [230-234] Subsequent methylations of
the flavonoid B-ring appears to take place after the
formation of the ring structure by condensation with
malonyl CoA [222, 223]. The CHS, of relevance to this
review both as a control point of the relative flux through
the pathway and 1n responses to pathogeness, also ap-
pears to have 1soforms [235-237] that are the product of
a multiple gene family that have now been 1dentified and
sequenced [238-242]. Similarly cDNA has been obtained
for the M, 60000 parsley 4CL and has lead to the
identification and sequencing of the two genes encoding
this particular isoenzyme [202, 243, 244].

The synthesis of all these enzymes appears to be sub-
ject to induction and repression by a large number of
factors and 1s discussed below. In addition, the flux
through the pathway appears to be under stringent fine
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control particularly at the level of PAL where differential
appearance of isoforms [200] has now been observed 1n
parsley [245] A number of studies have provided evi-
dence which suggests that mtra-cellular levels of trans-
cinnamic acid or some metabolite of it may act as a signal
for the regulation of the flux through PAL The effects of
exogenous additions of cinnamic acid, which supresses
PAL extractable activity i vwo [246-249] and vL-a-
aminooxy-f-phenylpropionic acid (AOPP) which acts as
a powerful competitive inhibitor of PAL resulting 1n the
superinduction of PAL activity [250-253] as measured in
vitro, can be interpreted m terms of the mvolvement of
cinnamic acid 1 a dual control mechamism mvolving
inhibition of the rate of PAL synthesis and stimulation of
the rate of PAL removal [254-257] A more recent study
using anttbody and cDNA probes has demonstrated that
cimmnamic acid added exogenously to imnduced bean cells
does not affect the rate of turnover of PAL subunits in
vivo, but rather mediates irreversible mactivation of the
enzyme [257, 258] A non-dialysable factor from cinna-
mate-treated bean cells stimulates removal of PAL activ-
1ty from enzyme extracts n vitro, this effect being depen-
dent upon the presence of cinnamic acid and 15 accom-
panied by an apparent loss or reduction of the dehydro-
alanme residue at the PAL active site (as detected by
titration of the active site by tritiation or with affinity
probes) 1n the absence of an accompanymng loss mn the
levels of immunodetectable enzyme subunits Such a
mechanism accompanied by product mmhibrtion of PAL
catalytic activity by cinnamic acid especially 1n view of
the apparent kinetic properties of the enzyme would be
consistent with PAL acting as a self regulating valve
controlling the entry of phenylalanine into secondary
pathways from which fixed carbon may not be readily
retrievable trans-Cinnamic acid may also have a feed-
forward effect on the operation of the flavonoid pathway
since 1t activates chalcone 1somerase (CHI EC 55 1.6) the
second enzyme of the branch pathway [259] Exogenous-
ly added cmnamic acid 1s readtly fed through the phenyl-
propanoid pathway. however, leading to increased ac-
cumulation of intermediates and wall phenolics so may
not modulate these later enzymes [255, 257, 260] Tt does
however also have profound affects in switching off the
synthests of PAL and the enzymes CHS and CHI situa-
ted at the start of the flavonord branch pathway [258,
261] All these effects are probably dependent on the
state of the cells and 1t remains to be proven whether they
truly represent mechanisms mvolved in down-regulation
of phenolic metabolism in vivo These studies will prob-
ably requtre the production of regulatory mutants either
produced by selection, as has already been achieved
[261a], or DNA technology In relaton to the accumul-
ation of wall bound phenolics the 4CL enzyme also
represents a fine control point, for apart from consider-
able differences 1n specificity the activity of both hgases 1s
modulated by the relative levels of AMP and ATP [193]
Study of such control mechamsms as a model system has
mmportant consequences for the operation of secondary
pathways when biotechnological apphcations are desired
[261, 262]

Enzymes of ignin formation The two enzymes responsible
for the reduction of CoA esters to the corresponding
alcohols, cmnamoyl-CoA NADPH oxidoreductase
(E.C 12144 and a citnnamoyl alcohol NADP oxidore-
ductase (CAD E.C.111-) [263-267] show substrate pref-
erences for 4-coumaroyl-, feruloyl- and smapoyl-CoAs A
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c¢DNA has recently been obtained encoding the M,
40000 CAD from bean [268] using the heterologous ant:
(poplar CAD) antibody which has allowed investigation
of the induction kinetics of a enzyme spectfic to the lignin
pathway for the first ime The CoA reductase has also
been purified and has a subunit M, of 38 000 from poplar
[266] A ¢DNA coding for the CoA reductase has re-
cently been obtamned (Grand, C. personal commun-
cation),
Polymerisation Many types of crosslinkages both cova-
lent and noncovalent occur m the wall, of which hy-
drogen bonding, dependent on the water content, must
be the main cohestve force, especially between the poly-
saccharides. In the primary wall other non-covalent
bonds, 1onic-bonds and Ca’* bridges, may also contri-
bute substantially [9] Covalent cross-linkages such as
diferulolyl linkages, 1sodityrosine linkages, which are
found m primary and secondary walls. and m hignin of
secondary walls, profoundly effect the extensibility,
digestibility and adherence of cell walls [9] Following
lignification the water present in the growmg wall 1s
excluded and the matrix 1n which the cellulose microfi-
brils are embedded becomes hydrophobic producing a
composite which s rigtd [269]. Most of these cross-
linkages are thought to be synthesized extracellularly
under the action of peroxidase and controlled by the
availability of phenyl-linked wall polymers which may be
preformed to some extent within the endomembrane
system [270] and the supply of hydrogen peroxide Al-
though the activity of peroxidase i the wall 1s dependent
on specific 1Isoenzymes and may vary it does not however
appear to ever be rate miing There 1s also some
evidence that the availability of ascorbate, possibly
dependent on wall-bound ascorbate oxidase, may also be
a regulatory factor consistent with ts familiar role in the
chloroplast [271] Thus polymerization of lignin within
the wall takes place after oxidation of the hydroxycmn-
namyl alcohols to mesomeric phenoxy-radicals The half-
Iife of these free radicals 1s very short before they react
together to give hgnin and to form hnkages between
lignin and the polysaccharides of the wall [9, 272--274]
Some of these features can be demonstrated i titro

In contrast to the highly heterogeneous muxture of
C-C and C-O bonds generated 1n ignin formation, other
phenolic linkages found in primary and secondary walls
appear to be more specific The 1sodityrosine ether- and
diferulate biphenyl- hnkages, 1dentified by controlled
digestion of walls [9, 275, 276] occur within and between
spectfic macromolecules. Isodityrosine hinkages have
been identified intramolecularly m peptides whose se-
quence 1s homologous to extensin [122, 129, 130, 132,
277} Smce soluble HRGPs are rapidly msolubilised m
the wall 1t 1s thought that similar linkages may be genera-
ted intermolecularly n vivo [278]. However these have
not yet been identified. Attempts to generate such hnk-
ages n vitro with salt extracted HRGP precursor and
peroxidase lead to polymerisation of extensin precursors
to dumers at least and nsolubilizatton [130, 133.
279-281] but most of the linkages appear to be due to
dityrosine formation Diferulate linkages appear to be
mainly found between pectic fragments {9, 275] Esten-
fication of pectic arabinose residues by feruloyl-CoA
appears to take place intracellularly [133, 2827 and are
subsequently polymerised in the wall Although these
types of crosslinkages, which for diferulate occur about
once n every 100 sugar residues, are found within the
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growing primary wall the main cohesive force must still
be the hydrogen bonding allowing a flexibility to the
structure of the wall which depends on its most variable
feature, the water content.

In addition to lignin other hydrophobic encrustations
are found. Suberin is a complex polymer of long chain
fatty acids into which cinnamic acids such as ferulic and
p-coumaric acids are incorporated by covalent linkages.
The phenylpropanoids of suberin are less methoxylated
and more highly condensed than 1n lignin Polymeris-
ation of these aromatic components appears to be cata-
lysed by a wall bound anionic isoperoxidase [154, 283,
284]. The aliphatic component contains substantial pro-
portions of dicarboxylic acids but very little midchain
oxygenated monomers [285, 286] This differs from cutin
which origmates as C,4 and C, 3 w-hydroxy fatty acids
which are modified to 9, 10, 16, or 18 hydroxy- or epoxy-
derivatives. The aliphatic precursors of both polymers
are generated by analogous reactions [285, 286]. The
reactions specific to the hydroxylation of cutin include
those catalysed by cytochrome P450s for the 10-hydrox-
ylation, 9, 10 epoxide formation and the w-hydroxylation
[287-289]. Formation of the dicarboxylic acids of sub-
ern are catalysed by a spectfic dehydrogenase [290]

Mineralization such as sihicification is also found,
particularly amongst the grasses [291]. Although, de-
position of silicic acid or of a tropolone complex [292] 1s
believed to be non-enzymatic, 1t appears at the onset of
secondary wall formation [293] or 1n response to infec-
tion [294] and 1s therefore under developmental controls.
Initial mvestigations into these controls have been car-
rted out during the development of grass hairs [295] and
infection of bean [296].

Supramolecular aspects

It will be seen that the characteristic wall structure
1s dependent to a large extent on the type of matrix
in which the cellulose microfibrils are embedded. In
contrast to cellulose, which is synthesized extracellularly
[297, 298], the matrix precursor are synthesized,
transported and directed intracellularly [299-301]
to be assembled extracellularly. Therefore sites
of synthesis and mechanisms of transport constitute
essential control points. Precursors and matrix polymers
are synthesized within the endomembrane system, the
endoplasmic reticulum and Golgi apparatus and trans-
ported to the wall. In general, the capacity of plant cells
for synthesis and secretion of extracellular components is
more rapid than is often appreciated having a ¢,,, for
transit of between four and ten mun [128, 300, 302]
Indeed, recent structural studies suggest that the P face of
the plasmalemma can be in an extreme state of dynamic
flux with what are probably both exocytosing vesicles, as
products of endomembrane, and apparently endocyto-
sing vesicles, as products of the plasmalemma, planly
discernible [303-305, Hawes, C. R., personal communi-
cation]. It 1s only recently that the heterogeneity of such
vesicles 1s beginning to be understood with, for example,
the unequivocable demonstration of chathrin coated
vesicles characteristic of endocytosis 1n plant cells
[306-309]. The capacity for endocytosis has been
consistently unrecognised 1n plant cells and the discovery
of endocytotic vesicles may have important consequences
for understanding cell signalling as well as optimisation
of the uptake of desired macromolecules introduced arti-
fictally [305-311]. Similarly, the number of exocytosing
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vesicles at any one time will have importance for the
rapidity of cellular responses to stimuli so that the com-
position and amount of wall matenal deposited may be
dependent on the capacity for vesicle fusion. Also the
directed deposition of such vesicles, as demonstrated by a
number of electronmicroscopic and inhibition studies, 15
apparently dependent on the operation of the cytoskele-
ton, especially the microtubles, as 1s the alignment of the
cellulose microfibrils [312-318].

It has often been assumed that the sites of glycosyl-
ation and the operation of the endomembrane system 1s
similar to that extensively studied m animal systems
[146, 319, 320, 321] although some aspects of transport
and secretion have been challenged [322] Many aspects
of similar processes 1n plant cells are still to be resolved
[321] but 1t 1s assumed that deployment of newer techni-
ques such as immunogold localization will answer many
questions Thus, the localization of synthetic enzymes,
the site of synthesis and compartmentation within the
endoplasmic reticulum and individual Golgt cisternae
and the nature of the different types of transport vesicles
may be better understood soon

Most membrane-bound and probably all secreted pro-
teins are probably synthesised on membrane-bound r1-
bosomes and subjected to the constraints of molecular
recognition as to their subsequent fate and destmation.
Some of the vast problems 1n understanding these pro-
cesses may become clearer as the sequences of more of
these types of plant proteins become known In this way,
some of the leader sequences are now recognised for
secreted plant proteins of known and unknown function
[121, 122, 135, 179, 323-325] Knowledge of such se-
quences may have important consequences for genetic
engineering where gene products mtroduced mto trans-
genic plants are required to be directed into the apoplast;
for example chitinase or toxins [326] Recognition and
secretary mechanisms are generally presumed to be simi-
lar to secreted products in amimal cells but at the moment
little information 1s available on the processing of wall
proteins unlike those transported into protemn bodies and
other sites [90-104, 327] These latter glycoproteins are
also the best studied examples of the sites of locahization
of specific glycosylations

Rather less sophisticated studies have investigated the
sites of glycosylation of both wall-bound glycoproteins
and polysaccharides by the apparent locahization of en-
zymes activities assayed in 1solated membrane fractions
n vitro and 1n membrane fractions radioactively labelled
in viwo Thus although activity can be detected for poly-
saccharide syntheses in both endoplasmic reticulum and
Golgi apparatus, the bulk of the activity 1s confined to
the Golg1 mn vwo [58, 328]. Other similar studies on
enzyme activities involved in glycosylation of wall pro-
teins in 1solated membrane fractions have localized a
number of activities [139, 329, 330]. However, 1t 1s antici-
pated that use of antibodies specific for particular glyco-
sylated epitopes for immunocytochemistry will resolve
many of these questions unequivocably since endomem-
brane structures are defined by their appearance in the
electron microscope Development of such probes will
mcidentally aid specific 1dentification of 1solated mem-
brane fractions when they have lost much of their char-
acteristic morphology.

The site of synthesis of lignin precursors has long been
controversial since the idea of a membrane bound mul-
tienzyme complex was first suggested [331]. Part of the
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problem resides 1n the fact that although the oxygenases
are microsomal, the first enzyme of the pathway PAL 1s
usually 1solated as a soluble enzyme [191-1997 However
PAL may be associated with the endoplasmic reticulum
[332, 333] and at least 10% of immunoprecipitated PAL
subunits are of microsomal origin in bean (Bolwell, G P,
unpublished results) PAL has multiple forms, some of
which may be compartmentahzed [332-334] for function
in different pathways The synthesis of lignin precursors
can be associated with 1solated microsomal vesicles [335]
which may be derived from those actively mvolved n
transport to the wall by subsequent fusion with the
plasmalemma n the ntact cell Polymerisation of lignin
subsequently occurs 1n the wall Vacuolar phenolics may
also be transported from the ERR {336] Furthermore the
endomembrane may be the site of synthesis and the cell
wall site of deposition of non-glycosylated methylated
flavonoids [337].

One enzymatic activity defimtely associated with the
plasmalemma appears to be the synthesis of cellulose
[338,339] In this context, the underlying reasons for the
difficulties experienced in the 1solation of plant plasma-
lemma, which cannot be achieved in anything like the
purtty of amimal cell plasmalemma [340], resides, n the
author’s opinton, 1n the rapid state of dynamic flux of
plant plasmalemma described above. Besides bringing
about difficulties 1n mvestigating the synthesis of cellu-
lose this property also poses problems in the investi-
gation of putative cell surface receptors mvolved n vari-
ous recognition phenomena Cellulose microfibrils ap-
pear to be spun out from the plasmalemma mto the
matrix, the intimate mvolvement of the membrane being
graphically 1llustrated by the profound effect of perturb-
ations such as plasmolysis which lead to a switch over to
callose synthests [42] Through the observed changing
onentation of the microfibrils synthesis ts thought to be
directed by a moving enzyme complex, which may be
represented by the characteristic arrays of particles ob-
served 1n freeze-fractured plasmalemma and which itself
may be directed 1n some way by the orientation of the
mucrotubules This process has considerable importance
since 1t has been estimated that it 1s the mner 10% layer
of the cell wall that 1s most important for the physical
properties of the cell wall [341, Fry, S C, personal
communication] With the capacty for rapid vesicle
transfer this layer immediately overlying the plasma-
lemma has increased significance both for the exo-
cytosing wall modifying components and for a possible
mternahzation of putative signal molecules

Thus, vesicle fuston remams an mmportant cellular
event. It was studies on wall regeneration 1n protoplasts
and 1n plasmolysed cells together with observations of
the early fusion events 1n cell plate formation that has
shown that matrix polymers are deposited in the wall as a
result of vesicle fusion. As with animal systems [342] the
processes mvolved require both Ca?” and specific pro-
teins m 1nitial binding and subsequent fusion [321,
343-345] As yet there have been few direct studies 1n
plant cells on the stages mnvolved although putative fusi-
genic eprtopes have been 1dentified The involvement of
Ca” " 1s another example of the ubiquitous importance of
this 1on [346]. Recently there has been intense interest 1n
Ca’” mobilization during cell signalling part of which
may be mvolved i the mediation of fusigenic events
Other processes related to Ca?” mobilization may 1n-
volve other components of cell signalling such as the
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mositol phosphate pathways and protewn kinases, though
studies of such signal transuction pathways, so elegantly
worked out 1n animal systems, are still very much 1n therr
mfancy tn plants Tt remains to be demonstrated if plants
do indeed adopt similar mechanisms but as yet there 15
little convincing evidence that all these pathways lead to
gene activation 1n plant cells It may be that the plant cell
wall may hold the key to many aspects of signal trans-
duction which would be unique to plant cells

Controls

Both endogenous and external stimuli can modulate
profoundly ceil wall structure These include such stimuh
as endogenous or externally applied plant growth regu-
lators, mechanical stresses, electromagnetic radiation,
gravity, pathogenesis and the various brotic and abiotic
elicitor molecules some of which are probably mvolved in
recognition processes Many of these stimuli have target
sites 1n common and may tnvolve common pathways of
information transduction so 1t 1s useful to draw compari-
sons of their effects at the molecular level However 1t 15
important to note that where gene polymorphisms exist
each individual gene may be placed 1n a different regu-
latory ctrcuit so that although the same modified func-
tronal entity 1s produced 1t may represent a differentially
synthesised 1soform

A picture 1s emerging of a relative if not unidentical
basis to many of the changes observed in response to
differing stimuli that 1s now beginning to be rationahized
With a few notable exceptions the underlying basis to
most of these changes resides in processes of gene acti-
vation de noto The recognition of gene cxpression as the
basis to these types of responses in plant cells has come
from the deployment of 2D gel analysts and recombinant
DNA techniques to identify newly synthesized mRNAs
coding for both known and as yet umdentified gene
products

Growth and plant growth regulator action The re-
lationship of auxin action to the induction of growth and
1ts accompanying changes in the primary cell wall has
long been a subject of intense study and led for example
to the ‘acid growth’ theory, and 1ts subsequent modifi-
catton [325, 347} A wide range of earher studies
including measurement of changes in the total RNA
population and inhitbitor studies indicated that cell
elongation may be mediated by auxin-regulated gene
expresston [325] Studies deploying the newer technolog-
1es [325, 349-353] have shown that a number of RNA
species accumulate, some after only 5-30 mun, after auxin
application to a variety of tissues A number of these
genes have now been sequenced but as yet no function
has been ascribed However, two auxm regulated genes
from soybean, which appear to be related. contamn re-
peated PPVYK sequences [325] which whilst differing
from extensin are similar to a related transcript identi-
fied earhier [120] It has therefore been speculated
whether these proteins are destined for the cell wall as
post translationally modified HRGPs. which are func-
tional during later cell differentiation and maturation
Although premature, 1t may well be that alterations in
the expression of genes encoding cell wall proteins by
auxin 1s important in these transitions

A number of enzyme activities related to cell wall
modification have been shown to be modulated by auxin
action In many different tissues the composition of the
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pectin changes during development and this can be
modified, particularly the synthesis of arabinan, by the
application of auxms [353-357]. But it 1s 1n the hemucel-
lulose composition of the primary cell wall that profound
and perhaps most significant changes as regards aspects
of control take place Thus during auxmn-induced
cell elongation 1n pea increased xyloglucan and f (1—4)

glucan synthase activities occur while endof
(l—nd\a]nr‘nnacf- activitv 1ncreages 1h the wall rm 62,
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358] It 1s not yet known whether the basis of the changes
1 activity reflect protein synthesis de novo The major
target site for the glucanase activity 1s thought to be the
xyloglucan and thus promotes wall loosening leading to
growth under turgor and also to the production of xy-
loglucan nonasaccharide As far as the reguiatory action
of oligosaccharides 1s concerned, the case for the nonas-
acchartde acting as antiauxin s extremely strong
[182-185] so that a self-regulating system of auxin-
mduced cell elongation being counteracted by the subse-
quent production of the antiauxin from the cell wall may
be constituted [181].

There is httle information of the effects of gibberellins
on individual wall components [359, Graebe, J., personal
communication] although they too promote cell expan-
sion expressed mn terms of wall exten51b111ty [360, 361]
However, gibberellic acid supressed peroxidase secretion
and may aid cell expansion through prevention of cross-
linkages in the wall [9, 180, 362]. Gibberellic acid-treated
cells may also secrete pectins [180] so 1t will be interest-
ing to determine whether target molecules differ sub-
stantially from those in auxin-treated cells undergoing
cell expansion.

As yet there is little understanding of the signal trans-
duction processes involved n the action of these growth
regulators although putative receptors have been 1dent:-
fied and localized At the moment, the evidence for these
1s largely circumstantial It 1s a major challenge to eluci-
date the intervening processes leading to gene activation
some of which, such as the proven targets for auxin
action, are involved 1n wall modification. Development
of Agrobacterium vectors leading to constitutive produc-
tion of auxin or cytokinin with the subsequent activation
in transgenics offer an exciting approach to identifying
these genes [Schilperoort, R and Grand, C, personal
communications]

Differentiation Similar considerations of the nature of
the control mechanisms apply to the changes in response
to differing stimuli which are described subsequently.
Thus, understanding the molecular events mvolved
plant cell differentiation 1s a major goal of modern bi-
ology Changes in the components of the cell wall are a
feature of this differentiatton. During the transition from
primary to secondary wall synthesis there is a marked
shift 1n the synthesis of the differing species of poly-
saccharide broadly characterized by the cessation of pec-
tin deposition and the enhanced deposition of hemicellu-
lose and a-cellulose together with the onset of lignifi-
cation [269] The type of pectin, hemicellulose and lignin
monomers accumulated is species-specific and within a
spectes, of course, the range of cell types, often classified
on the basis of wall morphology, 1s considerable [69].
Many differentiated cell types will contain characteristic
combinations of these species-specific wall polymers
Faced with this immense complexity of cell types the
most accesstble differentiating tissue system 1s probably
that assoctated wrth vascular differentiation and most
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notably the process of xylogenesis which has been the
subject of previous monographs [363, 364]. Some of
these studies have documented the changes in enzyme
activities associated with the synthesis of wall compo-
nents in differentiating cambial tissues. In sycamore, 1t
has been shown that as the cells differentiate there are
large increases 1n levels of PAL and xylan synthase

activities accompanied by losses in polygalacturonan
cvnthacp activity ['57, 801 While in Pinus sylvestris, where
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the major hemlcellulose 15 a glucomannan, large m-
creases associated with cambial differentiation are obser-
ved for the glucomannan synthase system [78]. It 1s
thought that these increases are brought about by enhan-
ced gene expression in response to growth regulator
action Similar studies on differentiating tissues such as
hypocotyls have shown increases in activities of enzymes
mvolved in hemicellulose synthesis accumulated during
stages of differentiation of vascular tissue along the
growth axis [60, 61, 70].

Valuable nsights into the interaction of plant growth
regulators resulting 1n the characteristic changes in wall
composition, especially with regard to lignification, have
come from studies of differentiation in tissue-cultured
cells often as part of studies of morphogenests in general.
Reprodumbly high levels of cytodlﬂ"erentiatlon have been
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achieved for a Varicty of Sysi€ms such as isolated cells,
especially from Zinma, [365-369], explants [370-373],
callus cultures of both dicotyledons and monocotyledons
[374-376], and suspenston cultured cells [377-380] Tis-
sue cultures have proven good model systems especially 1f
mmduced changes still occur with the same timing and
magnitude as 1n developing mntact tissues then there 1s no
compelling reason to suppose that the basic controls
differ between the two systems. Although the combi-
nation of plant growth regulators used for the induction
of differentiation is arrived at empirically, as a general
rule 1t 1s brought about by a depletion of auxin 1n the
medium which is often supplemented with a relative
mcrease mn exogeneous cytokinin and the provision of a
carbohydrate source usually sucrose The auxin most
commonly used to induce meristematic, activity 1s 2,4-D
which is more slowly metabolized than IAA or NAA and
1s therefore more active in maintaining the undifferentia-
ted state. A number of studies have demonstrated loss of
polypeptide species as analysed on 2-D gels and these
may be associated with regeneration potential. In any
case, depletion of endogenous 2,4-D on transfer to a 2,4-
D-free medium 1s probably an absolute prerequistte for
morphogenesis which is inhibited by retention of this
growth regulator The action of cytokinin is also modi-
fied in long-term cultures which may become habituated
[381] leading to a loss of morphogenic potential [382] A
deeper understanding of these phenomena 1s of great
importance 1n elucidating the control of gene expression
during differentiation.

Molecular studies have concentrated on the synthesis
of spectfic RNA and protein species associated with
differentiation. At present a number of specific proteins
that are dependent on growth regulator treatment may
be resolved by two-dimensional PAGE [347, 348, 383]
Such studies illustrate the subtlety of the differentiation
process since no extreme shifts in patterns of synthesis
tend to be observed unlike for instance during patho-
genesis (see below). The study of selective gene expression
is probably best served by looking at specific markers.
Many of these markers for differentiation remain func-
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tionally umdentified and there have been few develop-
ments of probes (antibodies and cDNAs) with respect to
differentially regulated proteins of known function

In contrast, the characteristic changes in enzyme
activities associated with growth and vascular differen-
tiation 1n tissue cultures have been documented. Thus
Increases In enzyme activities associated with pectin syn-
thesis are observed during the periods of growth and cell
diviston during the cell cycle [354, 3797 In nondifferen-
trating cultures the characteristic changes observed 1n
relation to the cell cycle have been accurately mapped in
a synchronous culture. Here most of the accumulation of
glucan polymers occurs during G1 preceded by the
necessary metabolic activity [54, 118, 135, 384, 385]
Transfer to morphogenic media induces xylan synthase
activity associated with secondary wall formation during
xylogenesis [375, 3797 Although results of preliminary
expermments suggests these changes may be due to de
novo synthesis and possibly reflect gene expression this
has not yet been demonstrated rigorously Unlike matrix
polymers no information 1s yet available on the control of
cellulose synthesis during differentiation In contrast to
polysaccharide synthesis, more 1s known about the n-
duction of lignification where increases in the individual
activities of the pathway from shikimic acid to ignin and
specific 1soenzymes of peroxidase have been documented
to varymg degrees 1n many different systems Although
perhaps not as rigorously demonstrated as 1n the re-
sponses to other stimuli, increases in activities of PAL
and 1soenzymes of 4-coumarate ligase during differenti-
ation probably reflect mncreased gene expression [374,
375, 377-380]

These aspects of differential gene expression are crucial
to the development and maintenance of specific cell
types The transcriptional control mechanisms mvolved
in establishing these developmental states still remain
elustve as regards the mterplay of plant growth regulator
actron that promotes them One way in which the cell
wall might be mtimately involved m control of morpho-
genests might be in the provision of oligosaccharins that
regulate morphogenesis Thus, an ohgogalacturonide
isolated from primary walls of suspension cultured syc-
amore cells can bring about modulation of apparent
auxin and cytokinin action during tobacco callus mor-
phogenesis [186] These fragments like the xylogiucan
nonasaccharide may hold the key to many aspects of
plant cell signaiiing 1f they could be demonstrated mn vivo

Stress and ethylene Environmental factors such as
hght, temperature, water relations or mechanical con-
straints can also have considerable influence on wall
components The effect of light on etiolated seedlings 1s
an obvious example but the changes n the wall compo-
nents that ensue are, of course, part of the general devel-
opmental programme of growth and differentiation trig-
gered during photomorphogenesis, a subject too complex
to be treated here The induction of the phenylpropanoid
pathway by hght is of course very well documented and
under hght stress conditions (high or low intensity white
hght or UV light) the products tend to be channelled into
the formation of protective flavonoid compounds [193]
Similarly, although many of the effects of temperature
shock are beginning to be elucidated at the molecular
level [386], none has yet been shown to be related to the
synthesis of wall components Although water deficits
have profound effects of cell wall synthests and cell
enlargements and also on the levels of hgnin precursors
and other secondary compounds no clear relattonships
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have been established and most studies relating to the
wall have been physiological [387] Also, for osmotic
stress extensive investigations have been directed to par-
ameters such as respiration, accumulation of low M,
compounds and [ipid metabolism and other than treat-
ments leading to plasmolysis, few studies have deter-
mined the direct effects of inciprent water stress on wall
metabolism Under extreme conditions of plasmolysis
mcorporation of sugars other than arabinose into newly
synthestsed polysaccharides 1s decreased [388] A protein
which by virtue of its hydroxyproline content may be
related to wall-bound proteins accumulates 1 salt stres-
sed cells [127] In contrast, the effect of mechanical
constraints as regards the synthesis of cell wall compo-
nents have been well characterized at the biochemical
level Thus a constant mechanical perturbation sumu-
lates the directed deposition of callose. the tigmotropic
response [389] Callose synthesis is also a feature of
wounding [41] and smce wounding has many features in
common with pathogenesis, which also presents addit-
1onal aspects of control, both are discussed in more detail
below The whole subject of the effects of wounding on
plant cells has recetved some attention and much of the
biochemustry of the responses 15 now well understood
[390--392] However. here too 1t 1s the mechanisms of
signal transduction that lead to increased gene expres-
ston remain elusive, other than to believe they may be
related to depolanizatron phenomena exhibited by dam-
aged cells [393-396] In contrast, signal transduction at
the molecular level 1n response to wounding monolayers
of anmmal cells 1s beginning to be understood [397. 398,
Jones, D, personal communication]

Besides the stimulation of callose synthests. wounding
also effects the synthesis of other wall components and
these are classically associated with the production of
ethylene [399-402] A large number of metabolic activi-
fies are stimulated 1n response to wounding these include
the general gross responses of regeneration of mem-
branes, enhanced respiration, protein synthests, stimu-
latton of secondary pathways and changes in growth
regulator activity and 1n some cases cell division
[390-392] Cell walls are regenerated at the wound stte
with enhanced deposition of lignin- or suberin- ke ma-
terials and HRGPs The underlying basis of these chan-
ges, with the exception of the synthesis of wound callose.
appears to reside mn de novo gene expression However, once
agam 1t 18 important to emphasise that differential gene
expression mediated by different regulatory circuits m re-
sponse to each stimulus where gene polymorphisms occur
may well be operating Thus stimulation of the transcrip-
tion of PAL, for example. by wounding or elicitor action
may mvolve differential expression of the different genes
especially 1n relation to the timing of the responses

Although a direct role for ethylene 1n disease resistance
1s controversial there 1s abundant evidence for a role 1in
the transmission of the wounding response Ethylene
stimulates general mRNA and protein synthesis and
modulates the leve] of specific transcripts [403. 404)]
Thus simular transcripts of specific HRGPs can be m-
duced by wounding and ethylene, translated and proc-
essed, although subtle differences in the range produced
may be observed [120 122, 405] Ethylene also brings
about a cessation mn xyloglucan deposition through loss
in f-glucan synthase and xyloglucan synthase activities
though unlike auxin treatments no enhanced endo f§
[1—4]glucanase activity 1s observed [61. 62] Other hy-
drolases are synthesized however Thus the differential



Synthess of cell wall components: aspects of control

synthesis of specific hydrolases occurs either in wounding
or under conditions of terminal differentiation such as
abscission or fruit ripening. Ethylene generally stimulates
transcription of chitinase probably as a defense response
which interestingly may also be observed at abscission
zones [170-173, 406]. Enhanced transcription of poly-
galacturonase genes 1s particularly well documented 1n
ripening tissues [ 164, 179] and f [1-3] glucanases show
enhancement by ethylene action [166, 407]. This may
involve transcription of specific isoforms of a variety of
hydrolases at abscission zones [cf. 408). Although ethyl-
ene stimulates the accumulation of many specific
mRNAs there is as yet no clear picture of the mechanisms
1nvolved, the putative receptor and the subsequent signal
transduction mechamsm The mechanism of response
coupling of the mitial stumulus to ethylene production also
remains elusive but 1s crucial for understanding such
processes of commercial importances as ripening, sen-
escence of flowers and leaves and abscission.

Pathogenesis and elicitor action. Although the involve-
ment of the plant cell wall in adherence is a matter of
conjecture [409], following binding of a pathogen to the
plant cell surface, a series of characteristic changes 1n the
host cell wall appear immediately underlying the infec-
tion site. A number of electron microscopic and cyto-
chemical studies have revealed the similarity of these
papilla-like and other structures below the site of spore
or penetrating hyphae in many diverse families of dico-
tyledons and in monocotyledons, particularly the Gram-
ineae [410-413] Similar encrustations of wall materials
have been observed in vascular tissues where these are
target sites for pathogens. These studies suggest a cailose-
like polysaccharide material 1s usually deposited which
becomes progressively encrusted with hydrophic or lypo-
philic material which in general appears to be both
glycoprotemaceous and lignin-like. In some species,
especially those of the Solanaceae the complex lipid-
phenolic, suberin is deposited at the site [285] These
changes, although more localized, resemble those found
as a general wounding response but other components,
intimately linked to disease resistance, must occur in
addition to the recognition phenomenon. Understanding
the highly localized wall reaction, probably linked to the
hypersensitive response following the mitial recognition
event, indicates that synthesis of wall components may be
of fundamental importance to disease resistance. Al-
though patently a component of plant disease resistance
many of these characteristic wall changes would not be
expected to represent direct products of resistance genes
per se since these changes are represented in both re-
sistant and susceptible interactions where the timing of
their appearance differs.

The deposition of‘callose is an early event in these
mteractions, The phenomenon is widespread, being ob-
served not only in microbral attack but also, as described
above, during mechanical stimulation, wounding or dis-
ruption of the plasmalemma-wall interface, which can
also occur during normal cell development such as in
sieve plate formation in phloem. Callose formation can in
fact precede the characteristic ethylene production seen
n some of these phenomena. While the evidence accumu-
lating points to many responses involving changes in the
patterns of the synthesis of wall components having an
underlying basis in gene activation, with possibly some
element of post-translational modification, deposition of
caliose appears to be an exception. Thus callose forma-
tion in suspension cultured cells of soybean, in response
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to membrane perturbations brought about by elicitor
action, is due to stimulation of f(1—3)glucan synthase
activity which possibly represents a modulated activity of
the cellulose synthase system, and may be coupled to an
influx of Ca2* ions across the plasmamembrane [41, 119,
414, 415]. Wall-bound enzymes such as acid phospha-
tases can also be activated by Ca2* 1ons [416] and
secretion of peroxidases [417] or of pectic fragments by
plasmolysed cells [418] are Ca?* dependent so that
Ca?* fluxes may therefore play an essential part
establishment of changes in wall structure stimulated by
pathogenesis. Whether such 1on-fluxes can be coupled to
some mechanism leading to gene activation, perhaps as a
second messenger, requires further exammation.

In addition to these activation mechanisms the infec-
tion of hypocotyls of cultivars of Phaseolus vulgaris with
comdia of different races of Colletotrichum lindemuth-
ianum, for example, causes marked coordinated increases
in the rates of synthesis of PAL and other enzymes of
phytoalexin production as measured by in vitro trans-
lation and for PAL and HRGPs as measured by blot
analysis [203, 237, 419, 420]. Incompatible responses are
characterized by early accumulation of these mRNAs
and a hypersensitive response; during compatible in-
teractions there is no early response but rather a later
accumulation of mRNAs associated with phytoalexin
production during attempted lesion limitation. These
types of study indicates that specific accumulation of
defence related mRNAs 1s an early component during
race-cultivar specific interactions and that signal trans-
mussion occurs to pre-activate defence genes m hitherto
uninfected cells. Expression of these genes leads sub-
sequently to the accumulation of HRGPs and lignin-like
phenols at the infection site. In many ways the modified
nature of these materials compared to the related struc-
tures usually accumulated resembles the transition from
net cellulose to callose synthesis occuring during the
perturbation of the plasmamembrane. The modified
nature of phenolic material might be explained perhaps
by premature exposure of phenylpropanoid precursors
to phenolases and peroxidases as a result of membrane
disruption leading to free radical formation of species
other than lignin alcohols. These might react with other
polymers before deposition. It is apparent that during the
hypersensitive reaction target cells experience highly dis-
turbed metabolism leading to the production of numer-
ous highly reactive free radicals including superoxide
anion [421-423] Similarly abnormal metabolites pro-
duced by wounded cells can also act as attractants for
pathogens and inducers of virulence genes [409].

Use of tissue cultures of, for example, parsley, soybean
or French bean treated with elicitor molecules, derived
from pathogens, also exhibit many of these changes 1n
wall components found 1n the intact interaction, though
accumulation of components would not be expected to
show the localized deposttion found 1n the intact interac-
tion. Mechanisms of gene activation have been indicated
to varying degrees of technical sophistication for in-
creases 1n activity of PAL [202, 203, 419, 424-429],
probably cmnamate-4-hydroxylase, 4-coumarate ligase
[202, 428, 429], cinnamyl alcohol dehydrogenase [268]
mn hgnin-like synthesis, and prolyl hydroxylase [143],
probably arabinosyl transferase [107], and various forms
of proline-rich precursors [128, 419, 420, 430, 431] 1n
HRGP synthesis. The hydrolyases. chitinase and S
[1—3]glucanase [326, 426] are also induced but 1t is not
yet known whether they are targeted into the wall These
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mcreases occur alongside species-specific increased gene
activation mvolved in phytoalexin accumulation [419,
4244297, pathogenesis related protems [432, 433] some
of which are now known to be 1soforms of chitinase
[Scheel, D., personal communication], and i the intact
situation, protease nhibitors [4347T and ethylene produc-
tion [434, 435] Detailed studies of the timing of such
responses have been made to attempt to discover puta-
tive causal links 1in order to understand the basis of
disease resistance Although transcript run-off exper-
iments have established that gene activation can occur
within 30 min of addition of elicitor to suspension cul-
tured cells 1t 1s now generally considered that genes
conferring true resistance encode products mvolved in
mitial recognition events Attempts have been made to
isolate specific cell surface receptors that bind elicitor
molecules and one such putative interactton has been
described [436] Elicitor molecules may be hydrolytic
products of fungal or host cell wall [410. 437, 438] The
vartety of elicitor molecules 1s ever increasing and n-
cludes examples of oligosaccharides, lipids and proteins
or glycoproteins However, it seems difficult to envisage
how, faced with such mherent varety, resistance and
susceptibility could artse from coevolved receptor-ligand
interactions as has been postulated With such a diversity
of stimuli giving rise to stmilar changes in wall compo-
nents which can be highly localized, a perturbation of an
endogenous self-recognition process n the form of con-
tinual mterplay between wall and protoplast could be an
alternative basis of some of these responses Certamly the
actton of these molecules in bringing about rapid mem-
brane depolarisation events based upon multiple 10n-
fluxes [439-441] as seen tn both the cell culture and in
mfection sites could be symptomatic of a general mem-
brane response involving many parameters rather than
due to a particular target receptor Such a perturbation
would be immediately fed back through the endomem-
brane system rapidly generating a number of novel com-
pounds or leading to an abnormal accumulation of ma-
tertal which could act as signals The response coupling
mechanisms leading to gene activation remain obscure,
however, but are currently an area under intensive 1n-
vestigation These may be related to the types of
signalling mechanisms known to lead to gene activation
mn animal cells, such as in responses to growth factors or
during the Ca?* ion mflux stimulated activation of C fos
oncogenes On the other hand, as yet umdentified modes
of inter- and ntracellular communication may be indi-
cated One study for example imphcates direct nuclear
targetting of fungal-derived elicitor [427] Such a mech-
anism has become more feasible with the establishment
of a rapid endocytotic pathway in plant cells Armed with
probes to study early events 1n gene activation and with
the acquiston of sequences for cis-acting controlling se-
quences functional analysis at the gene level becomes
feasible, possibly leading to the identification of the puta-
tive trans-acting factors Signal transduction mechanisms
may then become less intractable, but will probably
require absolute 1denttfication of the elicitor molecules
actually acting in vwo. Some of these molecules are
thought to be products of the host cell wall [409, 437,
438] Thus although ohgogalacturonide fragments pro-
duced from 1solated walls were first identified as inducers
of protease mhibitors or phytoalexins they are also ca-
pable of ehciting changes i host wall components

(Murphy, D . personal commumcation). Although. one.
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difficulty in explaining their action 1n the plant has been
noted [442] at the cellular level they are certanly effec-
tive in a number of systems. Their mode of action can be
synergistic with other elicitors [443] and a number of
studies point out differences, possibly temporal. in elici-
tor action in the differential activation of refated genes
The action of microbial hydrolases specific for pectin
degradation 1s also thought to bring about resistant
responses through the production of pectic fragments
[444] Application of these enzymes brings about rapid
1on fluxes [445] The similarity of the range of responses
1n the type of product molecule induced to all these many
different primary stimuli as regards synthesis of wall
components 15 of course striking However, since the
responses are not 1dentical in timing and stte of depostt-
ton 1t must mean other controls must operate mn some
extremely subtle way and the very essence of non-self
recognitton still remains obscure

CONCLUSIONS

The whole area of plant cell wall metabolism offers an
exciting challenge since 1t requires an understanding of
molecular events at all levels of orgamisation Thus, n-
creases in our knowledge are unlikely to be brought
about by application of single technologies due to the
complex modifications and interactions that contrive to
assemble and change the extracellular matrnix Yet 1t 1s
now realised that these dynamic properties are funda-
mental to the adaptability of the individual cell and to
the exchange of information with the environment,
addition to the structural role played by the plant cell
wall Thus these properties deserve to be explored, parti-
cularly as plant science moves 1nto a new age In the area
of molecular biology, where the search for regulated gene
products accelerates, 1t 1s becoming apparent that many
of the earliest genes induced 1n response to a wide variety
of stimulr are mvolved 1 the modification of existing wall
structures Although the mechanisms of signal transduc-
tion remain obscure, wall products can act as signal
molecules Thus 1t 1s obvious that the cell wall 15 1n-
timately involved as part of the ‘sensing’ of the environ-
ment and 1n ‘responding’ through the ensuing changes It
1s striking how many of these changes. both during
normal development and under conditions of stress, have
many similarities However the subtle differences obser-
ved suggest additional controls operate both at the mole-
cular and supermolecular levels Identification of the
signal transduction pathways and mechanisms of gene
switching together with the post-translational aspects of
protein function, mcluding the synthesis of polysac-
charides, remain the greatest challenges If some genes
mvolved 1n cell wall synthesis join the ranks of those
suttable for transformation studies as a view to possible
genetic engineering, for example, of disease resistance,
then all the aspects of subsequent processing should be
recognised

Acknowledgements—1 am indebted to all those cited as personal
communication, whose contribution through discussion 1s ob-
vious. Additional discussions with Dr D P Delmer, Prof F
Durst and Dr J Ebel have been most enlightening I thank
especially Profs I E Varner, L C Fowke. G A MacLachlan,



D G

Synthesis of cell wall components aspects of control

Robinson, M. T Esquerré Tugayé, C I Lamb and Dr

C T. Brett for generously providing reprints and preprints. I
dedicate this review to Prof D. H Northcote who introduced
me to the whole field of plant cell wall metabolism

1
12

13

14.

15

16

17

18

19

21

23

24.
25

26

27

REFERENCES

Goldberg, R B (1986) Pl Trans. R Soc Lond. B. 314,
343

Darvill, A, McNeil, M. Albersheim, P (1980) in The Bio-
chenustry of Plants Vol. 1 (Tolbert, N. E. ed), p 91.
Academic Press, New York.

. McNeil, M, Darvil, A G Aman, P, Franzen, L. -E and

Albersheim, P. (1982) Meth Enzymol 83,3

McNeil, M, Darvill, A G, Fry, S. C and Albersheim, P
(1984) Annu Rev Biochem. 53, 525

Darvill, A G, Albersheim, P, McNeil, M, Lauy, J M,
York, W S, Stevenson, T T., Thomas J, Doares, S,
Gollin, D J, Chelf, P and Davis, K (1985) J Cell Sc1
Suppl 2, 203

Selvendran, R R (1985) J Cell Sci Suppl 2, 51.
Selvendran, R R., Stevens, B ] H and O'Nell, M A
(1985) The Biochemustry of Plant Cell Walls (Brett, C T.
and Hillman, J R, eds), p 39 Cambridge Universtty Press,
Cambridge

York, W S, Darvil, A G, McNeil, M,, Stevenson, T. T.
and Albersheim, P (1985) Meth Enzymol. 118, 3.

Fry, S. C. (1986) Annu. Rev Plant Physiol. 37, 165

. Vian, B, Brillouet, J. M. and Satiat-Jeunemaitre, B. (1983)

Biol. Cell 49, 179:

Ruel, K. and Joseleau, J P (1984) Histocherustry 81, 573.
Vian, B. (1986) in Biwology and Molecular Biology of
Plant—Pathogen Interactions (Bailey J A, ed)p. 44. NATO
ASI Series, Plenum, New York

Roberts, K, Phillips, J, Shaw, P, Grief, C and Smith, E.
(1985) in Biochemistry of Plant Cell Walls (Brett, C J and
Hillman, J R, eds), p 126 Cambndge Umiversity Press,
Cambnidge.

Moore, P J,, Darvill, A G, Albersheim, P and Staehelin,
L A (1986) Plant Physiol. 82, 787

Moore, P. J and Stachelin, L A (1985) Plant Physiol
Suppl 84, 41

Preston, R D (1974) The Physical Biology of the Plant Cell
Wall Chapman & Hall, London

Neville, A C, Gubb, D C and Crawford, R M (1976)
Protoplasma 90, 307

Roland, J C, Vian, B and Reis, D (1977) Protoplasma 91,
125

Vian, B. and Roland, J. C (1986) Protoplasma 131, 185

. Quatrann, R, S Grffing,. I R Hnher-Walchll,, V. and

Doubet, R S (1985) J Cell Sci. Suppl 2, 129

Quatrano, R. S., Gnffing, L R, Huber-Walchli, V and
Doubet, R S (1986) in Cell Walls ‘86 (Vian, B, Reis, D. and
Goldberg, R, eds), p. Z6¢ Universite Pierre et Mane Curie,
Paris

Goaodenaugh,. 1. W Gehhart,. B Mecham, R. P and
Heuser, J E. (1986) J Cell Biol. 103, 405.

Hayashi, T., Marsden, M P F. and Delmer, D. P
(1987) Plant Physiol 83, 384

Lennarz, W (1983) Meth. Enzymol. 98, 91

Schachter, H, Narasimhan, S, Gleeson, P and Vella, G
(1983) Meth. Enzymol 98, 98

Kornfeld, R. and Kornfeld, S (1985) Annu. Rev Biochem.
54, 631

Kragg, S. (1985) Curr Topics Membr. Transp. 24, 181,

28

29.

30.

31

32

33

34.
35.

36.

37

38

39

40.
41

42.
43

45

46

47.

48.

49

50

51.

R

53

54

hh

56.
57

58

59

60.

1247

Delmer, D.. P Benziman, M., Klemn, A_ S Bacc, A,
Mitchell, B.,, Weinhouse, H., Alony, Y and Callaghan, T
(1983) J. Appl. Polymer Sci. 37, 1

Camurand, A., Toressian, K, Hayashi, T and McLachlan,
G. (1985) Can. J Botany 63, 867

McLachlan, G. (1985) in Biochemstry of Plant Cell Walls
(Brett, C T. and Hillman, J. R, eds). p 199 Cambndge
University Press, Cambnidge.

Elbein, A. D. (1979) Annu. Rev. Plant Physol 30, 239
Lehle, L and Tanner, W (1983) Biochem Soc. Trans 11,
568

Chnispeels, M J (1985) Oxford Surveys of Plant Molecular
and Cell Biology 2, 43.

Callaghan, T. and Benziman, M (1984) Nature 311, 165
Durr, M., Bailey, D S. and McLachlan, G. (1979) Eur J
Biochem. 97, 445.

Franz, G. and Heiniger, H. (1981) 1n Encyclopaedia of Plant
Physiol New Senies Vol 13B, p 47. Springer, Berlin
Delmer, D P. (1983) Adv Carbohyd Chem Biochem 41,
105.

Delmer, D. P, Thelen, M. and Marsden, M. (1984) in
Structure, Function and Biosynthesis of Plant Cell Walls
(Dugger, W M and Bartnicki-Garcia, S, eds), p 133
Waverley Press, Baltimore.

Delmer, D P., Cooper, G, Alexander, D, Cooper, J,
Hayashi, T, Nitsche, C. and Thelen, M (1985) J. Cell Sa
Suppl. 2, 33.

Jacob, S R. and Northcote, D H. (1985) J Cell Sci. Suppl
2,1

Kauss, H. (1985) J. Cell Sc: Suppl 2, 89

Northcote, D. H. (1986) J Cell Sai Suppl. 4, 115

Meier, H., Bucks, L. Buchala, A. J and Homewood, T
(1981) Nature 289, 821.

. Pillonel, Ch and Meier, H. (1985) Planta 165, 76

Read, S. M., Thelen, M. P and Delmer, D P (1986) 1n Cell
Walls ‘86 (Vian, B, Reis, D. and Goldberg, R eds), p 308
Universite Pierre et Marne Curie, Pans

Thelen, M. P and Delmer, D. P (1986) Plant Physiol 81,
913

Wasserman, B and MacCarthy, L. (1986) Plant Physiol. 82,
396.

Delmer, D. P. and Read, S M (1986) in Cell Walls *86
(Vian, B, Reis, D. and Goldberg, R , eds), p 312 Universite
Pierre et Mane Curie, Paris

Read, S M. and Delmer, D P (1987) Plant Physiol. (1n
press)

Sloan, M E., Eiberger, L L. and Wasserman, B P (1986)
Plant Physiol Suppl 80, 159

Eiberger, L. L. and Wasserman, B P (1987) Plant Physiol
83, 982

Vander. Wande, W, 1 Lembh, C A and Maorre 1D
Biochem. Biophys Res. Comm 46, 245
Montague, M J and Ikuma, H (1978) Plant Physiol. 62,
391

Amino, S., Yoshthisa, T. and Komamine, A. (1985) Plant
Cell Physiol 65, 67

Bailey,. R. W. Hassid, W Z (1966). Prac Natl. Acad Sci
USA 56,1586

Odzuck, W. and Kauss, H. (1972) Phytochenustry 11, 2489
Dalessandro, G. and Northcote, D H. (1981) Planta 151,
53.

Boiwell, G. P. and Northcote, D. H (1983) Biochem J. 210,
497

Villemez, C L. and Hinman, M B (1975) Plant Physiol
Suppl. 56, 15.

Ray, P M. (1980) Biochim. Biophys Acta 629, 431

1(1972).

N



1248

al.

64

65

6h

67

68

69

70

77
78

79
80
81
82
83
84
85
86
87
88
89

90
91

92
93

94.

95

96

97
98

G P BOLWELL

Hayash,. T and Macl.achlan, G (1984). Plaps. Physnl. 76,
739

Hayashi, T and MacLachlan, G (1986) in Cellulose Struc-
ture, Modification and Hydrolysis (Young, R A and
Rowell, R M. eds), p 67 Wiley, New York
Hayashi, T, Kato, Y and Matsuda, K (1980). Plant. Cell.
Physiol 21. 1405

Hayashy,, T Kata, Y and Matsuda, K_ (1981)..J Biochem.
89, 325

Hayashi. T and Matsuda, K (1981) Plant Cell Physiol
22, 1571

Hayashi. T and Massuda,. K. (1981). .1 Binl. Chem. 256,
1117

Hayashi, T, Nakapma, T and Matsuda, K (1984) Agric
Binl Chem 48 1023

Campbell, R M, Waldron, K W and Brett, C T (1986)1n
Cell Walls *86 (Vian, B, Rets, D and Goldberg, R, eds),
n 202 Umversite Pierre et Marte Cune, Pans

Waldron, K W and Brett, C T (1985) in Biochemustry of
Plant. Cell Walls.(Brett, C T and Hillman,J R eds), p. 79
Cambrnidge University Press, Cambridge

Waldron,. K. W and. Brett,. C. T (1983). Biochem. J 213,
115

I Elbemn,, A D and Hassid,, W Z. (1966). Biochem. Biophys

Res Comm 23, 311
Elbemn, A D (1969) J Biol. Chem 244, 1608
Heller I S and Villemez.C L, (1972). Biochem. 1 128,243

. Heller,J S and Villemez, C L (1972) Biochem J 129, 645

Villemez, C L (1974) Arch Biochem Biophys 165, 407
Hinman, M B and Villemez, C L (1975) Plant Physiol 56,
608

Brett, C T (1981)J Exp Botany 32, 1067

Dalessandro, G, Piro, G and Northcote, D H (1986)
Planta 169, 564

Villemez, C L, Lin, T-Y, Hassid, W Z (1965) Proc Natl
Acad Sct US A 54, 1626

Bolwell, G P, Dalessandro, G and Northcote, D H
(1985) Phytochenustry 24, 699

Cumming, C M and Brett, C T (1986) in Cell Walls "86
(Vian, B Reis, D and Goldberg, R, eds), p 360 Universite
Pierre et Marie Curie, Paris

Bolwell, G P and Northcote, D. H (1984) Plania 162, 139
Lang, W C (1982) Plant Physiol 69, 678

Hayashi, T and MacLachlan G A (1984) Phytochenmustry
23,487

Mellor, R B and Lord, J] M (1979) Planta 147, 89
Coughlan, S C (1977) FEBS Letters 81, 33

Green,J R and Northcote, D H (1979)J Cell Sc1. 40. 235
Camirand, A and Mclachlan, G A (1986) Plant Physiol
82, 379

Camirand, A, Brummell, D and MacLachlan, G A (1987)
Plant Physiol 84, 753

Lehle, L (1980) Eur J Biochem 109, 589

Sharma. C B, Lehle, L and Tanner, W (1981) Eur J
Biochem 116, 101

Lehle, L (1981) FEBS Letters 123, 63

Hori, H, Janes. D W and Elbem, A D (1982) Arch
Biochem Biophys 215, 12

Faye, L, Johnson, K D and Chnispeels, M J (1986) Plant
Physiol 81, 206

Bollini, R, Vitale, A and Chrispeels, M J (1983) J Cell
Biol 96, 999

Vitale, A, Ceriotts, A, Bollini, R and Chrispeels, M 1.
(1984) Eur J Biochem 141, 97

Vitale, A and Chrispeels, M J (1984) J Cell Biol 99, 133
Chrispeels, M J (1984) Pl Trans Roy Soc B304, 309

99
10N

10t

102

106
107
108.
109
110

11

114

115

116

117

118

119
120

121
122

123

124

125
126

127

128
129

130
131
132

133

134

135
136

Hor, H. and Elhain, A, D (1982). Plant. Physal. 70,12,
Hon W and Elhemn, A, T (1983). Arch. Biachem. Biophys.
220, 415

Hori, H, Kaushal, G P and Elbein, A D (1985) Plant
Physiol 77, 840

Kanshal, G. P and Flbein, A, D) (198A). Plant. Phyunl. 81

1086

3. Szumulo, T . Kanshal. G. P Hon, H and Elbeain. A. D

(1986) Plant Physiol 81, 383
Bollini, R. Ceniotti, A, Daminati. M G and Vitale, A
(1985) Plant Physiol 65 15

S. Faye, L. and. Chuspeels, M. L (1986). m. Cell. Walls. *8A,

(Vian, B, Reis, D and Goldberg, R, eds). p 48 Universite
Pierre et Maric Curie, Paris

Hayashy, T and MacLachlan, G. A (1984) Biochem. 1 217,
791

Bolwell, G P (1986) Phytochenustry 25, 1807

Karr A L. (1972). Plant. Physiol 50,275

Owens, R J and Northcote, D H (1981) Biochem J 196,
661

Laughhin, L F, Northcote. D H and Roberts, K (1987)
Phytochemistry 26; 921

Green, J R and Northeote, D H (1979) Biochem J 178,
661

Northcote, D H. (1983). Phil. Trans Roy Soc Lond B304,
107

- Dalessandre; G- and- MNortheste, - H- (1977} Brechem- J.

162, 267

Loewus, F A and Dickinson. D B (1981) Encvclopaedia of
Plant Physiology New Series 13A, 193

Dalessandro, G and Northcote D H (1977} Phyvtochemus-
try 16, 853

Fry. S C and Northcote, D H (1983) Plant Physiol 73.
1055

Capita, N C and Delmer, D P (1981)J Biol Chem 256,
308

Amino, S, Takeuch, Y Komamine, A (1985) Plunt Cell
Physiol 64, 111

Kauss, H and Jeblick, W (1987) Plant Sci 48, 2

Chen,. L and. Varner. U B (1983). Pro,. Nal 4Acad S
USA 82 4399

Chen, J and Varner, ] E (1985) EMBO J 4. 2145
Showalter, A M and Varner J] E (1987) in The Bio-
chemistry of Planrs Vol 11 (Marcus, A, ed), (in press)
Clarke, A E, Anderson, R L and Stone, B A (1979)
Phytochemistr) 18, 521

Fincher, G B, Stone, B A and Clarke, A E (1983) Annu
Rer Plant Phywol 34, 17

Lord, J M (1985) New Phyrol 101, 351

Casalongué, C and Pont Lezica R (1985) Plant Cell
Physiol 26, 1533

Singh, N K, Handa, A K, Hasegawa, P M and Bressan.
R A (1985) Plant Physiol 79, 126

Bolwell, G P (1987) Planta 172, 184

Cooper. ] B and Varner, J E (1983) Biochem Biophys
Res Comm 112, 161

Cooper,J B and Varner,J E (1984) Plant Physiol 76.414
Stuart. D A and Varner.J E {1980} Plant Physiol 66, 787
Smith,J I Muldoon E P Willard. I I and Lamport, D
T A (1986) Phytochemistry 28, 1021

Fry, S C (1986) 1n Cell Walls ‘86 (Vian, B, Rews. D and
Goldberg, R, eds), p 12 Universite Pierre et Marie Curte,
Paris

Sauer. A and Robinson, D G (1985) Planta 164. 287
Condit, G and Meagher, R (1986) Narure 323, 178
Varner, J E and Cassab, G 1 (1986) Nature 323, 110



137

138.

139

140

141
142

143

144

145

144.

147
148

149

150
151

152

b

-
N
¥y

155

156

157
158,

159

160

161..

162

163

164

165
166
167
168
169
170

171

172.
173.

174

Synthesis of cell wall components aspects of control

Tanaka, M, Shibata, H. and Uchida, T (1980) Biochim.
Biophys Acta. 616, 188

Cohen, P B, Schibeci, A and Fincher, G B (1983) Plant
Physiol 72,754

Bolwell, G P, Robbins, M P and Dixon, R A. (1985)
Biochem J 229, 693

Blankenstein, P Lang, W C and Rohinson, D.. (G (1984).
Planta 169, 238

Chnspeels, M. U (1984). Merhods Enzymal. 107,361
Kaska, D D, Gunzler, V Kivinkka K. L and Myllyla, R.
(1987) Biochem J 241, 483.

Balwell .G P and.Tuxan R, A, (198A). Enr: I Bioashem. 1589,
163

Kivirikko, K. T and Myllyla, R. (1982). Methads Enzymnl.
82, 245

Pihlajaniemy,. P, Helaakosk:,. T K. Myliyla, R Huhtala,.
M-L, Koivu, J and Kivirikko, K 1.(1987) EMBO.J 6,643
Hartsch, M. and Meyer. 3 L (198A). Inr. Ren Cytol. 102,
215.

Lang, W. C (1982) Plant Cell Physiol 23, 1259
Kanazawa Y. Shichy, H_and Uritani, T (1965). Agric. Biol.
Chem 29, 840

Kahl, G. (1978) in Biochenustry of Wounded Plant Tissue
(Kahl, G., ed), p 347 de Gruyter, Berlin.

Fukuda, H and Komamne, A (1982) Planta 155, 423..
Ishida, A, Ono, K and Matsusaka, T. (1985) Plant Cell
Rep 4, 54.

Imberty, A, Goldsberg, R and Catesson, A M (1985)
Planta 164, 221

Goldberg, R Imberty.. A and Chu-Ba, I (1986). Phyto-
chemustry 25, 1271.

. Espelie, K. B and Kolattukudy, P E.(1985). Arch. Binchem.

Biophys 240, 539

Van Huystee, R B. and Lobarzewsk: (1982) Plant Sci
Letters 27, 59.

Kevers, C., Sticher, L., Penel, C, Greppin, H and Gaspar,
Th (1985) Plant Growth Regul. 1, 61.

Mader, M and Walter, C (1986) Planta 169, 273
Chibbar,. R. N. and. Van. Huystee,. R. B_(1986). I Plant.
Physiol. 123, 477

Church, D L. and Galston, A. W (1987) Plant Physiol.,
Suppl 84, 74

Evans, J J (1987) Plant Physiol Suppl 84, 41

Mellon, 1. E. (1987). Plant. Physiol.. Suppl. 84,140,
Lagrmim, L. M. and Rothstein, S. (1987). Plant. Physiol
Suppl 84, 108

Dey, P. M and Dixon, R. A. (1985) Biochenustry of Storage
Carbohydrates in Green Plants Academic Press, London
Red, J S G. (1985) 1n Biochenustry of Plant Cell Walls
(Brett, C T and Hillman, J R, eds), p 259 Cambridge
Unmniversity Press, Cambridge.

Sexton, R, Durbin, M. L and Lewis, L N (1981) Plant
Cell Enuir. 4, 67

Christofferson, R E, Tucker, M. L and Laties, G G
(1984) Plant Mol. Biol 3, 384.

Felix, G and Meins, F. Jr (1985) Planta 164, 429.

Keen, N. T and Yoshikawa (1983) Plant Physiol 71, 460.
Kombrnk, E and Hahlbrock, K. (1986) Plant Physiol 81, 216
Boller, T, Gehri, A, Maach, F and Vogeli, U (1983)
Planta 157, 22.

Broglie, R, Coruzzi, G, Keith, B. and Chua, N. H (1984)
Plant Mol Biol. 3, 431

Boller, T. and Vogeh, U. (1984) Plant Physiol. 74, 442
Broghe, K E., Gaynor, J. J and Broghe, R M (1986) Prog
Natl Acad Sci U S.A. 83, 6820

Huber, D J and Nevins, D J. (1982) Planta 155, 467

175

176

177.

178..

180,
181
182

183
184,

18s.

186.

187

188,

189

190

195.
196.

197

198

199

200

201
202

203.

204

1249

Khs, F. M., Dalhwizen, R and Sol, K (1974) Phytochemis-
try 13, 55

Masuda, H, Ozaki, Y., Amino, S and Komamine, A.
(1985) Plant Cell Phystol 26, 195

Nagahashi, G and Siebles, T G (1986) Protoplasma 134,
102.

O'Neyl, R.A,_ White, A R, York, W S Darwill A G and.
Albersheim, P (1986) Plant Physiol , Supp! 80, 31

) Grerson,. D Mannders,. M. L. Slater,. A Ray.. L. Bird,.

C R_, Schuch, W _Holdsworth. M I, Tucker. G A and.
Knapp, J E. (1986) Pl Trans R. Soc Lond B. 314, 399.
Ery, S C (1980). Phyrachemistzy 19,735

Fry, S C (1986) Planta 169, 443

Albersheim, P Darvill, A, G, McNeil, M. Valent, B.S. .
Sharp,J K, Nothnagel, E A, Davis, K R, Yumazaki, N,
Galbn, DL Yark, W S Dudman, W E Darvill L E and.
Dell, A (1983) 1n Structure and Function of Plant Genomes

(Cifern, Q) and Dre, L. eds),.p 293 Plennm, New. York.
Darvill, A G and Albersheim, P (1984) Annu Rev Plant
Physiol. 35, 243

Gollin,. D 1, Darwvill, A, G.and. Albersheim,. P (1984). Biol..
Cell 51, 275

York, W S, Darvili, A. G and Albersheim, P (1984) Plant
Physiol 75, 295

Tran, T Van K, Toabart, P Cousson, A, Darvil, A G,
Gollin, D J, Chelf, P. and Albersheim, P (1985) Nature
314, 615

Pladys, D., Esquerre-Tugaye, M T and Touze, A (1981)
Phytopathol. A. 102, 266.

van.der. Wilden, W Segars, | H. L and Chnspeels, M. L

(1983) Plant Physiol 73, 576.

Hanson, K. R_and Hawir E A_(197R). Rec. A4dn Phyto-
chem 12,91

Hanson, K. R and Havir, E A (1981) The Biochemstry of
Plants, A Comprehensive Treatise Vol 7 (Conn, E E. ed),
p- 577. Academic Press, New York

Harborne, J. B (1980) Encyclopaedia of Plant Physiology
New Series 8, 332

. Rhodes, M. 1 and Wanltartan,. L. S C (1978). . The

Biochemistry of Wounded Plant Tissue (Kahl, G, ed),
p 243 de Gruyter, Berhn

Hahlbrock, K and Gnisebach, H (1979) Annu Rev Plant
Physiol 30, 105

. Dixon, B. A Dey P M and Lamh,.  C I (1983). 4dn

Enzymol Related Areas. Mal. Biol 53, 1

Jones, D H (1984) Phytochenustry 23, 1349.

Marsh, H V, Havir, E A and Hanson, K R (1968)
Biochemustry 7, 1915.

Havir, E. A. and Hanson, K R (1973) Biochemistry 12,
1583

Zimmerman, A and Hahibrock, K. (1975) Arch. Biochem
Biophys. 166, 54.

Bolwell, G P., Sap, J., Cramer, C. L, Lamb, C J., Schuch,
W and Dixon, R. A (1986) Biochim Biophys Acta 881,
210

Bolwell, G P., Bell,J] N, Cramer, C. L, Schuch, W., Lamb,
C J. and Dixon, R A. (1985) Eur J Biochem 149, 411
Havir, E A. and Hanson, K R (1986) Biochemstry 7, 1904
Kuhg, D H, Chappell, J., Boudet, A. and Hahlbrock, K,
(1984) Proc Natl Acad Sci, U S A. 81, 1102

Edwards, K., Cramer, C. L., Bolwell, G P, Dixon, R A,
Schuch, W and Lamb, C J (1985) Proc Natl Acad Sci
US A 81,1102

Cramer, C. L, Edwards, K, Dron, M., Liang, X, Bolwell,
G P, Dixon, R, Schuch, W and Lamb, C J (1988) Proc.
Natl Acad Sai U.S A (1n press)



1250

205
206
207
208
209
210

211

212

213

214

215

216
217
218
219
220

221
222

223

224

225

226

227

228
229

230

23t

232

236

237

G P BOLWELL

Potts, ] R M, Weklych, R and Con, E. E (1974) J Buol
Chem 249, 5019

Rich, P R and Lamb, C.J (1977) Eur J Biochem 72, 353
Grand, C. (1984) FEBS Letters 167, 7

Hagmann, M L and Grisebach, H (1984) FEBS Letters
175, 199

Hagmann, M L, Heller, W. and Grisebach, H (1984) Eur
J Biochem 142, 127

Gabnac, B, Benveniste, [ and Durst, F (1985} C R Acad
Sci Paris 301, 753

Higashy, K, Ikeuchy, K, Obara, M, Karasaki, Y, Hirano,
H. Gotoh, S and Koya, Y (1985) Agric Bwl Chem 49,
2399

O’Keefe, D P, Romesser, ] A, Leto, K J (1987) Recent
Adv Phytochem (in press)

Sesardic, D, Boobis, A. R, McQuade, J, Baker, S, Lock,
E A, Elcombe, C R, Robson, T T, Hayward, C and
Davies, D S (1986) Biochem J 236, 569

Black, S D and Coon, M J (1986) in Cytochrome P-450
(Ortiz de Montellano, P R, ed), p 161 Plenum, New
York

Nebert, D W, Adesnik, M, Coon, M T, Estabrook, R W,
Gonzalez, F J, Guengerich, P, Gunsalus, I C, Johnson,
E F, Kemper, B, Levin, W, Phillips, I R, Sato, R,
Wateman, M R (1987) DNA 6, 1

Stafford, H A and Dresler, S (1972) Plant Physiol 49, 590
Bolwell, G P and Butt, V S (1983) Phytochemstry 22, 37
Butt, V. S (1985) Annu Proc Phytochem Soc Europ 25,
349

Kamsteeg, J., van Brederode, J, Verschuren, P M and van
Nigtevecht, G (1981) Z Pflanzenphysiol. 102, 435
Bomwell, ] M and Butt, V. S (1986) Z Naturforsch 4lc,
56

Mayer, A A (1987) Phytochenustry 26, 11

Poulton, J E (1981) tn The Biochenmustry of Plants Vol 7
(Conn, E, ed), p 667 Academic Press, New York
Poulton, J, Hahlbrock, K and Grisebach, H (1977) Arch
Biochem Biophys 180, 542

Poulton, J, Hahlbrock, K and Grisebach, H (1976) Arch
Biochem Biophys 173, 301

Poulton, J, Hahlbrock, K and Grisebach, H (1976) Arch
Biochem Biophys 176, 449

Knobloch, K H and Hahlbrock, K (1975) Ewr J Bio-
chem 52, 311

Knobloch, K H and Hahlbrock, K (1977) Arch Biochem.
Biophys 184, 237

Heinzmann, U and Seitz, U (1977) Planta 135, 313
Grand, C, Boudet, A and Boudet, A M (1983) Planta 158,
225

Kreuzaler, F and Hahlbrock, K (1975) Eur J Biochem. 56,
205

Kreuzaler, F and Hahlbrock, K (1975) Arch Biochem
Biophys 169, 84

Saleh, N A M, Frtsch, H, Kreuzaler, F and Grisebach,
H (1978) Phytochenustry 17, 183

Harborne, J B and Mabry, T J eds (1982) The Flavonods:
Advances in Research Chapman & Hall, London
Beerhues, L and Wiermann, R (1985) Z Naturforsch. 40,
160

Hahlbrock, K, Boudet, A M, Chappell, J, Kreuzaler, F,
Kuhn, D N and Ragg., H (1982) in Structure and Function
of Plant Genomes (Ciffer, O and Dure, L, eds), p 15
Plenum, New York

Kreuzaler, F, Ragg, H, Fautz, E, Kuhn, D N and
Hahlbrock, K (1983) Proc Natl Acad Sci. U S A 80,2591
Ebel, J, Schmidt, W E and Loyal, R (1984) Arch Biochem

238

239

240

241

242

243

244
245

246
247
248
249
250
251
252
253
254
255
256

257

258.

259

260.

261.

Biophys 232, 240

Ryder, T B, Cramer, C L, Bell, J N, Robbins, M P,
Dixon, R A and Lamb, C J (1984) Proc Natl Acad Sci
USA 81.5724

Bell, ] N, Ryder. T B, Wingate, V P M, Bailey,} A and
Lamb, C J (1986) Mol Cell Biol 6

Ryder, T B. Hedrick, S A, Bell, ] N, Clouse, S D and
Lamb, C J (1988) Proc Natl Acad Sci U S A (in press)
Herrman, A (1987) Ph D Thesis, Koln

Kuhn, D N, Chappell, J and Hahlbrock, K (1982) in
Structure and Function of Plant Genomes (Cifferr, O and
Dure, L, eds), p 329 Plenum, New York

Douglas, C, Hoffman, H Schulz, W and Hahlbrock, K
(1987) EMBQO J 6. 1189

Hoffman, H (1987) Ph D Thess, Koln

Scheel, D, Dangl, J L, Douglas, C, Hauffe, K D,
Herrman, A, Hoffman, H, Lozoya, E, Schulz, W and
Hahlbrock, K (1988) in Plant Molecular Biology 1987 (von
Wettstein, D . ed), NATO ASI Sertes (in press)

Lamb, C J and Rubery, P H (1976} Planta 130, 283
Lamb, C ¥ (1979) Arch Biochem Biophys 192, 311
Billet, E E and Smuth, H (1980) Phytochenustry 19, 1035
Dixon, R A, Brown. T and Ward, M (1980) Planta 150,
279

Amrhein. N and Goedeke, K H (1977) Plant Science
Lerters 8, 313

Amrhein. N and Gerhart, J (1979} Bioclum Biophys Acta
53,434

Lamb, C. J (1982) Plant Cell Environ 8, 471

Noe, W and Seitz, H U (1982) Planta 154, 454
Johnson, C, Attridge, T and Smuth, H (1975) Biochim
Biophys Acta 385, 11

Lawton, M A, Dixon, R A and Lamb, C J (1980)
Biochim Biophys Acta 633. 162

Shields, S E. Wingate, V P and Lamb, C J (1982) Eur J
Biochem 123, 389

Bolwell. G P, Cramer, C L, Lamb, C J, Schuch, W and
Duxon, R A (1986) Planta 169, 97

Bolwell, G P, Edwards, K, Mavandad, M, Millar, D,
Schuch, W and Dixon, R A (1988) Phytocherustry (in press)
Gerrnish, C, Robbins, M P and Dixon, R A (1985) Plant
Sci Letters 38, 23

McCalla, D R and Neish, A C (1959) Can J Biochem
Physiol 37. 537

Dixon, R A and Bolwell. G P (1986) in Secondary
Metabolism in Plant Tissue Cultures (Morris, P, Scragg, A
H, Stafford, A and Fowler, M W, eds), p 89 Cambndge
University Press, Cambridge

261a Rasooly, R and Somerville, S C (1986) Plant Physiol

262

263

264

265
266

267

268

269
270

Suppl 80, 43

D1 Cosmo, ' and Towers, G N H (1984) Rec Adv
Phytochem 18,97

Wyrambik, D and Grisebach, H (1975) Eur J Biochem
59,9

Wengenmayer, H, Ebel, J] and Grisebach, H (1976) Eur J
Biochem 685, 529

Gross, G G (1977) Recent Adr Phytochem 11, 141
Kutsuki. H, Shimada, M and Higuchi, T (1982) Phyto-
chenustry 21, 19

Sarmy, F, Grand, G and Boudet. A M (1984) Eur J
Biochem 139, 259

Grand, C (1986) in CellWalls "86 (Vian, B, Reis, D and
Goldberg, R, eds), p 276 Universite Pierre et Marie Curie,
Paris

Northcote, D H (1972) Annu Rer. Plant Physiol 23, 113
Fry, S C (1986) Oxford Surveys Plant Mol Biol. 2, 1



271.

272
273

274

27s.

276
277

278

279

280

281
282.
283
284.

285
286
287

288.

289

290.

291

292

293

294
295

296

297
298

299.

300.

301

302

303

304.

305

306.

307

Synthesis of cell wall components. aspects of control

Badger, M. R (1985) Annu Rev. Plant Physiwol 36, 27.
Freudenberg, K (1965) Science 148, 595

Freudenberg, K (1968) in Constitution and Biosynthesis of
Ligmin (Kleinzeller, A, ed ), p 45 Springer, Berlin
Monties, B (1985) Annu. Proc Phytochem. Soc. Europ 28,
173

Fry, S C (1983) Planta 157, 111

Fry, 8 C (1984) Methods Enzymol. 107, 388,

Epstein, L and Lamport, D. T. A (1984) Phytochemistry
23. 1241

Cooper,J B, Chen,J A, van Holst. G-J and Varner,J E
(1987) TIBS 12, 24.

Fry, 8. C (1987) 1n Molecular and Physiological Aspects of
Plant Peroxidases (Greppin, H., Penel, C and Gaspar, T,
eds), p 162 Umversity of Geneva Press

Lamport, D T A (1987) in Molecular and Physiological
Aspects of Plant Peroxidases (Greppin, H Penel, C. and
Gaspar, T, eds), p 199 Umversity of Geneva Press

Fry, S C (1987) J Expt. Botany 38, 853

Fry, S C (1987) Planta 171, 205

Borchert, R (1978) Plant Physiol. 62, 794,

Espehe, K E, Franceschy, V R and Kolattukudy, P E
(1986) Plant Physiol 81, 487

Kolattukudy, P E (1980) Science 280, 990

Kolattukudy, P E (1981) Annu. Rev Plant Physiol 32,539
Soliday, C L and Kolattukudy, P E. (1977) Plant Physiol
59, 1116

Salaun, J P, Benveniste, I, Reichart, D and Durst, F
(1981) Eur J Biochem. 119, 651.

Soliday, C L. and Kolattukudy, P. E (1978) Arch Biochem
Biophys 188, 338

Agrawal, V P and Kolattukudy, P E (1978) Arch Bio-
chem Biophys 191, 466.

Kaufman, P B, Daymandan, P, Takeoka, Y, Bigelow,
W C,Jones,J D, Iber,R K (1981)1n Silicon and Sitliceous
Structures m Biological Systems (Simpson, I.L and
Volcani, B E, eds), p 409 Springer, Berlin.

Weiss, A. and Herzog, A. (1978) 1n Biochenustry of Silicon
and Related Problems (Benz, G and Lindquist, I, eds), p
109. Plenum, New York

Hodson, M J,, Sangster, A. G and Parry, D. W. (1984)
Proc Roy Soc B222 427

Bell, A- A (1981) Annu. Rev Plant Physiol 32, 21
Perry, C C, Wilhams, R J P.and Fry, S C.(1986)J Plant
Physiol 126, 437

Heath, M C and Stumpf, M. A (1986) Physiol. Mol Plant
Path. 29, 27

Mueller, S C. and Brown, R. M (1980) J Cell Biol. 84, 315
Giddings, T H, Brower, D L., Stachelin, L D (1980) J
Cell Biol 84, 327

Pickett-Heaps, J D and Northcote, D H (1966) J Exp
Botany 17, 20

Bowles, D J and Northcote, D H. (1974) Biochem J 142,
139

Robinson, D. G, Eisinger, W R, Ray, P. M (1976) Ber
Dtsch Bot. Ges. 89, 147

Steer, M W. (1985) in Botamical Microscopy 1985
(Robards, A W, ed), p. 129 Oxford University Press,
Oxford

Fowke, L C, Rennie, P. J and Constabel, F (1983) Plant
Cell Rep 2, 292

McClean, B and Juniper, B E (1986) Planta 169, 153
Staehlin, L A. and Chapman, R L. (1987) Planta 171, 43
Mersey, B. G, Griffing, L. R, Renme, P J and Fowke, L
C (1985) Planta 163, 317

Mersey, B G, Gniffing, L R and Fowke, L C. (1985) in

308

309

310

311

312.
313.

314.

315

316.

317

318

319

320

321

322

323

324

325.

326.

327

328.

329

330

331

332

333

334

335
336

337.

338

1251

The Physiological Properties of Plant Protoplasts (Pilet,
P E, ed), p. 45 Springer, Berlin

Gnffing, L R, Mersey, B G and Fowke, L C (1986)
Planta 167, 175.

Colman, J. O D, Evans, D E, Hawes, C. R, Horsley, D,
and Cole, L (1987)J Cell Sc1 88, 35

Tanchak, M A, Griffing, L. R, Mersey, B G and Fowke,
L C (1984) Planta 162, 481

Joachim, S. and Robinson, D G (1984) Eur J Cell Biol
34,212

Northcote, D. H. (1971) Symp Soc Exptl Biol. 25, 51
Northcote, D H (1977) in Cell Surface Reviews (Poste,
G and Nicholson, G L, eds), p 77 North Holland,
Amsterdam

Herth, W (1980) J. Cell Biol 87, 442

Heath, I B. and Seagull, R. W (1982) in The Cytoskeleton
in Plant Growth and Development (Lloyd, C W, ed.), p. 163
Academic Press, London

Gunning, B E S and Hardham, A R (1982) Annu Rev
Plant Physiol. 33, 651

Falcolner, M and Seagull, R W. (1984) Protoplasma 125,
190

Falcolner, M and Seagull, R. W (1985) Protoplasma 128,
157.

Rodriguez-Boulan, E., Misek, D. E., Vega de Salas, D,
Salas, P J. I and Bard, E (1985) Curr Topics Membr.
Transp 24, 251

Robinson, D G (1985) Membranes Endo- and Plasmamem-
branes of Plant Cells Wiley, Chichester

Warren, G (1987) Nature 327, 17

Rothman, S. S (1985) Protein Secretion A Critical Analysis
of the Vesicle Model Wiley, Chichester

Von Heyne, G (1983) Eur. J Biochem. 133, 17
Baulcombe, D C, Martienssen, R. A, Huttly, A. M,
Barker, R F. and Lazarus, C M. (1986) Plul Trans Roy
Soc. Lond B314, 441

Key,J L, Kroner, P., Walker, J, Hong, J C, Ulnch, T.H,
Amley, W. M, Gantt, J S and Nagao, R T (1986) Phil
Trans Roy Soc Lond B314, 427

Lamb, C J, Bell,J N.,, Cramer, C. L, Dildine, S L, Grand,
C, Hednck, S A, Ryder, T B and Showalter, A M (1987)
Beltsville Agricultural Research Centre, Symposuum X,
p 237. Martinus Nyhoff, Dordrecht

Staswick P, Chnispeels, M 1. (1985} J Mol Appl Genetics
2, 535

Kawasaki, S (1981) Plant Cell Physiol. 22, 431.
Northcote, D H (1983) Phil Trans Roy Soc. London.
B300, 107

Robmson, D G., Andreae, M and Sauer, A (1985) in
Biochemistry of Plant Cell Walls (Brett, C T and Hillman,
J.R ,eds), p 155 Cambnidge University Press, Cambnidge
Stafford, H A (1981) in The Biochenustry of Plants, A
Comprehensive Treatise Vol. 7 (Conn, E E, ed), p 117
Academic Press, New York.

Wagner, G J and Hrazdina, G. (1984) Plant Physiol. 74,
901

Hrazdina, G and Wagner, G J. (1985) Arch Biochem
Biophys 237, 88

Albert, G., Ranjeva, R and Boudet, A M. (1977) Physiol
Veg. 15, 279

Czichy, U. and Kindl, H (1977) Planta 134, 133

Zobel, A. M. (1986) Annu. Botany 57, 801.

Ibrahim, R K, De Luca, V., Khouri, H, Latchiman, L,
Brisson, L. and Charest, P. M. (1987) Phytochemustry 26,
1237

Brown, R. M. (1985) J Cell Sci. Supp! 2, 13



1252

339

340

341

342

343

344

345
346

347
348
349

350
351

352
353

354
355
356
357
358
359
360
361
362
363
364
365
366
367

368

369
370

371

372.
373

374

375
376

G P BOLWELL

Haigler., C H and Brown, R M (1986) Protoplasma 134,
11t

Hodges, T K and Mills, D (1985) Methods Enzymol. 118,
41

Preston, R D (1986) in Cellulose Structure, Modification
and Hydrolysis (Young, R A and Rowell, R M, eds), p 3
Wiley, Chichester

Farquhar, M G (1983} Methods Enzymol 98, 1
Baydoun, E A -H and Northcote, D H (1980) J Cell Sc1
45, 169

Baydoun, E A -H and Northcote, D H (1981) Biochem J
193, 781

Bolwell, G P (1986) J Cell Sc1 82, 187

Hepler, P K and Wayne, R (1985) Annu Rev. Plant
Physiol 36, 397

Evans, M L (1985) CRC Crit Rev Plant Sci 2, 317
Bevan, M W and Northcote, D H (1981) Planta 152, 32
Theologis, A and Ray, P M (1982) Proc Natl Acad Sci
USA 79 418

Zutdfluh, L L and Gulfoyle, T J (1982) Plant Physiol 69, 332
Theologis, A, Huynh, T V and Davis, R W (1985)J Mol
Biol 183, 53

Theologis, A (1986) Annu Rev Plant Physiol 37, 407
Rubery, P H and Northcote, D H (1970) Biochim Bio-
phys Acta 222,95

Asamizu, T, Nakano, N and Nishi, A (1983) Planta 158,
166

Inoue, H, Yamamoto, R and Masuda, Y (1984) Plant Cell
Physiol 25, 1341

Masuda, Y (1985) Biol Plant 27, 119

Masuda, Y (1985) in Biochemustry of Plant Cell Walls
(Brett, C T and Hillman, J R, eds), p 270 Cambridge
University Press Cambridge

Koyama, T, Hayashi, T, Kato, Y and Masuda, K (1981)
Plant Cell Physiol 22, 1191.

Montague, M }J and Ikuma, H (1975) Plant Physiol S5,
1043

Adams, P A, Montague, M J, Tepfer, M, Rayle, D L,
Ikuma, H and Kaufman, P B (1975) Plant Physwol 56,
757

Stuart, D A and Jones, R L (1977) Plant Physiol 59, 61
Fry, S8 C (1979) Planta 146, 343

Roberts, L W (1976) Cytodifferentiation in Plants X yloge-
nesis as a Model System Cambridge University Press,
Cambridge

Phillips, R (1980) Perspectives in Plant tissue Cultures, Int
Rer Cytol Academic Press, New York

Fukuda, H and Komamine, A (1980) Plant Physiol 65, 57
Dodds, J H (1980) Z Pflanzenphysiol 99, 283

Fukuda, H and Komamine, A. (1980) Plant Physiol 65, 61
Fukuda, H and Komamine, A (1981) Plant Cell Physiol.
22, 41.

Fukuda, H and Komamine, A (1982) Planta 155, 423
Dalessandro, G and Northcote, D H (1977) Phytochenus-
try 16, 853

Minocha, § C and Halperin, W (1976) Can J Botany 54,
79

Simpson, S F and Torrey, J G. (1977) Plant Physiol 59, 4
Miller, A R and Roberts, L. W (1984) J Exp Botany 154,
691

Haddon, L E and Northcote, D H (1975)J Cell Sc1 17,
1t

Bolwell, G P and Northcote, D. H (1981) Planta 192, 325
Everett, N P, Wach, M and Ashworth, D J (1985) Plant
Sci. 41, 133

377

378

379

380

381

382

384

385
386

387
388

389

390

391

392

393

394
395

396
397

398
399

400
401
402

403

405

406

407

408

409

Kuboi, T and Yamada, Y (1978) Biochim Biwophys Acta
542, 181

Jones, D H and Northcote, D H (1981) Eur J Bkochem
116, 117

Bolwell, G P and Northcote. D H (1983) Biochem J 210,
509

Ozek, Y and Komamine, A (1985)1n Primary and Second-
ary Metabolism of Plant Cell Cultures (Neumann, K -H,
Barz, W and Reinhard, E, eds), p 100 Springer, Berlin
Meins, F (1982) 1n Molecular Biology of Plant Tumours
(Kahl, G and Schell. J S.eds), p 3 Academic Press, New
York

Bevan, M W and Northcote, D H (1979) J Cell Sci1 39,
339

Sung, Z R and Okimoto, R {1981) Proc Natl Acad Su
USA 78, 3683

Amino, S and Komamine, A (1985) Plant Cell Physiol 26,
745

Amino, S and Komamine, A (1985) Physiol Plant 64, 202
Schoffl, F, Baumann, G, Raschke, E and Bevan, M W
(1986) Proc R Soc Lond B314, 453

Gershenzon, J (1984) Rec Adr Phytochem 18. 274
Boffey, S A and Northcote, D H (1975) Biochem J 150,
433

Jaffe, M J, Huberman, M., Johnson, J and Telewski F W
(1985) Plant Physiol 77, 722

Kahl, G, ed (1978) The Biochenustry of Wounded Plant
Tissues de Gruyter, Berlin

Kahl, G (1982) in Molecular Brology of Plant Tumours
(Kahl, G and Schell, J S.eds), p 211 Academic Press, New
York, London

Ward, E B (1985) in Biology and Molecular biology of
Plant-Pathogen Interactions (Bailey, J A ed), p 107
NATO ASI Series Plenum, New York

Koepowitz, H, Dhyse, R and Fosket, D E (1975)J Exp
Botany 26, 131

Roblin, G (1985) Plan:t Cell Physiol 26, 455

Roblin, G and Bonneman, A (1985) Plant Cell Physiol 26,
1273

Rincon, M and Hanson,J B (1986) Physiol Plant 67, 576
Verrier, B, Muller, D, Bravo, R and Muller, R (1986)
EMBO J 5,913

Morgan J L and Curran, T (1986) Nature 322, 552
Yang, S F and Pratt, H K (1978) in Biochemistry of
Wounded Plant Tissues (Kahl. G, ed ). p. 596 de Gruyter,
Berlin

Boller, Th and Kende, H (1980) Nature 286, 259

Kende, H and Boller, Th (1981) Planta 151, 476

Yang, S F and Hoffman, N E (1984) Annu Rev Plant
Physiol 35, 155

Nichols, S E and Laties, G G (1984) Plant Mol Biol 3,
393

Nichols, S E and Laties. G G (1985) Plant Phystol 77,
753.

Sadava, D and Chrispeels, M J (1978) in Biochemustry of
Wounded Plant Tissues (Kahl, G, ed), p 85 de Gruyter.
Berlin

Roby, D, Toppan, M T, Esquerre-Tugaye, M T (1986)
Plant Physiol 81, 228

Abeles, F B and Forrence. L E (1970) Plant Physiol 45,
395

Tucker,M L, Lewis,L N,Durbin,M L and Clegg, M T
(1987) Plant Physiol suppl. 84, 108

Halverson, L. J and Stacey, G (1986) Microbiol Rev 50,
193



410
411

412

413
414
415
416
417

418

419

420

421

422

423

424

426.

427

Synthesis of cell wall components. aspects of control

Heath, M C (1980) Annu Rev Phytopathology 18, 211
Hargreaves, J. A and Keon, J P R (1986) in Biology and
Molecular Biology of Plant—Pathogen Interactions (Bailey,
T, ed), p 134 NATO ASI series Springer, Berhin
O’Connell, R J. and Bailey, J A. (1986) in Biwlogy and
Molecular Biology of Plant—Pathogen Interactions (Bailey,
J,ed), p 39 NATO ASI series Springer, Berlin

Street, P F S, Robb, J and Ellis, B. E (1986) Protoplasma
132, 1

Kauss, H and Jeblick, W. (1986) Plant Science 43, 103
Kauss, H and Jeblick, W (1986) Plant Physiol 80,7
Sugawara, S, Inamoto, Y and Ushiyima, M. (1981) Agric.
Biol Chem 45, 1767

Sticher, L. Penel, C and Grepmn, H (1981) ] Cell Sci 48,
345

Morns, M R and Northcote, D H (1977) Biochem J 166,
603

Dixon, R A, Baiey, ] A, Bell, ] N, Bolwell, G P,
Cramer, C L, Edwards, R, Hamdan, M. A. M S, Lamb,
C J, Robbins, M P, Ryder, T B. and Schuch, W (1986)
Phil Trans R Soc. Lond B314, 411.

Showalter, A M, Bell, ] N, Cramer, C. L, Bailey, J] A,
Varner, I E and Lamb, C I (1985) Proc. Natl Acad Sci
US A 82,6551

Doke, N (1983) Physiol Plant Pathol 23, 345.

Lynch, D. V and Thompson,J E (1984) FEBS Letters 173,
251

Epperlein, M M, Noronha-Dutra, A. A. and Strange, R
N (1986) Physiol Mol Plant Pathol 28, 67

Ebel, I, Stab, M R and Schmudt, W E (1985) m. Primary
and Secondary Metabohsm of Plant Cell Cultures
(Neumann, K -H., Barz, W and Remhard, E, eds), p 247
Springer, Berlin

. Cramer, C.L,Bell,] N Ryder T B, Bailey, 1. A, Schuch,

W, Bolwell, G P, Robbins, M. P, Dixon, R A and Lamb,
C.J (1985) EMBO J. 4, 285

Kombrink, E, Bollmann, J., Haffe, K. D, Knogge, W,,
Scheel, D., Schmeltzer, E, Somssich, I and Hahlbrock, K
(1986) 1n Biology and Molecular Biology of Plant—-Pathogen
Interactions (Bailey, J., ed), p 254 Springer, Berlin
Hadwiger, L A, Damniels, C, Fristensky, B W., Kendra, D

428
429

430
431.
432.
433.

434

435

437

438
439.

440
441
442
443

444

445

1253

F. and Wagoner, W (1986) in Biology and Molecular
Biology of Plant—Pathogen Interactions (Bailey, J, ed),
p 263. Springer, Berlin

Chappell, J. and Hahlbrock, K (1984) Nature 311, 76
Schmeltzer, E , Somssich, I and Hahlbrock, K. (1985) Plant
Cell Rep. 4, 293

Mazau, D and Esquerré-Tugayé, M T (1986) Physiol
Mol Plant Pathol 29, 147.

Mazau, D, Rumeau, D. and Esquerré-Tugaye, M T (1986)
1 Biology and Molecular Biology of Plant—Pathogen in-
teractions (Bailey, J, ed.), p 245 Springer, Berlin
Pierpoint, W. S (1986) Phytochemustry 25, 1595
Somssich, 1., Schmelzer, I and Hahlbrock, K (1986) Proc
Natl dcad Son U S A 83,2427

Esquerré-Tugayé, M T, Mazau, D, Pelissier, B, Roby, D,
Rumeau, D. and Toppan, A (1985) in Cellular and Molecu-
lar Biology of Plant Stress (Key, J and Kosuge, T, eds),
p. 459 Alan R Liss, New York

Ecker, J] R and Dawvis, R. W (1986) Molecular Biology of
Plant Growth Control (Fox, J. E and Jacobs, M, eds),
UCLA Symposia New Series Vol. 44, 1 Alan R Liss, New
York

6. Schrudt, W E and Ebel, J. (1986) Proc Natl Acad Sci

US A 84,4117

Darvill, A G and Albersheim, P (1984) Annu Rev Plant
Physiol 38, 243

Dixon, R A (1986) Biol Rev 61, 239

Tomiyama, H., Okamoto, H, Katai, K (1983) Physiol
Plant Path. 22, 233

Hattori, T and Ohta, Y (1985) Plant Cell Physiol 26, 1101
Pelissier, B, Thibaud, J B, Grignou, C. and Esquerré-
Tugayé, M T (1986) Plant Sc: 46, 103.

Baydoun, E A -H and Fry, S. C. (1985) Planta 165, 269
Davis, K R _DarvillL A G and Albersheum, P (1986) Plant
Molec Biol 6, 23.

Colimer, A. (1986) in Biology and Molecular Biology
of Plant-Pathogen Interactions (Bailey, J., ed), p 277.
Springer, Berlin

Atkinson, M M, Baker, C J and Collmer, A. (1986) Plant
Physiol 82, 142.



