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Introduction

Pectins contain two types of covalently linked backbones. Homopolygalacturonic
acid (HG) is a linear helix, o(1 —4)-linked, that contains a few xylose substitutions in
the proximity where the thamnogalacturonan (RG) is connected. Rhamnogatacturonans
consist of linear o1—4)-linked repeats of the dimer of galacturonic acid linked
o(1-52) to rhamnose (Rha) residues forming o(1—2)-linked dimers. Methyl ester-
ification is found on HG segments. RGs are acetylated and frequently substituted with
galactans, arabinans and arabinogalactans linked to Rha residues. Plant cell wall
degrading enzymes, including pectinases, are ubiquitous among pathogenic or sapro-
phytic bacteria and fungi. Pectate lyases cleave non-esterified HG-pectate chains by
elimination, resulting in unsaturated reaction products. Pectin lyases are able to cleave
highly methoxylated HG-pectin and pectin methylesterases remove methyl groups
rendering HG-pectin polymers accessible to other depolymerizing enzymes. RG
specific enzymes such as rhamnogalacturonase, galactanase, arabinase, arahinosidase
and galactosidase have frequently been reported. There are only a few links for which
we remain uncertain about the existence of a specific cleaving enzyme. These links
are; Ara-Rha, Gal-Rha, Xyi-GalA and unsaturated rhamnose containing products,
Microorganisms recognize pectins as complex bonded carbon sources, respond by
activating the synthesis and secretion of proteins invelved in degradation and meta-
bolize released sugar residues. Pathogenic bacteria and fungi induce pectinases early
during infection (penetration). Even though genetically it remains unclear whether
these activities are absolutely required for infection, it seems clear that plants respond
to invasive pectin degradation by producing polygalacturonase inhibiting proteins
(PGIP). indicating a specific biochemical interplay at the pectin degradation level.
Higher plants have developed complex defense systems against potential pathogens.
There are numerous structural and chemical features present in plants that discourage
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discourage visitors from establishing a parasitic interaction. With few exceptions,
plant cells are enclosed by multi-layered walls with specialized structures that confer
protection against invaders, mechanical strength, shape and size to tissues, organs and
entire plants. The primary, secondary and middle lamella are sub-structural levels
found in typical plant cell walls. Primary and secondary layers contain variable
amounts of cellulose, hemicellulose and pectins. The secondary wall is not always
present and is usually involved in providing structural support. Therefore, the cellu-
lose content is increased and pectin content diminished in secondary walls. The
middle lamella, also known as the intercellular substance, fills the spaces between
primary walls of adjacent cells.

Carbohydrates are the main components of plant cell walls that form the bulk of the
supporting structure. As a resuit, plant cell walls represent the most abundant natural
and renewable organic material available on earth. This resource will be used
increasingly as a source of energy, as well as raw materials for biotechnological
processes.

When microorganisms initiate a colonization cycle on plants, regardless of whether
a pathogenic or saprophytic (i.e. biomass decay) association, the first complex carbon
source they encounter is the pectin present in the middle lamella. Since we know that
bacteria and fungi are effective in depolymerizing pectin and other polysaccharides
into metabolizable encrgy sources, the natural interactions that take place at this level
are of importance to several aspects of biclogy.

Complete hydrolysis of pectins involves numerous enzymes — several of them are
at least partiatly dependent on the outcome of one or more prior enzyme/substrate
interactions. Thus, natural interactions between pectin degrading enzymes and struc-
tural pectins in plants are complex, but specific, and in many instances exhibit ‘quasi’
redundant functions (e.g. lyases and hydrolases). Moreover, pectin/pectinase inter-
actions between entire plants (tissue) and microorganisms {(bacteria or fungi) are
highly specific and localized, contingent upon the expression of an infection regulated
genetic circui.

In this discussion we will initially focus on key aspects of pectin structure, then
discuss in detail microbial pectin degrading systems, and finally analyze several
examples of natural pectin/pectinase interactions. Even though pectins are important
industrial food additives and pectinases are at the core of developments in fruit and
vegetable preservation technologies, we will not focus on applied aspects of pectins.
The discussion presented here is intended fo be an updated description of what we
know about inieractions between plants and microbes that occur in nature, This
information should be complementary to severat excellent reviews that have recently
been published, describing the economics and the utility of pectins (Sakai er al., 1993;
Hamilton et of., 1995; Sutherland, 1995; Hugouvieux-Cotte-Pattat ef al., 1996; De
L.orenzo and Cervone, 1997; Thakur er al., 1997; Hadfield and Bennett, 1998)].

Pectin structure

Pectin means different things to different people. In this discussion, we will describe
pectins as those cell wall polysaccharides containing a relatively high proportion of
o(1—4)-linked galacturonic acid (GalA). Others have often used operational definitions
of pectin as those polysaccharides extracted from cell walls by chelators or hot water,
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The definition is complicated further by having to decide how far, out from the GalA-
containing region, in the molecule is still pectin. Within the pectin molecule, extensive
side chains can be attached to the GalA-containing backbones, and these might be
cross-linked to other polymeric cefl wall components, such as proteins (Qi er af.,
1995), and hemicellulose (Keegstra ef af.. 1973; Fu and Mort, 1996). In an attempt to
be consistent and perfectly general. we will consider first the two major types of pectin
backbone structures, and then describe the many substituents found on them.

PECTIN BACKBONES

There is strong evidence for two types of backbones in pectins. The best known,
homogalacturonan (HG), depicted in Figure 1, contains long stretches of o1-»4)-
linked D-galactopyranosyl uronic acid residues (Thibault ef af., 1993). The other,
rhamnogalacturonan (RG), depicted in Figure 2, contains stretches of the disacchar-
ide 0-D-GalAp (1-2) o-L-Rhap linked (1-4) to each other (Lau e al., 1985). Both
backbenes show a wide varicty of decorations on them such as acylations on the 2-,
or 3-hydroxyl positions of galacturonic acid residues (GalA), esterifications of GalA
acidic groups, and glycosyl side chains on 2- or 3-hydroxyl pesitions of GalA or
4-hydroxyl position of rhamnose (Rha). Three major questions remain about pectin
backbone structures: a) the length and variability of polyGalA stretches, b) the length
and variability of polyGalA-Rha stretches, and ¢} whether or not HG and RG regions
are covalently linked together.

The question of how long and uniform HG regions are is difficult 1o address.
Determining the molecular weight of pectin fragments is tricky due to their polyanionic
character (Fishman er af, 1984, Mort ef al., 1991). 1n addition, RG regions (as
suggested by the presence of rhamnose) are often found in association with HG
regions. Thus, it has been difficult to determine whether or not HG regions are
interrupted by RG regions or vice versa. Thibault et af. (1993} found that prolonged
mild acid hydrolysis of de-esterified pectins causes solubilization of most of the

COOR,

OR:

L OR; —n
{galacturonic acid)
R+ = H, Me or non-methyl esters
Rz = H or acetyl
Figure 1. The Homogalacturonan (HG) Region. Homogalacturonan (HG) regions contain most of the
galacturonic acid content fourd in native pectin molecules. They form long lincar helical, ofien heavily

methylesterified (R)) and rarely acctylated (R} structures with essentially no side chains. n. indicales the
degree of HG polymerization which can be greater than 100 residues {Chambat and Joseleau, 1980).



364 R.A. PRADE, D. ZHAN, P. AYOUBI AND A.J. MORT

OR. o 91
COOH CHs
o O
OR, OH
0 dh,
OR;
{galacturonic acid} {rhamnose)

Ry = H or acetyt
HZ:

1} a-L-Araf1{>5-a-L-Araf1 +]ns 5-a-L-Araf1+»
i
2ar3

4
1

a-Araf orH

2)  p-D-Galp-1[~4p-D-Galp-1+]np 4 -§-D-Galp-1 >

20r3
4

1
Galp, Araf orH

3} o-l-Araft[+5-a-l-Arak1 +ln, 5-3-D-Gaip-t »

4}  a-L-Araf
5) p-D-Galp-
8) H

Figure2. The Rhamnogalacturonan (RG)Region. Rhamaogalacturonan (RG) regions contain gatacturonic
acid, rhamaese {GalA-Rha) dimer repeats with frequeat and variable side chaing containing arabinose
{Ara) and galactose (Gab). n,, indicales the number of GalA-Rha disaccharide repeat units, reported (o be
up o atjcast 30 {Zhan er af., 1998 and as high as 200 {McNeil eraf., 1980). n,, indicates the number of sugar
tesidues in the side chatns (from O to 40).

neutral sugars, leaving insoluble the majority of GalA. Pectic acids containing 23 or
more residues are acid insoluble (Hotchkiss and Hicks, 1990). In addition, the
rhamnose content also decreases with time in these acid precipitates, indicating
gradual destruction of RG containing regions. Thus, it is likely that most of the
insoluble material is composed of HG. Furthermore, this insoluble precipitate is
soluble after neutralization, and the approximate molecular weight of 20,000 suggests
HG fragments containing, on average, |15 GalA residues.

[t has been generally accepted that HGs contain periodic interruptions caused by
single rhamnose residue insertions which would produce kinks i an otherwise
extended helical structure {Rees and Wright, 1971; Powell er af., 1982; Jarvis, 1984).
However, we were unable to find the expected rhamnose containing GalA oligomers
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in enzyme-digested citrus pectin (Zhan er al., 1998). The existence of Rha inserts has
not yet been investigated in other pectins.

The helical nature of pectic acid (HG with no esterifications or sugar side chains)
has been determined by three-dimensional structural modeling (Rees and Wright,
1971), investigated by x-ray diffraction, and analyzed by various forms of spectroscopy
(Rees, 1982). Even though there seems to be agreement on the helical nature of pectic
acid chains, there remains the question as to whether there are two or three GalA
residues per helix twrn. Ca* jons interact with pectic acid molecules to form strong
complexes, if the participating GalA-oligomers are 14 residues or longer. Grant and
coworkers (Grant ef al., 1973) proposed an ‘egg box’ type of model in which two
helical polyGalA fragments interact with each other via ionic interactions and
coordination of Ca* ions between chains.

The length of RG backbones has also been elusive. In sycamore the length of RG
backbones was calculated to be around 200 GalA-Rharepeats, based on gel permeation
chromatography elution profiles (McNeil er al., 1980). The above number of GalA-
Rha repeats is an approximate prediction, because it was based on dextran standards
and side chains had to be artificially discounted. In addition, in most piant ccll wall
extracts the RG region cannot be separated from HG regions. In apple (Schols ef al.,
1990}, various vegetables (Schols et al., 1994; Schols et al., 1995), watermeion, and
colton{Yuand Mort, [996), RG appears to be strongly associated with a portion of HG
heavily substituted with B(1—3)-linked xylose. The xylose substitition on the HG
fragment prevents endopolygalacturonase (EPG) digestion, making it difficult to
determine whether a stretch of RG contains HGs at one or both ends, or if the backbone
consists of several interspersed RG sections flanked by xylosylated HG segments. In
beet pectin, RGs contain at least ten GalA-Rharepeat units (Renard er al., 1995) while
citrus pectin has up to at least 30 units (Zhan er al., 1998). RG backbone oligomers of
up to these lengths have been detected as the result of controlled (partial) acid
hydrolysis that causes selective release of neutral sugar side chains from Rha before
affecting the majority of Rha-GalA linkages of the backbone, producing a homeo-
logous series of RG oligomers. High performance anjon exchange chromatography
(HPAEC) or capillary zone electrophoresis (CZE) can further analyze these oligomers.
Each oligomer can also be compared to known standards, and in the case of HPAEC,
eluted for further compositional and structural analysis.

So far, alf of the evidence indicates the presence of covalent linkage between HG
and RG regions. All methods of extracting pectins yield preparations containing GalA
and Rha along with varying amounts of arabinose (Ara), galactose (Gal), xylose (Xy!),
mannese {Man), or glucose (Gle), Usually, there is a great preponderance of GalA,
indicating the dominance of HG, but the presence of Rha shows RG is also present.
Gel permeation or ion exchange chromatography does not yield fractions containing
only GalA if the extraction did not involve HG cleaving enzymes, or if the tissue from
which the pectin was extracted was not rich in pectinases.

DECORATIONS ON HG BACKBONES

Methyl esters

Methanol, as the methyl ester of carboxylic acid groups. is a well studied adornment
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on HGs. The degree of methyl esterification (BM) varies widely from plant to plant,
cell to cell, and from one location within a cell wall to another (Liners and Van Cutsen,
1992; McCann ef al., 1994; Femenia ef al., 1998). The pattern of esterification has
been suggested to be random in some cases (de Vries e af., 1983: Mort et al., 1993)
and well defined in others (de Vries er al., 1986; Mort er al., 1993). The activity of
enzymes that degrade pectin is directly affected by the presence of methyl esters (Chen
and Mort, 1996). It is widely believed {convincing evidence is available for only a few
cases) that newly synthesized pectin has a high degree of esterification and that pectin
methylesterases (PME) produce the lower DM pectins (Goldberg er af., 1986).

Plant PMEs are reported to cause blockwise de-esterification (Taylor, 1982), and
PMEs of pathogenic or saprophytic microbes are thought to be random de-esterifiers.
Grasdalen and collaborators (Grasdalen ef al., 1988) found that the chemical shift of
the H-5 and H-1 signals in the proton NMR spectrum of GalA reflects its esterification
and esterification of neighboring residues. DeVries and collaborators (de Vries ef al.,
1986) used the digestion products from pectin lyase to infer patterns of esterification.
The lyase was postulated to require three or four adjacent esterified GalA residues for
activity. Mort and coworkers (Mort et al., 1993) devised a quantitation method for the
various lengths of contiguous non-esterified GalA residues in a pectin fragment. The
experiment was based on a combination of reduction of esterified residues to galac-
tose, specific hydrogen fluoride (HF) solvolytic cleavage of galactosyl glycosidic
linkages and separation of the resulting GalA containing oligomers. We found that
commercial peeting with around 50% esterification have a random pattern, but some
HGs extracted from cotton suspension cultures show an almost strictly alternating
pattern of esterified and non-esterified residues.

Non-methyl esters on GalA carboxyl groups

There are several reports of esters in pectins involving alcohols other than methanot.
It no case however, has the type of alcohol been determined. The presence of these
esters was implied indirectly, and in some cases up to 30% of the esters has been
presumed to be something other than methy] ester (Kim and Carpita, 1992; McCann
et al., 1994; Needs et al., 1998). When Needs and collaborators {Needs er al.,
1998) attempted to isolate oligosaccharides containing putative non-methyl esters
from carrot roots after driselase (a cocktail of digestive enzymes) digestion, they
failed, suggesting that driselase may contain activities which hydrolyze non-methyl
esters or that they do not exist. Additional evidence for the presence of a small
amount of alcohols other than methanol esterified to pectin was presented by
Brown and coworkers (Brown and Fry, 1993) who detected anomalous behavior
on thin-layer-chromatography (TLC) of driselase digested pectin fragments.
Saponification of the oligomers converted them to GalA,. In our opinion, the
presence of non-methyl esters in pectins will not be certain until they have been
identified by direct methods.

Finally, it has been suggested multiple times that GalA carboxyls could be esterified
to other sugar hydroxyls to form cross-links (Fry, 1986). However, no convincing
evidence hag been published, although there is an intriguing suggestion that pectin
from peas can be cross-linked by a trans-esterification induced by pectin methylesterases
(Hou and Chang, 1996).
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Acetate esters

Acetate esters on the 2- and 3- hydroxyl position of GalA residues in HGs have been
reported frequently on sugar beet pectin (Rombouts and Thibault, 1986; Thibault er
al., 1993), but they arc only a minor substituent on most HGs. [shit has isolated small
ameunts of acetylated GalA trimers from bamboo (Ishii, 1995) and potatees (Ishii,
1997) and characterized them by extensive NMR and mass spectral analysis.

Xvlogalaciuronan

Xylose has been recognized as a minor conmpoaent in most pectin preparations and is
found concentrated at particular sites, often referred to as xylogalacturonan, XGA
{Figure 3). Bouveng (1965) described a xylogatacturonan extracted from pine pollen
as being an HG with xylose linked B(1—3) to approximately one in every two GalA
residues. [n their generalized pectin structure, Cook and Stoddart (1973) included side
chains of up Lo three sugar residues linked to HG regions via the B{I—3)-xylose
residues. These included: B(1-52)-galactosyl-xylose, ofl->2)-Tucosyl-xylose, and
both of these oligomers elongated by addition of a B(1—3)-glucuronosyl residue on
the fucose or B(1-»6)-glucuronosyl residue on the galactose. In recent review articles,
the presence of xylogalacturonan regions is mostly ignored (McNeil er ol., 1984;
Bacic ef al., 1988; Carpita and Gibeaut, 1993; Albersheim ¢f al., 1996). However,
recent work from Voragen’s (Schols and Voragen, 1994; Schols er «l., 1993) and
Mort’s (Yu and Mort, 1996) groups has shown the presence of xylogalacturonans in

(gatacturonic acid)

o P U

= OH =y

(xylose) (gafacturonic acid)

R =HorMe

Figure 3. The Xylogatacluronan (XGA)Y Region. Xylogalacturonan (XGA) regions are HG segments
conlaining xylose substituents located close to the region where the rhamnogalacturonan (RG) region is
believed (o interact in native pectin molecules. n,. indicates the number of non-substituted. iaterspersed
GalA residues in the XGA backbone {average of )and n,, the number of Xyl-GalA-GalA | repeated units
(Yu and Mort, 1996).
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many fruit pectins. Kikachi and coworkers (Kikuchi er af., 1996) have also found
substantial amounts of xylogalacturonan in cultured carrot cells.

Rhamnogalacturonan 1

in 1978 Darvill and coworkers (Darvill et al., 1978} reported that endopoly-
galacturonase digestion of sycamore cetls releases a polymeric region of pectin rich in
GalA. Rha, and a variety of other sugars. They designated this region
thamnogalacturonan 11 (RGiI) because of its high Rha and GalA content and to
distinguish it from the rhamnogalacturonan region which had already been designated
rhamnogalacturonan L{RGY). Figure 4 shows a structaral description of RGIT Over the
last 20 years, members of what now is named the CCRC (Complex Carbohydrate
Research Center, Athens GA, USA) have increasingly refined the structure of this
region (O'Neill er al., 1996 and references therein). RGiIs have been found in all
plants in which its presence was investigated, and it appears that all are almost
structurally identical. Moreover, it appears that RGII is the site at which most of the
boron found in plants is bound (Matoh er al., 1993). Thus, it is tempting to conclude
that RGIIs form cross-links between pectin molecules (Kobayashi er al., [996;
O’Neill ez al., 1996) via borate interactions between apiose residues from independent
RGiT sections.

Apiogalacturonan

In a few plant species such as Lenmna minor and Zostera nana there is a high degree of
apiose substituents on the HG backbone, and the apiose occurs as apiobiose linked
directly to an as yet unidentified position on GalA residues (Hart and Kindel, {970a:
Hart and Kindel, 1970h).

DECORATIONS ON RG BACKBONES

Acetate and methyl esters

Komalavilas and Mort (1989) first reported acetylation specifically on rhamno-
galacturonan after they isolated the GalA-Rha disaccharide repeat unit acetylated at
position O-3 of the GalA after HF solvolysis of cotton suspension culture walls. Their
conclusion that position O-2 was not acetylated in native RGs was discounted by
Lerouge and collaborators (Lerouge ef al., 1993) who showed, using 'H NMR
spectroscopy, acetylation on both O2- and O3- positions of GalA residues recovered
from EPG solubilized sycamore RG fragments. Ishii also found acetate esters on both,
2~ and 3-hydroxyl positions in bamboo RGs {Ishii, 1995) and potato (Ishii, 1997).

GalA linked sugar side chains

Most, or all, of the side chains found in RGs are connected to the backbone through
Rha residues. There have been reports about a smalt proportion of the GalA residues
in the rhamnogalacturonan region having xylose linked to them (Cheethan er af.,
1993, An ef al., 1994). However, we strongly suspect that, since in most pectins
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xylogalacturonans are localized in close proximity to the RG-HG junction, the
xylosylated GalA is probably not internal to the RG region itself.

Rha linked sugar side chains

Since the discovery that RGs make up a substantial fraction of most pecting (McNeil
et al., 1980), it has been shown that many of the Rha residues have sugar side chains
attached to them at position O-4. These side chains are quite variable in length and
sugar composition. The predominant sugars are arabinose and galactose, but fucose,
glucurenic acid, 4-O-methyl glacuronic acid, xylose, and rhamnose have also been
reported. Laa and coworkers (Lau er al., 1987) isolated and characterized a large
variety of oligomers linked to rhamnitol after they destroyed the GalA residues in the
RG backbone using a dissolving metal reduction reaction {(Mort and Bauer, 1982). The
arabinose appears most often as of—5)-linked arabinofuranans with o{l—3)
arabinose and some o(1—2) side branches. Galactose is found predominantly as a
single galactose residue, or f{1->4)-linked galactopyranose chains with galactose or
arabinose side branches through the O-3 positions. An arabinogalactan based on a
backbone of B(1-—3)-linked Gal with }{1—6)-linked side branches of Gal and/or Ara
is alsc gquite common.

Pectin nomenclature

There are quite a few names used to describe pecting and sections of pectins.
Protopectin is an old term used to refer to pectin that is in its insoluble native state in
cell walls, Protopectinases are enzymes which solubilized pectins from plant material
(Sakai er al., 1993). Pectate, or polypectate, is the salt of de-esterified pectin. Pectic
acid is the acid form of de-esterified pectin. Within pectins there are usually various
regions, some of which have been given very specific names such as rhamno-
galacturonan II, and I (McNeil er al., 1984), and some more general, such as hairy and
smooth regions (Schols and Voragen, 1996). The smooth regions consist of
homogalacturonan (HG) which may be methylesterified or acetylated but have few, if
any, side chains. The hairy regions are very complex, consisting of both
rhamnogalacturonan and xylogalacturonan regions. Within the rhamnogalacturonan
(RG) regions there may also be subdivisions into sections with long side chains and
others with short side chains. Rhamnogalacturonan 1 (RG) is defined as a thamno-
galacturonan with a perfectly repeated disaccharide backbone with side chains
attached to O-4 positions of Rha residues. Thus, hairy regions contain RGs, but RG is
only a section of the hairy region. On the other hand, RGIIs were named based on their
GalA and Rha content. Structural studies, however, revealed that RGIIs have an HG
backbone with side chains containing several sugars including rhamnose. Localization
of RGlIs in native pectin molecules and its possible relatioenship to hairy or smooth
regions remains unknown.

Microbial pectin degrading systems

Pectins make up a substantial fraction of the total sugar content present in plant
materials collectively termed biomass. As described earlier in detail, pectins basically
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utilize the majority of their sugar residues in the assembly of a linear molecule with a
homopolygalacturonic (HG), non-branched methyl-esterified segment, and a rhamno-
galacturonan (RG) branched and acetylated fragment. A simplified and schematic
representation of a generic pectin molecule is shown in Figure 5.

Microorganisms in general recognize pectins, under a variety of physiological
circumstances, as a potential, but complex bonded carbon source. They respond
positively to the extracellular presence of pectins by activating the synthesis and
secretion of a wide range of proteins {all enzymes that degrade a portion of a
polysaccharide defined as pectin) involved in modification, degradation, transport,
assimilation and metabolism of the released sugar residues. Complete enzymatic
degradation by pectinases results primarily in galacturonic acid and rhamnose with
production of lesser amounts of galactose, arabinose, methanol, acetate and traces of
numerous other sugars (e.g. xylose, fucose, apiose}, all of which are assimilated and
metabolized by microorganisms, to promote vegetative growth.

The foremost biochemical activity of a microbial pectinase is to cleave glycosidic
bonds in native pectin molecules, initially resulting in the production of intermediate
sized {ragments containing multiple residues followed by the release of individual
sugars. In general, enzymes involved in depolymerization are extracellular and the
final products are assimilated and metabolized. Typically, monomers and dimers are
transported into the cytoplasm, which are then degraded by cytoplasmic enzymes.
However, in certain bacteria {e.g. Erwinia and Bacterioides) specific enzymes are
found in association with the outer membrane, periplasm or cytoplasmic membrane.
In Figure 5, the mode of action and predicted products for most types of microbial
pectinases is shown. In addition, an extensive survey of bacterial pectinases, including
extracellular and intracellular steps can be found in Tuble 1.

Pectinolytic microorganisms produce an array of pectin degrading enzymes reflecting
the complexity of the natural substrate. Pectinases are classified according to their site
of cleavage, endo or exo (if they cleave within or arf the end of the substrate chain,
respectively), preferred substrate (pectin or pectate)} and the mode by which they
cleave the glycosidic bond (hydrolase or lyase). Pectin hydrolases transfer a single
proton from a donor acidic amino acid to the glycosidic oxygen and cleavage involves
the net consumption of a water molecule. Eliminases, commonly known as Iyases,
cleave glycosidic bonds via an elimination mechanism that generates unsaturated
oligomeric or monomeric reaction products. The proton, ¢ to the carbonyl group, is
abstracted by a basic amino acid and followed by elimnination of the sugar, resulting in
a 4,5 GalA unsaturation (Linhardt er al., 1986).

Pectin lIyases act en highly methyl-esterifted pectins and do not require calcium for
enzymatic aclivity. Pectate-lyases are catalytically similar to pectin-lyases, except that
they cleave non-esterified GalA residues and require calcium for optimal activity
(Pickersgill ef af., 1994; Mayans et al., 1997). Until recently, it was not clear whether
calcium is part of the enzyme (Rao er al., 1996) or is involved in substrate binding
{Crawford and Kolattukudy, 1987). Recent x-ray studies on a pectate lyase from
Bacillus subiilis complexed with calcium, shows that calcium interacts with an
arginine residue that is conserved across all pectin and pectate Iyases (Pickersgill er al.,
1994).

Peclin- and pectate-lyases are common among fungi and have been found in most
species where they have been looked at (Dean and Timberlake, 1989; Gysler er al.,
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1990; Polizeli et al., 1991; Gonzalez-Candelas and Kolattukudy, 1992; Bowen et
al., 1995; Ho et al., 1995; Kopecny and Hodrova, 1995). In bacteria, pectate lyases
represent the largest group of bacterial pectinolytic enzymes and are directly in-
volved in the destruction of plant tissues. Endo-pectate lyases cleave non-esterified
pectate chains at internal sites within the chain resulting in a mixture of unsaturated
oligomers. Typically, bacterial exo-pectate lyases cleave the non-reducing end of
non-esterified pectate chains resulting in the release of unsaturated di- or tri-
galacturonide (Table I). Interestingly, many phytopathogenic bacteria produce
more than one pectate lyase. For example, Erwinia chrysanthemi secretes eight
endo-pectate lyase isozymes and only a single exo-pectate lyase which is retained
in the periplasm (Shevchik and Hugouvieux-Cotte-Pattat, 1997). Based on amino
acid sequence relatedness, bacterial pectate lyases are currently separated into five
different classes (Shevchik and Hugouvieux-Cotte-Pattat, 1997). This functionally
redundant group of enzymes apparently reflects, in part, differential enzymatic sets
recruited under varying physiological conditions — e.g. saprophytic versus
pathogenic growth {Salmond, [994). Phytopathogenic Erwinia species and Pseu-
domonas marginalis also produce extracellular endo-pectin lyases which, unlike
the pectate fyases, are induced by DNA damaging agents and possibly by plant
host phytoalexins (Tsuyumu and Chatterjee, 1984; Zink er al., 1985; Sone et al.,
1988).

Pectin methylesterases remove methyl groups rendering pectin polymers accessible
to the depolymerizing enzymes such as pectate lyases and polygalacturonases. Two
different pectin methylesterases have been identified from E. chrysanthemi. The first
was identified as an extraceltular pectin methylesterase (PmeA) (Laurent ef al., 1993)
while the second, PrmeB, was identified as an outer membrane lipoprotein (Shevchik
et al., 1996). PmeB has a greater activity on small pectic oligomers which can easily
diffuse into the periplasm (Shevchik ef al., 1996), Pectin methylesterases have also
been found in other phytopathogenic bacteria (Schell et al., 1994), several intestinal
bacteria (Cornick et al., 1994; Tierny e al., 1994) and in fungi (Khanh ef of., 1991;
Wojciechowski and Fall, 1996).

Polygalacturonases (PG), poly (1,4-a-D-galacturonide) glycan hydrolases, catalyze
the cleavage of glycosidic tt(1—4) linkages on HG backbones. Polygalacturonases
are of the endo (EPG) type if they cleave internal ghycosidic bonds of the HG chain,
the products are oligomeric and monomeric, and are of the exo (ExPG) type when they
cleave at the non-reducing end of the substrate chain. Polygalacturonases are only
active on non-esterified pectin regions, thus demanding the removal of methylester
groups for complete depolymerization (Khanh er af., 1991; Wojciechowski and Fall,
1996).

In the literature there is a disproportional number of reports on endo- versus exo-
acting fungal pectinases. For example, endo-polygalacturonases have been cloned and
genetically studied in a large number of species (Keon and Waksman, 1990; Bussink
ef al., 1991; Reymond et al., 1994; Whitehead er al., 1995; Centis ef al., 1996; Gao er
al., 1996; Guo et al., 1996; Centis e al., 1997), and also have received considerable
attention from physiologists (Kester and Visser, 1990; Scott-Craig et al., 1990;
Polizeli et al., 1991; Clay et al., 1997; Patino et al., 1997; Takasawa et o/., 1997). In
contrast, less attention has been given to the genes for exo-polygalacturonases (Scott-
Craig et al., 1998), although this activity is consistently detected in physiological
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studies (Kester and Visser, 1990; Polizeli et al., 199%: Aguilar and Huitron, 1993; Di
Pietro and Roncero, 1996; Patino er ad., 1997).

In bacteria, endo- and exo-polygalacturonases have been identified as extracellular
depolymerizing enzymes of phytopathogenic Erwinia (Kotoujansky, 1987; He and
Collmer, 1990). In contrast to pectate lyases, polygalacturonases of Erwinia do not
require calcium but are stimulated by sodium, potassium and ammonium ions
(Nasuno and Starr, 1966). Polygalacturonase has also been identified in Agro-
bacterium numefaciens (Rodrigues-Palenzuela et al., 1991) and several intestinal
bacteria (see Table ).

Rhamnogalacturonan acetyl-esterase (Kauppinen ef al., 1995), rhamnogalacturonan
hydrolase (Mutter ef ., 1994) and rhamnogalacturonan Iyase (Mutter et ¢/., 1996) de-
acetylate and cleave the rhamnogalacturonan backbone (RG) of the substituted
regions of native pectins, respectively (Schols er al., 1990; Schols and Voragen,
1994). These enzymes have been found frequently in fungi (Schols er al., 1990;
Sakamoto et al., 1994; Suykerbuyk et al., 1995; Chen et al., 1997; Nelson et al., 1997).
Excepi for a pectin acetyl esterase (Shevchik and Hugouvieux-Cotte-Pattat, 1997), we
are unaware of similar reports in bacteria. Rhamnogalacturonases cleave de-acetylated
regions of the RG backbone, producing linear hexamers and tetramers with Gal
branches (see Figure 5). Additional enzymes that degrade the RG backbone have been
found and include: rhamnogalacturonano-D-galactopyranosyluronchydrolase, which
releases Gal A residues from the non-reducing end of RGs but not HGs (Mutter ef al.,
1998a; Mutter et al., 1998b} and thamnogalacturonan o-L-rhamnopyranohydrolase,
which cleaves Rha residues from the non-reducing end of RGs (Mutter et al., 1994),

Enzymes that degrade RG side chains have also been found and include: arabinases,
o-L-arabinofuranosidase (v.d. Veen eral., 1991; Ramon et al., 1993; v. d. Veen et al.,
1993; Flipphi ef al., 1994; Ruijter er al., 1997), endo-(1—5)-0r-L-arabinases (Flipphi
ef al, 1993), and galactanases, exo-fB-(1—4)-galactanase {Bonnin et al., 1995;
Christgau et al., 1995}, endo-f-(I-»4)-D-galactanase (Yamaguchi et af., 1995), exo-
{1->3)- B-D-galactanase — able to by-pass the branching points of galactan backbones
(Pellerin and Briliouet, 1994) and endo-B-(1-—3)-galactofuranase (Reyes er al.,
1992). Only arabinases have been found in bacteria so far (McKie er al., 1997:
Sakamoto er al., 1997).

Enzymes that remove Xyl residues from the XGA region have not yet been
reported. However, activities that release GalA residues from the non-reducing end of
XGA trimers, have been observed. This enzyme also acts as an exo-galacturonase,
releasing GalA monomers from HGs. Thus, it is likely that this enzyme is an exo-
polygalacturonase, not inhibited by xylosylated GalA residues. Other links for which
a suitable enzyme has not been identified (or tested) include the entire RGII region, the
RG portions, Ara-Rha as well as Gal-Rha branching bonds, and Rha containing
unsaturated elimination (lyase) products.
) In bacteria, the major end products of polygalacturonases and pectate lyases are

saturated and unsaturated di-galacturonate, respectively, which enter cells and are
further metabolized intracellulatly. Extracellular galacturonate enters the cell throu gh
active transport in £. chrysanthemi or is produced intracellulasly by the action of
oligo-galacturonate lyase. Oligogalacturonate lyase is an intracellular enzyme in E.
chrysanthemi which cleaves the di-galacturonates into two different monomers: 5-
keto-4-deoxy-uronate (DKI} and galacturonate. The monomers DKI and galacturonate
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are then metabolized in E. chrysanthemi by two distinctly different enzyme systems
to produce 2-keto-3-deoxy-gluconate (KDG) which is further converted to pyruvate
and 3-phosphoglyceraldehyde (Hugouvieux-Cotte-Pattat and Robert-B audouy, 1989).
Intracellular di- and tri-galacturonate are hydrolyzed to monomers by oligoglacturonate
hydrolase in Clostridinm thermosaccharolyticum. Galacturonate is further metabolized
by amodified KDG pathway similar to that described for Erwinia species but involves
galacturonaie isomerase, tagaturonate reductase and altromate dehydratase (Van
Rijssel er al., 1993), While considerable data are available on the uptake and meta-
bolism of pectin hydrolysis products in bacterial systems, no such data are available in
fungi,

In most filamentous fungi, pectinases, xylanases, as well as cellujases, are under
carbon catabolite repression (Dean and Timberlake, 1989; Dean and Timberlake,
[989; Polizeli eral., 1991; Ho et al., 1995; Reymond-Cotton ef al., 1996; Ruijter e7 al.,
1997). Very little is known about the induction phase of these complex and important
biochemical activities. We know that induction of cell wall degrading enzymes
involves constitutive low level expression of at least some of the structural genes (El-
Gogary et al., 1989). In the presence of substrate or partially degraded fragments,
these enzymes produce trace amounts of degradation products that are supposedly
chemically modified (e.g. via positional isomerization) resulting in a potent inducer.
It is assumed that the signal is transduced through several unknown steps and
culminates with the massive synthesis of cell wall degrading enzymes (Sternberg and
Mandels, 1979; Biely er al., 1980; Polizeli er al., 1991; v. d. Veen er al., 1993). The
recognition process remains unclear and no advances have recently been made.

Plant-microbe interactions

SUBSTRATE SPECIFICITY AND PRODUCT DISTRIBUTION

Because of the difficulty in obtaining highly defined pectin substrates and analyzing
the exact nature of the products of enzyme digestions, only a few pectin degrading
enzymes have been well characterized with respect to their exact substrate specificity
and product distribution. Most often, the hydrolytic type of enzymes are assayed by
their production of reducing equivalents using a colorimetric assay, and tyases by 236
nm absorbance reflecting the generation of unsaturated GalA residues.

In-the last few years, it has become much easier to characterize reaction products
because of the high resolving power of high performance liquid chromatography
(HPLC) anion exchange columns and the high sensitivity of the pulsed electrochemical,
or amperometric, detector commercialized by the Dionex company. It is possible that
these will be partially superseded by capillary electrophoresis with fluorescence
detection. We have found that fluorescently labelled pectic oligosaccharides are good
substrates for most pectin degrading enzymes, and that by capillary electrophoretic
analysis the exact nature of the products can be determined quickly, if suitable
standards are available (Mort and Chen, 1996; Zhan ef al., 1998).

Fungal endopolygalacturonases appear to bind four (or five (Benen e7 al., 1996))
adjacent GalA residues of the chain and hydrolyze between the last two residues
toward the reducing end of the bound cluster (Rexova-Benkova and Markovic, 1976;
Thibault, 1983; Mort and Chen, 1996). Some enzymes act randomly, whereas it
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appears that others exhibit a multiple attack action. Instead of dissociating from the
substrate, the enzyme sometimes ‘moves’ along the chain by one residue towards the
non-reducing end and catalyzes repeated glycosidic hydrolysis (Benen et al., [996).

Exogalacturonases in fungi hydrolyze single GalA residues from the non-reducing
end of polymeric, or oligomeric galacturonan (Kester ef al., 1990). In contrast,
bacteria usually remove disaccharides from the non-reducing end of pectate by an exo-
pectate lyase. The substrate specificity of fungal pectin lyases is not well known. Van
Houdenhoven (1975) suggests the enzyme binds between 8 and 10 sugar residues. De
Vries and collaborators (de Vries et al., 1983) inferred by modelling pectin lyase
degradation of apple pectins, that the enzyme needs three, but perhaps four, adjacent
esterified residues.

Inbacteria, pectate fyases seem to be the most important enzymes in HG degradation.
There is good evidence that several enzymes, all capable of degrading pectate, with
different specificities are produced at the same time by the same organism. Preston and
collaborators (Preston er al., 1992) compared four pectate lyases from E. chirysanthemi
acting on pectic acid and found that one (Pla) produced random cleavage products, two
{(Pih, Plc) produced predominantly unsaturated GalA trimers, and another (Ple),
unsaturated dimers. The three enzymes that cleave in anon-random fashion are likely to
function via a multiple attack (scanning} mechanism observed in some fungal EPGs
(Benen et al., 1996). Another comparison (esting various pectate lyases from E.
carotovara on differentially methylesterified substrates resulted in synergistic mter-
actions, indicating that individual enzymes are differentially affected by the amount of
methyl ester groups present on the substrate molecule (Bartling er al., 1996).

BACTERIAL INFECTIONS

Bacteria have variable impacts on agriculture. For example, bacterial pectinases are
beneficial in processes like biomass utilization, but the same activities are devastating
when acting as virulence factors in plant diseases (He et o/, 1993). The insoluble plant
cell wall polymers are significant barriers o microorganisms, yet represent an
abundant source of carbohydrates. The disease process in general requires pectin
degradation and is often dependent on plant sensitivity and environmental conditions
such as temperature, nifrogen starvation, osmolarity and oxygen limitations
{(Hugouvicux-Cotte-Pattat ef al., 1992).

To address whether or not pectin degradation was required to establish bacterial
pathogenesis, Kelemu and collaberators (Kelemu and Collmer, 1993) created an E.
chrysanthemi recombinant sirain, deficient in all known pectate lyases and
polygalacturonases. However, the pectinase deficient mutant was still able to degrade
the host plant tissue. This initially disappointing observation led to the discovery of a
whole ‘new’ set of pectate lyases that are induced and secreted in planta. The fact that
bacteria have evolved alternate sets of functionally redundant cell wall degrading
enzymes expressed in planta illustrates the importance of these enzymes in the
natural life cycle of these apparently simple micreorganisms.

FUNGAL INFECTIONS

Most filamentous fungi are outfitted with a specific genetic program that allows them
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to infect plant cells and colonize specific organs, tissues or entire piants, Although
pathogen-host interactions are in many cases determined by very specific biochemical
relationships, a more or less morphologicalfy defined developmental programme of
events is consistently observed. A typical pathological cycle is initiated when fungal
spores land and attach on the surface of a compatible host. During germination, a
filamentous cell grows along the plant surface and undergoes several mitotic cell
divisions until, in response to physical and chemical signals, a morphologically
differentiated cell-type, the appressorium, is formed. From the apical vegetative cell,
most of the cytoplasm migrates into the forming appressorium (Bourett ef al., 1987;
Kwon and Hoch, 1991; Kwon et of., 1991; Gross er al., 1993). Penetration of the host
is accomplished by the formation of a penetration peg whose production is coordinated
by the fully differentiated appressorium, The penctration peg punches and dissolves
the thick plant cell wall and seeks the protoplast where the apex penetrates the
membrane (Mould et al., 1991; Mould et al., 1991}. Once the penetration step has been
completed, the infection hypha gains access to host nutrients and returmns to the
vegetative mode of growth (polar extension).

Compelling physiological evidence for the role of pectin degrading enzymes in
pathogenesis has been obtained for many diseases. However, although the physio-
logical evidence is compeliing, a satisfactory genetic proof indicating a substantial
implication of pectin degradation remains to be produced (Mendgen and Deising,
1993; Walton, 1994, Scott-Craig ef al., 1998). There is not much doubt that these
enzymes are specifically induced by fungal pathogens during infection and progression
of disease {Batemnan ez af., 1976; Keon and Waksman, 1990; Walton and Cervone,
1990; Van Hoof er al., 1991; Cary er al., 1995; Ho er al., 1995; Wu et al., 19935).
However, genetic inactivation {(disruption) of individual enzyme-coding loci has
shown no detectable phenotypes. The inactivation, in C. carbonum, of any one cell
wall-degrading enzyme (endo-polygalacturonase, B-(1—4)-xylanase, exo-(1-+3)-
glucanase or a cellulase) does not abolish the infection process as a whole (Scott-Craig
etal., 1990; Apel eral., 1993; Schaeffer et al., 1994; Sposato et al., 1993). Moreover,
a C. carbonum endo-polygalacturonase and exo-polygalacturonase double ‘null’
mutant is still pathogenic (Scout-Craig et al., 1998). There are many possible inter-
pretations why the disruption of one gene does not inactivate infection: one is that
pectin degradation is not needed for infection and another that genetic redundancy and
biochemical overtap found in plant cell wall degrading systems compensates the
genetic ‘null’ phenotype (Prade, 1996),

PLANT PROTEINS THAT INHIBIT PGS

Plants produce a class of proteins that inhibit fungal PGs. These polygalacturonase-
inhibiting proteins (PGIPs) were reviewed recently (De Lorenzo and Cervone, 1997).
PGIPs were discovered in the early "70s, but have only been studied intensively in the
"80s. It has been shown that PGIPs are able to inhibit the progress of the invading
pathogen in spreading through the infected plant. One possible and likely explanation
for the mode of action of PGIPs is that they attenuate the pectin breakdown rate, thus
stowing the reduction of oligogalacturonides into trimers, dimers and monomers (De
Lorenzo and Cervone, 1997). The reduced efficiency in breaking down HG fragments
increases the lifetime of various intermediate sized GalA fragments (12~14mers) and
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it has been shown that these kinds of fragments are able to activate plant resistance
responses (Darvill et al., 1994; Cook et al., 1998). PGIPs have been observed ina wide
variety of dicots, and in monoecots they have been reported in the onion family. We do
not know of any attempts to survey plants for PGIPs to see how widely they are
distributed. Constitutive levels of PGIP vary with age and cell type, and in some cases
are induced through wounding or the presence of elicitors. In beans, three families of
PGIP genes that are differentially expressed have been reported (De Lorenze and
Cervone, 1997). Interestingly, known PGIPs do not inhibit PGs preduced by plants or
bacteria (De Lorenzo and Cervone, 1997).

Conclusions

Finally, on one hand we are able to provide a fairly detailed account on pectin
structure and enzyme sysiems found in microorganisms. Pectinases, in conjunction
with other large sets of degrading activities, are likely to entirely degrade any
significant structural components of the invaded host into metabolizable products.
This one sided view suggests that microbes are able to assemble an impressive
biochemical arsenal. On the other hand, we are beginning to appreciate that a full
hlown microbial attack is not always successful because hosts have evelved specific
biochenical barriers. Even though we know little about PGIPs, their existence alone
surely tempt the suggestion that additional, yet unknown biochemical plant (host)
fungus (pathogen) communication mechanisms may play determining roles in the
outcome of disease. Thus, if biochemical defense reactions between pathogens and
hosts are in fact more common and widespread, as currently suspected, plant
infections and other refated interactions {e.g. rotting} may include biochemical
interplay reactions that directly interfere with microbial functions such as nutrition
and penetration.

Acknowledgements

We thank Marlee Pierce (Oklahoma State University) for her valuable discussions and
precise suggestions. We also thank Wolfgang D. Bauer (Ohio State University) and
Greg May (Baylor College of Medicine) for critically reviewing the manuscript.
Grants from the United States Department of Agriculture ((ISDA), National Research
Initiative (NRI), and the Department of Energy (DOE) currently support research in
the Mort and Prade laboratories.

References

AGUILAR, G.AND HUITRON, C. (1993). Conidial and mycelial-bound exo-pectinase of Aspergil-
tus sp. FEMS Microbiology Letters 108, 127-132.

ALBERSHEIM, P., DARVILL, A.G.. O'NEILL, M.A .. SCHOLS, H.A. AND VORACEN, A.G.J. {1996).
An hypothesis: the same six polysaccharides are components of the primary celt walls of
all higher plants. In Pecrins and Pectinases. Eds. J. Visser and A.G.J. Voragen, Vol. 14,
pp 47-55. Amsterdam: Eisevier Science.

AN, I, O'NEILL, MLA., ALBERSHEIM, P. AND DARVILL, A.G. (1994). Isclation and structural
characterization of f-D-glucosyluronic acid and 4-O-methyl B-D-glucosyluronic acid-
containing oligosaccharides from the cell-wali pectic polysaccharide, rhamnogalacturonan
1. Carbohydrate Research 252, 235-243.



382 R.A. PRADE, D. ZHAN, P. AYOUBI AND A.J. MORT

APEL, P.C.. PANACCIONE, D.G., HOLDEN, F.R. AND WALTON, LD, (1993). Cloning and targeted
gene disruption of XYL/, abeta 1.4 xylanase gene from the maize pathogen Cochliobolus
carbontum, Molecular Plant Microbe Interactions 6, 467-473.

BACIC. A, HARRIS, P.J. AND STONE, B.A. (1988). Structure and function of piant cell walls. In
The Biochemistry of Planis: A Comprehensive Treatise, vol 14, Carbohydrates. Ed. I, Preiss,
pp. 297-371, New York: Academic Press,

BARTLING, §., DERKX, P., WEGENER, C. AND OLSEN, O. {[996). Erwinia pectate lyase
differences revealed by action pattern analyses, In Pectins and Pectinases. Eds. J. Visser
and A.G.J. Voragen, Vol. 14, pp 283-293. Amsterdam: Elsevier Science.

BATEMAN. DLF., JONES. TM. AND YODER, O.C. {1976}. Degradation of corn cell walls by
extracellular enzymes produced by Hehninthosporium maydis race. Trends in Phyto-
pathology 63, 15231529,

BAUER. D.W._AND COLLMER, A. (1997). Molecular cloning, characterization, and mutagenesis
of a pel gene from Pseudomonas syringae pv. lachyrmans encoding a member of the
Erwinia chrysanthemi pelADE family of pectate lyases. Molecrlar Plant Microbe Inrer-
actions 10, 369-379.

BENEN, JAE., KESTER, H.C.M., PARENICOVA, 1.. AND VISSER, J. (1996). Kinetics and mode
of action of Aspergiilus niger polygalacturonases. In  Pecrins and Pectinases. Eds.
J. Visser and A.G. I Voragen, pp 221-230. Amsterdam: Elsevier,

BIELY. P, VRSANSKA. M. AND KRATKY, Z. (1980). Xylan-degrading enzymes of the yeast
Cryptococens albidus. Identification and cellular localization. Ewropean Journal of
Biachemistry 108, 313-321.

BONNIN, E., LAHAYE, M., VIGOQUROUX, ], AND THIBAULT, 1.F. (1995). Preliminary charac-
terization of a new exo-beta-{1,4)-galactanase with transferase activity. Inrernational
Journal of Biological Macromolecules 17, 345-351.

BOURETT, T., HOCH, H.C.AND STAPLES, R.C. (1987). Association of the microtubute cytoskel-
eton with the thigmotropic signal for appressorium formationin Uronryvees. Mveologia 79,
540--545.

BOUVENG, H.O.(1965). Polysaccharides in pollen 1. The xylogalacturonan from mountain pine
(Pires nmurgo Twra) polien. Actg Chen Scandinavia 19, 953-963.

BOWEN.J.K.. TEMPLETON, M., SHARROCK, K.R., CROWHURST, R.N. AND RIKKERINK, E.H.
(1995). Gene inactivation in the plant pathogen Glomerella cingularer: theee strategies for
the disruption of the pectin lyase gene pnld. Molecular and General Genetics 246, 196—
205,

BrOwnN. J.AANDFRY, 5.C.(1993). Novel Of3-galacturonyi esters in the pectic polysaccharides
of suspension-cultured plant cells. Plant Physiclogy 103, 993990,

BUssSINK, H.J., BROUWER, K.B., DE GRAAFF, L.H., KESTER, H.C. AND VISSER, J. ([991).
Hentification and characterization of a second polygalacturonase gene of Aspergillus
niger. Curvent Genetics 20, 301-307.

CARPITA, N.C.AND GIBEAUT, D.M. {1993). Structurai models of primary cell wallsin flowering
plants: consistency of molecular structure with the physical properties of the walls during
growth. Plaar Journal 3, 1-30.

CARY, L.W., BROWN, R., CLEVELAND, T.E., WHITEHEAD, M. AND DEAN, R.A. (1995). Cloning
and characterization of a novel polygalacturonase-encoding gene from Aspergillus
parasiticus. Gene 153, 120-133.

CENTIS. 8., DUMAS, B., FOURNIER, J., MAROLDA, M. AND ESQUERRE-TUGAYE, M.T. (1996).
Isolation and sequence analysis of Clpgl, a gene coding for an endopolygalacturonase of
the phytopathogenic fungus Collerotrichum tindenmithianum. Gene 170, 125-129,

CENTIS. 5., GUILLAS, 1, SEIALON, N. AND ESUERRE-TUGAYE, M.T. (1997). Endopoly-
galacturonase genes from Colletotrichum lindemuthignum: cloning of CLPG2 and
comparison of its expression to that of CLPG I during saprophytic and parasitic growtl of
the fungus. Melecular Plant Microbe Interactions 10, 769-7785.

CHAMBAT, G. AND JOSELEAU, J.-P. {1980). Isolation and characterization of a homogalac-
turonan in the primary cell walls of Rosa cebls culturesin vitro. Carbohydrate Research
85. Clo-Ci2.

CHATTERIEE, A K., BUCHANAN, G.E., BEHRENS, M.K.AND STARR, MLP. (1979), Synthesis and



Pectins, pectinases and plant-microbe interactions 383

excretion of polygalacturonic acid trans-eliminase in Enwvinia, Yersinia, and Klebsiella
species. Canadian Journal of Microbiology 25, 94-102.

CHEETHAN, N.W .H., CHEUNG, P.C.-K. AND Evansg, A L (1993). Structure of the principal non-
starch polysaccharide from the cotyledons of Lupinis angustifolius (cultivar Guagurru).
Carbohyvdrate Polymers 22, 37-47.

CHEN, EM.W. AND MORT, AJ. (1996). Nature of sites hydrolyzable by endopolygalac-
turonase in partially esterified homogalacturonans. Carboliydrate Polviners 29, 129-136.

CHEN. HLE, SMITH, D.L., STARRETT. D.A.. ZHou. D., TUCKER, M.L.. SoLoMOS, T. AND
GROSS. K.C. (1997). Cloning and characterization of a rhamnogalacturonan hydrolase
gene from Botrviis cinerea. Biochemistry and Molecular Biology International 43, 823—
838.

CHRISTGAU, S., SANDAL, T., KoroD, L.V. anD DALBOGE, H. (1995). Expression cloning.
purification and characterization of a beta-1.4- galactanase from Aspergillus aculeatus.
Current Genetics 27, 135-141.

CLaY. R.P., BERGMANN, C.W, AND FULLER, M.S. (1997). Isclatior: and characterization of an
endopoiygalacturonase from Coclliobolis sarivus and a cytological study of fungal
penetration of barley. Phyfopathology 87, 1148-1459.

COOK, B.J., CLAY, R P., BERGMANN, C.W ., ALBERSHEIM, P.AND DARVILL, A.G. (Eds.) (1998},
Fungal polygalacturonases exhibit different substrate degradation patterns which correlate
with susceptibilities to PGIPs. In Cell Walls °98: 8th International Cell Walls Meeting,
pp 9-13. Norwich, UK: John Innes Centre.

CooK, G.M.W . AND STODDART,. R.W. (1973). InSinrface Carbohydrares of the Eukarvotic Cell,
346 pages. London and New York: Academic Press.

CORNICK, N.A., JENSEN, N.S., STAHL, D.A., HARTMAN, P.A. AND ALLISON, M.J. (1994).
Lachnospira pectinoschiza sp. nov., an anaerobic pectinophile from the pig intestine,
International Jouwrnal of Svstematic Bacieriology 44, 87-93.

CRAWFORD, M.S. AND KOLATTUKUDY. P.E. (1987). Pectate lyase from Fusariwm sofani f. sp.
pisi, purification, characterization, in vitro translation of the mRNA, and involvement in
pathogenicily. Archives of Biochemistry and Biophysics 258, 196-205.

DARVILL, A., BERGMANN, C.. CERVONE, F., DE LORENZO, G., HaM, K.S., SPIRO, M.D.. YORK,
W.S. AND ALBERSHEIM. P. (1994). Oligosaccharins involved in plant growth and host-
pathogen interactions. Biochemical Society Svinposium 60, 89-94.

DarviLL, A.G., MCNEIL, M. AND ALBERSHEIM. P. (1978). Structurz of plant cell walls. VII. A
new pectic polysaccharide. Plant Physiology 62, 418-422.

PE LORENZO, G. AND CERVONE, F. (1997). Polygalacturcnase-inhibiting proteins
(PGIP}s, Their role in specificity and defense against pathogenic fungi. In Plant Mic-
robe Interactions. Eds. G. Stacey and N.T. Keen, pp 76-93. New York: Chapman and
Hall.

DE VRIES, I.A., HANSEN, M., S@DEBERG. J., GLANN, P.-E. AND PEDERSEN, J.K. (1986).
Distribution of methoxyl groups in pectins. Carbohvdrate Polvmers 6, 165-176,

DE VRIES, J.A., RAMBOUTS, F.M., VORAGEN, A.G.J. AND PILNIK, W. (1983}, Distribution of
methoxyl groups in apple pectic substances. Carbohvdrate Polymers 3, 245-258.

DEAN, R.A. AND TIMBERLAKE, W_E. (1989}. Production of cell wall-degrading enzymes by
Aspergillus nidulans, a model system for fungal pathogenesis of plants. Plant Cell 1,265~
273

Dean. R.A. AND TIMBERLAKE, W.E. (1989). Regulation of the Aspergilius nidulans pectate
lyase gene (peld). Planr Cell 1. 275-284.

D1 PIETRO, A. AND RONCERO, M.I. (1996). Purification and characterization of an exo-
polygalacturonase from the tomato vascular wilt pathogen Fusarivm oxysporum sp.
Iveopersici. FEMS Microbiology Letters 145, 295-299.

FEMENIA. A., GAROSL P., ROBERTS, K., WALDRON, K.W., SELVENDRAN, R.R. AND ROBERT-
son, AL (1998). Tissue-related changes in methyl-esterification of pectic polysaccharides
in cauliffower (Brassica oleracea L. var. botrytis) stems, Planta 205, 438444,

FISHMAN, M.L., PFEFFER, P.E., BARFORD, R.A. AND DONER, L.W. {1984). Studies of pectin
sclution properties by high performance size exclusion chromatography. Journal of
Agricultural and Food Chemistry 32, 372-378.



384 R.A. PRADE, D. ZHAN, P. AYOUBI AND A}, MORT

FLIPPHI, MLL., PANNEMAN, H., VAN DER VEEN, P., VISSER, J. AND DE GRAAFF, L.H. (19933,
Molecular cloning, expression and structure of the endo-1,5-alpha-L-arabinase gene of
Aspergillus niger. Applied Microbiology and Biotechnology 40, 318-326.

FLIPPH], MLJ., VISSER, J., VAN DER VEEN, P. AND DE GRAAFF, 1..H. (1994). Arabinase gene
expression in Aspergillus niger indications for coordinated regulation. Microbiology
140, 2673-2682.

Fry. 5.C. (1986). Cross-linking of matrix polymers in the growing cell walls of angiosperims.
Annual Reviews of Plant Physiology 37, 165-186.

Fu, J. AND MORT, AL (1996). Progress toward identifying a covalent crosslink between
xyloglucan and rhamnogalactaronan in cotton cell walls, Plant Physiology 111 (8), 147,

Ga0, 5., CHOL, G.H., SHAIN, L. AND NUSs, D.L. (1996). Cloning and targeted disruption of
enpg-1, encoding the major i virre extracellular endopolygalacturonase of the chestnut
blight fungus, Cryphenectria parasitica. Applied Environmenial Microbiology 62, 1984
1990,

GOLDBERG, R., MORVAN, C. AND ROLAND, J.-C. {1986). Composition, properties and locali-
zation of pectins in young and mature ¢ells of the mung bean hypocotyt, Plant Cell
Physiology 27, 417429,

Gonzalez, C.F., PETTIT, E.A., VALADEZ, V.A, AND PROVIN, E.M. {1997). Mobilization,
cloning, and sequence determinatien of a plasmid-encoded polygalacturenase from a
phytopathogenic Burkholderia (Psendomonas) cepacia, Molecular Plant Microbe Inter-
actions 10, 849-851.

GONZALEZ-CANDELAS, L. AND KOLATTUKUDY, P.E. (1992). Isolation and analysis of a novel
inducible pectate Iyase gene from the phytopathogenic fungus Fusariem solani . sp. pisi
(Neciria haematococca, mating population VI3 Journal of Bacteriology 174, 6343-6349,

GRANT, G.T., MoRRis, ERR,, REES, D.A., SmiTH, P.J.C. AND THOM, D). (1973). Bioleogical
interactions between polysaccharides and divalent cations: the ‘egg box’ model. FEBS
Lerters 32, 195-198.

GRASDALEN, H., BAKOY, O.E. AND LARSEN, B. (1988). Determination of the degree of
esterification and the distribution of methylated and free carboxyl groups in pectin by 1H-
N.M.R. spectroscopy. Carbofivdrate Research 184, 183191,

Gross, P., JuLius, C., SCHMELZER, E. AND HAHLBROCK, K. (1993). Translocation of cytoplasm
and nucleus to fungal penetration sites is associated with depolymerization of microtubules
and defence gene activation in infected, cultured parsley cells. EMBO Journal 12, 1735—
1744,

Guo, W., GONZALEZ-CANDELAS, k.. AND KOLATTUKUDY, P.E. (1996). Identification of a
novel pelD gene expressed uniquely in plamta by Fusarium solani t. sp. pisi
(Nectria haematococca, mating type V1) and characterization of its protein product as an
endo-pectate lyase. Archives of Biochemistry and Biophysics 332, 305-312.

GYSLER, C., HARMSEN, J.A., KESTER, H.C., VISSER, J. AND HEIMm, J. (1990). Isolation and
structure of the pectin lyase D-encoding gene from Aspergillus niger. Gene 89, 101-108.

HADFIELD, K.A. AND BENNETT, A.B. (1998}, Polygalacturonases: many genes in search of a
function. Plant Physiology 117, 337-43.

HAMILTON, A, FRAY, R.G. AND GRIERSON, D. (1995}, Sense and antisense inactivation of
fruit ripening genes in tomato. Current Topics in Microbiological Inmunology 197, 77—
89.

Hart, DA, AND KiNDEL, P.K. (1970a). A novel reaction involved in the degradation of
apiogalacturonans from Lemna minor and the isolation of apicbiose as a product.
Biochemistry 9, 2190-2196.

HART, D.A. AND KINDEL, P.K. (1970b). Isolation and partial characterization of apiogalact-
uronans from the cell walt of Lemna minor. Biochemical Journal 116, 569-579.

HE, 8.Y. anD COLLMER, A. (§990). Molecular cioning, nucleotide sequence, and maker
exchange mutagenesis of the exo-poly-alpha-p-pelygalacturonosidase-encoding pheX
gene of Erwinia chrysanthemi EC16. Journal of Bacteriology 172, 4988-4995,

HE, 5.Y., LINDERBERG, M. AND COLLMER, A, (1993). Protein secretion by plant pathogenic
bacteria. n Biotechnology in Plunt Disease Control. Ed. 1. Chet, pp 39—64. New York:
Wiley-Liss Incorporated.



Pectins, pectinases and plant-microbe interactions 385

HEINRICHOV A, K., WOICIECHOWICZ, M., AND ZIOLECKL A. (1985). An exo-D-galacturonanase
of Butyrivibrio fibrisolvens fromthe bovine rumen. Journal aof General Microbiology 131,
2053-2058.

HinTON, J.C., SIDEBOTHAM, J. M., GiLL, D.R. AND SALMOND, G.P. (1989, Extracetlular and
peripiasmic isoenzymes of pectate lyase from Erwinia carotovora subspecies carotovora
beiong to different gene families. Molecular Microbiology 3, 1785-1795.

Ho, M.C.. WHITEHEAD, M.P.. CLEVELAND, T.E. AND DEAN, R.A. (1995). Sequence analysis
of the Aspergillus nidulans pectate lyase pelA gene and evidence for binding of promoter
regions to CREA. a regulator of carbon catabolite repression. Current Geneties 27, 142—
145,

HOTCHKISS, A.'T. AND HICKS, K.B. (1990). Analysis of oligogalacturenic acids with 50 or fewer
residues by high-performance anion-exchange chromatography and puised amperometric
detection. Analytical Biochemistry 184, 200-206.

Hou, W.-C. AND CHANG, W.-H. (1996). Pectinesterase-catalyzed firming effects during
precooking of vegetables. Journal of Food Biochemistry 20, 397416,

HUANG, J.LH. AND SCHELL, M.A. (1990). DNA sequence analysis of pgld and mechanism of
export of its polygalacturonase product from Pseudomonas solanacearum. Journal of
Bacteriology 172, 3879-3887.

HUGGUVIEUX-COTTE-PATTAT, N., CONDEMINE, G., NASSER, W. AND REVERCHON, S. (1996).
Regutation of pectinolysis in Erwinfa chrysanthemi. Annual Reviews of Microbiology 50,
213-57.

HUGOUVIEUX-COTTE-PATTAT, N., DOMINGGUEZ, H. AND ROBERT-BAUbOUY, 1. (1992),
Environmental conditions affect the transcrption of the pectinase genes of Erwinia
chivsanthemi. Journal of Bacteriology 174, T807-7818,

HUGOUVIEUX-COTTE-PATTAT, N. AND ROBERT-BAUBOUY, F. (1989), Isolation of Erwinia
chrysanthemi mutants altered in pectinoiytic enzyme production. Molecular Micro-
biolagv 3, 1587-1597.

IsHii, T. (1995). Pectic polysaccharides from bamboo shoot cell-walls. Mokuzai Gakkaishi 41,
669-676.

IsHn, T. (1997). O-acetylated oligosaccharides from pectins of potato tuber cell walls, Plant
Physiology 113, 1265-1272.

Farvis, M.C. (1984}, Structure and properties of pectin gels in plant cell walls. Planr Cell
Environment 7, 153-164.

JENSEN, N.S. AND CANALE-PAROLA, E. (1986). Bacteroides pectinophilus sp. nov. and
Bacteroides galacturonicus sp. nov.: two pectinolytic bacteria from the human intestinal
tract. Applied Environmental Microbiology 52, 880-887.

KAUPPINEN, 5., CHRISTGAU. §., KOFOD, L.V., HALKIER, T., DORREICH, K. AND DALBOGE, H.
(1995). Molecufar cloning and characterization of a rhamnogalacturonan acetylesterase
from Aspergillus aculeaius. Synergism between rhamnogalacturonan degrading enzymes.
Jowrnal of Biological Chemistry 270, 27172-27178.

KEEGSTRA. K., TALMADGE, K., BAUER, W.D. AND ALBERSHEIM, P. (1973). The structure of
plant celi walls. IIT. A model of the walls of suspension-cultured sycamore cells based
on the interconnections of the macromolecular components. Plant Physiology 51, 188-
196.

KELEMU, 3. AND COLLMER, A. (1993). Envinia chysanthemi EC16 produces a second set of
plant-inducible pectate lyase isoenzyme. Applied Environmental Microbiology 59, [ 756—
1761.

KEON, IP. aND WaKSMAN, G. {1990). Common amino acid domain among endopoly-
galacturonases of ascomycete fungi. Applied Environmental Microbiology 56, 2522-2528.

KESTER, C.M., KUSTERS-VAN SOMEREN, M.A., MULLER, Y. AND VISSER, J. (1996). Primary
structure and characterization of an exopolgalacturonase from Aspegillus tubingensis.
European Journal of Biochemistry 240, 738-746,

KESTER, H.C. AND VISSER, J. (1990}. Puriftcation and characterization of polygalacturonases
produced by the hyphal fungus Aspergillus niger. Biotechnology and Applied
Biochemistry 12, 130160,

KHANH, N.Q., RUTTKOWSKI, L., LEIDINGER, K., ALBRECHT, H. AND GOTTSCHALK, M., (1991).



386 R.A. PRADE, D. ZHAN, P. AYOUBI AND A.J. MORT

Characterization and expression of a genomic pectin methyl esterase-encoding gene in
Aspergillus niger. Gene 106, 71-77.

KIKUCHL, A., EDASHIGE, Y., Istill, T. AND SATOH, S. {1996). A xylogalacturonan whose level
is dependent on the size of celi clusters is present in the pectin from cultured carrot cells.
Planta 200, 369-372.

KiM. J.-B.AND CARPITA, N.C. (1992}. Changes in esterification of the uronic acid groups of cell
wall polysaccharides during elongation of maize coleoptiles. Plant Phyvsiology 98, 646.-
653.

KOBAYASHL, M., MATOH, T. AND AZUMA, 1. (1996). Two chains of rhamnogalacturonan II are
crosslinked by borate-diol ester bonds in higher plant cell walls, Plant Physiology 110,
1017-1020,

KOMALAVILAS, P. AND MORT, AL (1989). The acetylation at O-3 of galacturonic acid in the
rhamnose-rich region of pectins. Carbohiydrate Research 189, 261--272.

KOPECNY, J. AND HODROVA, B. (1995). Pectinolytic enzymes of anaerobic fungi. Lerters of
Applied Microbiology 20, 312-316,

KOTOUIANSKY, A. (1987). Molecular genetics of patheogenesis by soft-rot Erwiniay. Annual
Reviews of Phytopathology 25, 405-430.

KwoN, YH. anp Hocd, H.C. (1991). Temporal and spatial dynamics of appressorium
formation in Uronryces appendiculatus. Experimenial Mycology 15, 116-131.

Kwon, Y.H., HocH, HC. AND AIST, J.R. ([991). Initiation of appressorium formation in
Uromyces appendiculatus: organizations of the apex, and the responses invelving
microtubules and apical vesicles. Canadian Journal of Botany 69, 25602573,

Lau, M., MCNEIL, M., DARVILL, A.G. AND ALBERSHEIM, P. (1985). Structure of the backbone
of thamnogalacturonan I, a pectic polysaccharide in the primary cell walls of plants.
Carbohydrate Research 137, 111-125.

Lau, J. M., McCNEIL, M., DARVILL, A.G. AND ALBERSHEIM, P. (1987). Treatment of
rhamnogalacturonan I with fithium in ethylenediamine. Carbohydrate Research 168,
245-274.

LAURENT, F., KOTOUJANSKY, A., LABESSE, G.ANDBERTHEAL, Y. (1993). Characterization and
overexpression of the Prire gene encoding pectin methylesterase of Erwinia chrvsanthemi
strain 3937. Gene 131, 17-25,

LEROUGE, P., O'NEILL, M.A., DARVILL, A.G. AND ALBERSHEIM, P. (1993), Structural charac-
terization of endo-giycanase-generated oligoglycosyl side chains of rhamnogalacturonan
L. Carbohvdrate Research 243, 359-371.

Liao, C.H. (1991). Cloning of pectate lyase gene pel from Pseudomonas fluorescens and
detection of sequences homologous to pel in Pseudomonas viridiflava and Pseudomonas
purida. Journal of Bacteriology 173, 43864393,

L140, C.H.,, GAFFNEY. T.1}., BRADLEY, 5.P.AND WONG, L.C. (1996). Cloning of a pectate lyase
gene from Xanthomonas campestris pv. malvacearum and comparison of iis sequence
relationship with pel genes of soft-rol Enwvinia and Pseudomonas. Molecular Plant
Microbe Imteractions 9, 14-21.

Liao. CH., HUNG, HY. AND CHATTERIEE, A.K. (1988). An extracellular pectate lyase is the
pathogenicity factor of the soft-rotting bacterium Pseudononas viridiflava. Molecular
Plant Microbe Interactions 1, 199-209.

LINERS, F. AND VAN CUTSEN, P. (1992). Distribution of pectic polysaccharides throughout
walls of suspension-cultured carrot cells: an immunocytochemical study. Protoplasma
176, 10-21.

LINHARDT, R, GALLIHER, P.M. AND COONEY, C.L. (1986). Polysaccharide lyases, Applied
Biochemistry and Biotechnology 12, 135-176,

MaTon, T, ISHIGAKI, K., GHNO, K. AND AZUMA, J. (1993), Isolation and characterization of
a boron-polysaccharide complex from radish roots. Planr Cell Physiology 34, 639-642.

Mavans, 0., SCOTT, M., CONNERTON, L., GRAVESEN, T., BENEN, J., VISSER, I, PICKERSGILL,
R. AND JENKINS, J. (1997). Two crystal structures of pectin lyase A from Aspergillus
reveal apH driven conformational change and striking divergence in the substrate-binding
clefts of pectin and pectate lyases. Structure 5, 677-689.

McCann, M.C., SHI, J., ROBERTS, K. AND CARPITA, N.C. (1994). Changes in pectin structure



Pectins, pectinases and plant-microbe interactions 387

and localization during the growth of unadapted and NaCl-adapted tobacee cells. Plant
Journal 5, 773-785.

MCCARTHY, R.E., KOTARSKI, S.F. AND SALYERS. A.A. (1985). Location and characteristics of
enzymes invelved in the breakdown of polygalacturonic acid by Bacteroides
thetaiotaomicron. Journal of Bactericlogy 161, 493499,

MCCARTHY. R.E. AND SALYERS, A.A. {1986). Evidence that polygalacturonic acid may not be
a major source of carbon and energy for some colonic Bacteroides species. Applied
Environmental Microbiology 52, 9-16.

MCGUIRE, R.G.. RODRIGUEZ-PALENZUELA, P., COLLMER, A. AND BURR, T.J. {1991}, Polyga-
lacturonase production by Agrobacterium nonefaciens biovar 3. Applied Envirommental
Microbiology 57, 660-664,

MCKIE. V.A. BLACK, G.W., MILLWARD-SADLER, S.J.. HAZLEWOOD, G.P., LAURIE. J.I. AND
GILBERT, H.J. {1997). Arabinanase A from Pseudomonas fluorescens subsp. cellulosa
exhibits both and endo- and an exo- mode of action. Biochemical Journal 323, 547-555,

MCNEIL, M., DARVILL, A.G. AND ALBERSHEIM, P. (1980). Structure of plant cell walls X.
Rhamnogalacturonan I, a structurally complex pectic polysaccharide in the cell walls of
suspension-cullured sycamore cells. Plant Physiology 66, 1128—1134,

MCNEIL, M.. DARVILL. A.G., FrRY, S.C. AND ALBERSHEIM, P. {1984). Structure and function
of the primary cell walls of plants. Annual Reviews of Biochemistry 53, 625-663.

MENDGEN, K. AND DEISING, H. (1993}, Infection structures of fungal plant pathogens — a
cytological and physiological evaluation. New Pliviology 124, 193-213,

MORT. AJ. AND BAUER, W.D. (1982). Application of two new methods for cleavage of
polysaccharides into specific oligosaccharide fragments. Structure of the capsular and
extracellular polysaccharides of Rhizobium japonicion that bind soybean lectin. Journal
af Biological Chemistry 257, 1870-1875.

MORT, AJ. AnD CHEN, EM. (1996). Separation of 8-aminonaphthalenc-1,3,6-trisuifonate
(ANTS)-labeled oligomers containing galacturonic acid by capillary electrophoresis:
application to determining the substrate specificity of endopolygalacturonases. Electro-
phoresis 17, 379-383.

MORT. AJ., MOERSCHBACHER, B.M.. PIERCE, M.L. AND MANESS, N.O. (1991). Problems one
may encounter during the extraction, purification, and chromatography of pectin frag-
ments and seme solutions to them. Carbohydrate Research 215, 219-227.

MorT, AL, Quu, F. AND MANESS, N.O. (1993). Determination of the pattern of methyl
esterification in pectins. Distribution of contiguous non-esterified residues. Carbohvdrate
Research 247, 21-35.

MouLp, M.JLR.. BoLAND, G.J. AND ROBB, J, {1991). Ultrastructure of the Colletotrichunt
irifolii-Medicago sativa pathosystem. 1. Pre-penetration events. Physiology and Molecuiar
Plant Pathology 38, 179-194.

Motin, RIM., BoLanD, G.J. AND ROBB, 1. (1991). Post penetration events. Physiology and
Molecular Plant Pathology 38, 195-210.

MUTTER, M., BELDMAN, G., PITSON, S.M., ScHOLS, H.A. AND VORAGEN, A.G. (1998a).
Rhamnogalacturonan alpha-b-galactopyranosylurenohydrolase. An enzyme that specifi-
cally removes the terminal nonreducing galacturonosy! residue in rhamnogalacturonan-
regions of pectin. Plant Physialogy 117, 153-163.

MUTTER. M., BELDMAN, G., SCHOLS. H.A. AND YORAGEN, A.G.J. {1994}, Rhamnogalaturonan
alfa-L-Rhamnopyranohydrolase. Plant Physiclogy 106, 214-250,

MUTTER, M., CoLoutoum, LT, SCHOLS, H.A., BELDAMN, G. AND VORAGEN, A.G.1. (1996},
Rhamnogalacturonan alfa-L-rhamnopyranosyl-( 1 4)-alfa-D-galactopyranosyluronide Jyase:
anew enzyme able to cleave RG regions of pectin. Plant Physiclogy 110, 73-77.

MUTTER, M., COLQUHOUN, LI., BELDMAN, G., SCHOLS, H.A.. BAKX, E.J. AND VORAGEN,
A.G. (1998b). Characterization of recombinant rhamnogalacturonan alpha-L-rhamno-
pyranosyl-(1,4)-alpha-p-galactopyranosyluronide lyase from Aspergillus aculeatus. An
enzyme that fragments rhamnogalacturonan regions of pectin. Plant Physiology 117,
141152

NASSER, W., CHALET, F. AND ROBERT-BAUDOUY, J. (1990). Purification and characterization
of extracellular pectate lyase from Bacillus subtilis. Biochimie 72, 689-695.



388 R.A. PRADE, D. ZHAN, P. AYOUBI AND A.J. MORT

NASUNO, 8. AND STARR, M. (1966). Polygalacturonase of Erwinia carotovora. Journal of
Biological Chemistry 241, 5298-5306.

NEEDS, P.W., RIGRY, N.M,, COLQUHOUN, L.J. AND RING, 5.G. (1998). Conflicting evidence for
non-methyl galacturonoyl esters in Daucus carora. Phytochemistry 48, 71-77.

NELSON, MLA,, MERINO, $.T. AND MEFZENBERG, R.L. (1997). A putative rhamnogalacturo-
nase required for sexual development of Netrospora crassa. Genetics 146, 531-540.

NIKalbou, N., KamMio, Y. AND IZAKL K. (1992). Molecular cloning and nucleotide sequence
of a pectin lyase gene from Psendomonas marginalis N6301. Biochemical and Bio-
phvsical Research Communications 182, 14-19.

NIKAIDOU, N., KAMIO, Y. AND IZaAK], K. (1993). Molecular cloning and nucleotide sequence
ofthe pectate lyase gene from Pseudomonas marginalis N6301. Bioscience, Biotechnology
and Biochemistry 57, 957-960,

O’NEILL, M.A., WARRENFELTZ, 1)., KATES, K., PELLERIN, P., DARVILL, A.G. AND ALBERS-
HEIM, P. (1996). Rhamnogalacturonan-1I, a pectic polysaccharide in the cell walls of
growing plant celis, forms a dimer that is covalently crosstinked by a borate ester. fn virre
conditions for the formation and hydrolysis of the dimer. Journal of Biological Chemistry
271, 22923-22930.

PATING, B., POSADA, M.L., GONZALEZ-TAEN, M. T, AND VAZQUEZ, C. (1997). The course of
pectin degradation by polygalacturonases from Fusarium oxysporum t sp. radicis
tycopersici. Microbios 91, 47-54.

PELLERIN, P. AND BRILLOUET, J.M. (1994), Purification and properties of an exo-(1—>3)-beta-
D-galacianase from Aspergillus niger. Carbohydrate Research 264, 281291,

PICKERSGILL, R, JENKINS, )., HARRIS, G., NASSER, W. AND ROBERT-BAUDOUY, J. (1994). The
structure of Bacillus subtilis pectate lyase in complex with calcium. Nature Structural
Biology 1, 717-723.

POLiZELL, M.D.L., JORGE, J.A. AND TERENZI, H.F. (1991). Pectinase production by Neurospora
crassa: purfication and biochemical characterization of extracelfular polygalacturonase
activity, Journal of General Microbiology 137, 1815-1823.

POWELL, D.A., MORRIS, E.R., GIDLEY, M.J. AND ReEs, DA, (1982). Conformations and
interactions of pectins. IL Influence of residue sequence on chain association in calcium
pectate gels. Jouwrnal of Molecular Biology 155, 517-531.

PRADE, R.A. (1996). Xylanases: From Biology to BioTechnology. Biotechnology and Genetic
Engineering Reviews 13, 100-131,

PRESTON, LF., RICE, .D., INGRAM, L.O. AND KEEN, N.T. (1992). Differential depolymeriz-
ation mechanisms of pectate lyases secreted by Erwinia chrysanthemi BECI6. Journal of
Bacteriology 174, 20392042,

QL X., BEHRENS, B.X., WEST, P. AND MORT, AJ. (1995}. Solubilization and partial characteri-
zation of extensin fragments from cell walls of cotton suspension cultures. Evidence for a
covalent crosslink between extensin and pectin. Plant Physiology 108, 16$1-1701.

RaMon, D, v.D. VEEN, P. AND VISSER, J. (1993). Arabinan degrading enzymes from
Aspergillus nidulans: induction and purification. FEMS Microbiology Letters 113, 15-22.

RAC, M.N., KEMBHAVI, A.A. AND PANT, A. (1996). Role of lysine, tryptophan and calcium in
the beta-elimination activity of a low-molecular-iass pectate lyase from Fusaritm
moniliformae. Biochemical Journal 319, 159-164.

REES, D.A. (1982). Polysaccharide conformation in solutions and gels. Recent results on
pectins. Carbohydrate Polvimers 2, 254-263.

REES, D.A.AND WRIGHT, A.W. (1971). Polysaccharide conformation. Part VII. Model building
computations for 1,4 galacturenan and the kinking function of L-rhamnose residues in
pectic substances. Journal of the Chemical Sociery (B), 13661372,

RENARD, CML.G.C, CREPEAU, M, AND THIBAULT, J.-F. (1995}, Structure of the repeating
units in the rhamnogalacturonic backbone of apple, beet and citrus pectins. Carbohydrare
Research 275, 155-165.

REXOVA-BENKOVA, L. AND MARKOVIC, O. {1976). Pectic enzymes. Advances in Carbohydrate
Chemistry and Biochemistry 33, 323-385.

REYES, F., ALFONSO, C., MARTINEZ, M1, PRIETO, A., SANTAMARIA, F.ANDLEAL, J.A. (1992).
Purification of a new galactanase from Penicillium oxalicum catalysing the hydrolysis of



Pectins, pectinases and plant-microbe interactions 389

beta-{1-5)-galactofuran linkages. Biochemical Journal 281, 657-660.

REYMOND, P., DELEAGE, G., RASCLE, C. AND FEVRE, M. (1994}. Cloning and sequence analysis
of a polygalacturcnase-encoding gene from the phytopathogenic fungus Sclerotinia
scleroriorum. Gene 146, 233-237.

REYMOND-COTTON, P., FRAISSINET-TACHET, L. AND FEVRE, M. {1996). Expression of the
Sclerotinia sclerotiorum polygalacturonase pg/ gene: possible invelvement of CREA in
ghucose catabolite repression. Current Genetics 30, 240-245.

RODRIGUES-PALENZUELA. P., BURR. T.J. AND COLLMER, A. (1991). Polygalacturonase is a
virulence factor in Agrobacterium nnnefaciens biovar 3. Journal of Bacteriology 173,
6347-6552.

RomMBOUTS, F.M. AND THIBAULT, J.-F. (1986). Feruloylated pectic substances from sugar-heet
pulp. Carbohydrate Research 154, 177-187,

RUITER. G.J., VANHANEN, S.A., GIELKENS, M.M., VAN DE VONDERVOORT, P.J. AND VISSER.
1. (1997). Isolation of Aspergiilus niger creA mutants and effects of the mutations on
expression of arabinases and L-arabinose catabolic enzymes. Microbiology 143, 2991-
2998.

SAKAL T., SAKAMOTO, T., HALLAERT, J. AND VANDAMME, E.J. (1993). Pectin, pectinase, and
protopectinase: Production. properties. and applications. Advances in Applied Micre-
biology 39, 213-294.

SAKAMOTO, M., SHIRANE, Y., NARIBAYASHI, 1., KiNURA, K., MORISHITA, N, SAKAMOTO, T,
AND SAKaL T. (1994). Purification and characterization of a rhamnogalacturonase with
protopectinase activity from Tramres sanguinea. European Journal of Biochentistiv 226,
285-291.

SAKAMOTO, T., YAMADA, M., KAWASAKE, H. AND Sakal, T. (1997}, Molecular cioning and
nucleotide sequence of an endo-1,5-0-L-arabinase gene from Bacillus subiilis. European
Journal of Biochemistry 245, 708-714.

SALMOND, GP.C. {1994). Factors affecting the virulence of sof-rot Erwiria species: the
molecular biology of an epportunistic phytopathogen. In Molecular Mechanisms of
Bacterial Virulence. Eds. C. I. Kado and }. H. Crosa, pp 193-206. Dordrecht, The
Netherlands: Kluwer Academic.

SCHAEFFER, H.I., LEYKAM, . AND WALTON, 1.D. (1994). Cloning and targeted gene disruption
of EXGI. encoding exo beta !, 3 glucanase, in the phylopathogenic fungus Cochliobolus
carbonum. Applied Environmental Microbiology 60, 594-598.

SCHELL, MLA.. DENNY, T.P. AnND HUANG, J. (1994). Extracellular virulence factors of Pseu-
domonas solanacearwm: role in disease and their regulation. In Molecular Mechanisms of
Bacterial Virulence. Eds. C.I. Kade and J.H. Crosa, pp 311--324. Dordrecht, The Nether-
fands: Kluwer Academic.

SCHoLs, HAA., BakX, E.J., SCHIPPER. D. AND VORAGEN, A.G.J. (1993). A xylogalacturonan
subunit present in the modified hairy regions of apple pectin. Carbohydrate Research 279,
265-279.

SCHOLS. H.A., GERAEDS, C.JM., SEARLE-vAN LEEUWEN, M.F., KORMELINK, F.JM. AND
VORAGEN, A.G.J. {1990). Rhamnogalturonase: a novel enzyme that degrades the hairy
regions of pectin. Carboliydrate Research 206, 105-115,

SCHOLS, H.A., POSTHUMUS, M.A. AND VORAGEN. A.G.J. (1990). Structural features of hairy
regions of pectins isolated from apple juice produced by the liquefaction process.
Carbohydrare Research 206, 117-129.

SCHOLS. H.A.AND VORAGEN, A .G J.{1994), Occurrence of pectic hairy regions in various plant
cell wall materials and their degradation by rhamnogalacturonase. Carbohydrate Research
256, 83-95.

SCHOLS. HA. aND VORAGEN, A.G.J. (I996). Complex pectins: Structure elucidation using
enzymes. In Pectins and Pectinases. Eds. J. Visser and A.G.J. Voragen, Vol. 14, pp 3-19.
Amsterdam: Elsevier Science.

ScHOLS, HLA.. VORAGEN, A.G.J. AND COLQUHOUN, 1.1. (1994). Isolation and characterization
of thamnogalacturonan oligomers, liberated during degradation of pectic hairy regions by
rhamnogalacturonase. Carbohydrate Research 256, 97111,

SCoTT-CRAIG, 1.8., CHENG, Y.(}., CERVONE, F., DELORENZO, G., PITKIN, J.W. AND WALTON,



390 R.A.PRADE, D, ZHAN, P. AYOUBI AND A.J. MORT

LD (1998). Targeted mutants of Cochliobolus carbonum lacking the two Major exted-
cellular polygalacturonases. Applied Envirommental Microbiology 64, 1497-503.

SCOTT-CRAIG, 1.S., PANACCIONE, D.G., CERVONE, F. AND WALTON, L.D. {1990).
Endopolygalacturonase is not required for pathogenicity of Cochliobolus carbonum on
maize. Plant Cell 2, 1191-200.

SHEMAN, M.1, MACMILLAN, J.D., MILLER, L. AND CHASE, T., JR. (1976). Coordinated action
of pectinesterase and polygalacturonate lyase complex of Clostridium multifermentansy.
Ewropean Journal of Biochemistry 64, 565-572.

SHEVCHIK, V.E.. CONDEMINE, G., HuegouviEUX-COTTE-PATTAT, N. AND ROBERT-BAUDCUY,
1. (1990). Characterization of pectin methylesterase B, an outer membrane lipoprotein of
Erwinia chryvsanthemi 3937, Molecwdar Microbiology 19, 455-466.

SHEVCHIK, V.E. AND HUGOUVIEUX-COTTE-PATTAT, N, (1997). Identification of a bacterial pec-
tinacetylesterase in Erwinia chrysanthemi 3937. Molecular Microbiology24, 12851301

SONE, H., SuGiura, 1., FTOH, Y., Izakl, K. AND TAKAHASHI, H. (1988). Production and
properties of pectin lyase in Psendomonas marginalis induced by mitomycin C. Agri-
cultural Biological Chemistry 52, 3205-3207.

SPOSATO, P., AHN, LH. AND WALTON, J.D. (1993). Characterization and disruption of a gene
in the maize pathogen Cochliobolus carbonum encoding a celtulase lacking a cellutose
binding domain and hinge region. Molecular Plant Microbe Interactions 8, 602609,

STERNBERG, D). AND MANDELS, G.R. (1979). Induction of cellulolytic enzymes in Trichoderma
reesei by sophorose. Journal of Bacteriology 139, 761-769.

SUTHERLAND, LW, (1995). Polysaccharide lyases. FEMS Microbiology Reviews 16, 323347,

SUYKERBUYK, M E., SCHAAF, P.J., StaM, H., MUSTERS, W. AND VISSER, 1. {1995). Cloning,
sequence and expression of the gene coding for rhamnogalacturonase of Aspergillis
acilearus; a novel pectinolytic enzyme. Applied Microbiology and Biotechnology 43,
861-870,

Takasawa, T., SAGISAKA, K., Yacl, K., UcHIYaMA, K., A0K:, A., TAKAOKA, K. AND
YAMAMATO, K. (1997). Polygalacturonase isolated from the culture of the psychrophilic
fungus Sclerotinia borealis. Canadian Journal of Microbiology 43, 417-424.

TAYLOR, A (1982). Intramolecular distribution of carboxyl groups in low methoxyl pecting
—a review. Carbohydrate Polymers 2, 9-17.

THAKUR, B.R,, SINGH, R.K. AND HaNDA, AK. (1997). Chemistry and uses of pectin - a
review. Critical Reviews in Feod Science and Nutrition 37, 47-73.

THIBAULT, I.-F., RENARD, C.M.G.C., AXELOS, M.A.V., ROGER, P. AND CREPEAU, M.-I.
(1993}, Studies of the length of homogalacturonic regions in pectins by acid hydrotysis.
Carbohydrare Research 283, 271-286.

THIBAULT, J.F. (1983). Aspergilius niger endopolygalacturonase: 3. Action pattern on
polygalacturonic acid. Carbohydrate Polviners 3, 259-272.

TiERNY, Y., BECHET, M., JONCQUIERT, J.C., DUROURGUIER, H.C. AND GUILLAUME, J.B.
(1994). Molecular cloning and expression in Escherichia coli of genes encoding pectate
lyase and pectin methylesterase activities from Bacreroides thetaiotaomicron. Journal of
Applied Bacreriology 76, 592-602.

Tsuyumu, S. AND CHATTERIEE, A K. (1984). Pectin lyase production of Enwinia chrysan-
themi and other soft-rot Enwinia species. Physiology and Plant Pathology 24, 291-302.

V. D. VEEN, P, FLIPPHI, M.J., VORAGEN, A.G.AND VISSER, J. (1993). Induction of extracellular
arabinases on monomeric substrates in Aspergilius niger. Archives of Microbiology 159,
66-7E.

v.D. VEEN, P.. FLIPPHI, M.J., VORAGEN, A .G, AND VISSER, J. {1691 ). Induction, purification and
characterisation of arabinases produced by Aspergillus niger. Archives of Microbiology
157, 23-28.

VAN HOOF, AV, LEYKam, ], HJ., §. AND WALTON, J.D. (1991). A single B 1,3-glucanase
secreted by the maize pathogen Cochliobolus carbonum acts by an exolytic mechanism.
Physiology and Molecular Plant Pathology 39, 259--267.

VAN HOUBENHOVEN, F.E.A. (1975). Studies on pectin lyase. PhD Thesis. Agricultural Univer-
sity, Wageningen.

VAN RIISSEL, M., GERWIG, G.J. AND HANSEN, T.A. (1993b). Isclation and characterization of



Pectins, pectinases and plant-microbe interactions 301

an extracellular glycosylated protein complex from Clostridium thermosaccharnlyticum
with pectin methylesterase and polygalacturonate hydrolase activity. Applied Environ-
mental Micrabiology 59, §28-836.

VAN RUSSEL. M., SMIDT. M.P.. VAN KOUWEN, G. AND HANSEN, T.A. (1993). Involvement of
an intraceljular oligogalacturonate hydrolase in metabolism of pectin by Clostridiunm
thermosacchrolyvticum. Applied Environmental Microbiology 59, 837-842.

VON RIESEN. V. L. (1975). Polypectate digestion by Yersinia. Journal of Clinical Microlriology
2.552-553.

WALKER. M.J. AND PEMBERTON, J.M. (1987). Construction of a transposon containing a gene
for polygalacturonate trans-climinase from Kiebsiella oxytoca. Archives of Microbiology
146. 390-395.

WALTON. 1.D. (1994). Deconstructing the cell wall. Plans Physiology 104, 1113t 118,
WALTON. L.ID. aND CERVONE, F. (1990). Endopolygaiactorunase from the maize pathogen
Caochliobolus carbonum. Physiology and Molecular Plant Pathology 36, 351-359.
WHITEHEAD, M.P., SHiEH, M.T.. CLEVELAND. T.E., CARY. JW. AND DEAN. R.A. (1995}
Isolation and characterization of polygalacturonase genes (pecA andpecB) from Aspergil-

lus flavus. Applied Environmental Microbiology 61, 3316-3322.

WOICIECHOWICZ, M.. HEINRICHOVA. K. AND ZIOLECK!, A, (1980), A polygalacturonate tyase
produced by Lachnospira nudiiparus isolated from the bovine rumen. Journal of General
Microbiology 117, 193-199.

WOICIECHOWICZ, M.. HEINRICHOVA, K. AND ZIOLECK], A. (1982). An exopectate lyase of
Buryrivibrio fibrisolvens from the bovine rumen. Jowrnal of General Microbiolagy 128.
2603-2665.

WOQICIECHOWICZ, M. ANB ZIOLECKI, A. (1984). A note on the pectinelytic enzyme of
Streprococcus bovis. Journal of Applied Bacteriology 56, 5315-5318.

WOICIECHOWSKL C.L. AND FaLL, R. (1996). A continuous flucrometric assay for pectin
methylesterase, Analytical Biochemisiry 237, 103108,

WU, S.C.. KAUFFMANN, S, DARVILL, A.G. AND ALBERSHEIM, P. (1995). Purification. cloning
and characterization of two xylanases from Magnaporthe grisea, the rice blast fungus.
Mealecular Plant Microbe Inreractions 8, 506-514.

Y AMAGUCH], F., INOUE. S. AND HATANAKA, C. ([995). Purification and properties of endo-
beta-1,4-D-galactanase from Aspergiliusniger. Bioscience, Biotechnologyvand Biochemistry
59, 1742-1744.

Yu, L.AanD MORT, A.J. (1996). Partial Characterization of Xylogalacturonans from Cell Walls
of Ripe Watermelon Fruit: Inhibition of Endopolygalacturonase Activity by Xylosylation.
In Pecrins and Pectinases Eds. J. Visserand A.GJ. Voragen, Vol.14. pp 79-88. Amsterdam:
Eisevier Science.

ZHAN, D JANSSEN. P. AND MORT. AJ. (1998). Scarcity or complete lack of single shamnose
residues interspersed within the homogalacturonan regions of citrus pectin. Carbohydrate
Research 308. 373-380.

ZINK, R.T., EncwaLl, LK., McEvoy, JL1L. AND CHATERIEE, A K. (1985). recd is required in
the induction of pectin lyase and carotovoricin in Erwinia carotovora, Journal of
Bacteriology 164, 390-3906.






