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ABSTRACT: Oligosaccharides derived from cell walls of fungi and plants, including P-glucans, chitin, chitosan, 
and pectin, are inducers of the synthesis of a wide spectrum of defensive chemicals in plant tissues. These 
oligosaccharides are generated a t  infection or wound sites and may be early signals to activate genes whose 
products, such as antibiotic phytoalexins, extensin, proteinase inhibitors, pathogenesis-related proteins (PR 
proteins), and lignin, enhance the plants’ defenses against pathogens and herbivores. Inducing activities 
of /3-glucans, derived from fungal cell walls, have been found to reside in a heptaglucosyl oligosaccharide 
having p-1,3 and @1,6 linkages. Active oligomers derived from chitin (a- 1,4-acetylglucosamine polymers) 
and chitosan (a-l,4-glucosamine polymers) have a minimum D P  of about 5 .  Linear oligogalacturonans 
(a- l ,4  linkages), purified from plant cell walls with D P  = 9-12, are inducers of localized defensive responses 
in plants against fungi. However, oligogalacturonans of D P  = 2 and higher are inducers of proteinase 
inhibitors in plants that respond systemically to insect attacks. The available evidence suggests that an 
oligosaccharide-based communication system may be present in plants as an early warning to activate defensive 
responses. However, little is presently known of the biochemistry or molecular biology of intercellular or 
intracellular events that regulate the defensive genes in response to the oligosaccharide signals. 

R o l e s  for oligosaccharides as signals for the regulation of 
gene expression in plants have been under investigation for 
only about 15 years (Darvill & Albersheim, 1984; Ryan, 
1987). Oligosaccharides from both fungal and plant origins 
have been identified that can act as chemical signals to activate 
a broad spectrum of plant genes that are involved in numerous 
and varied responses that protect the plants against predators 
or pathogens. a few reports have also implicated oligo- 
saccharides of plant origin in the regulation of aspects of plant 
growth and development (Darvill & Albersheim, 1984), but 
most reports have been concerned with their roles in plant 
defense. Unlike the N-linked oligosaccharides that are involved 
in recognition systems in animals and yeast, the well-char- 
acterized carbohydrates that activate plant defensive genes are 
not covalently attached to proteins. They are relatively small 
oligomers that are hydrolytic fragments derived from cell walls 
of attacking pathogens or pests or from the cell walls of the 
plant itself (Darvill & Albersheim, 1984; Ryan, 1987). The 
ability of these oligosaccharides to alter gene expression 
patterns has stimulated renewed interest in intracellular and 
intercellular signaling processes in plants. At the present time 

little is known of the intracellular recognition mechanism for 
any plant hormone or how plant hormones activate gene ex- 
pression. It is of fundamental importance to determine if 
plants have evolved an oligosaccharide-based recognition- 
communication system to regulate the expression of genes that 
have functions unique to plants, such as inducible defensive 
responses. Additionally, when intracellular recognition and 
signaling systems involving oligosaccharides are elucidated in 
plants, it will be of interest to know if an evolutionary rela- 
tionship exists between plant recognition systems and the 
oligosaccharide recognition and signaling systems of animals. 

Roles for carbohydrates in recognition and signaling pro- 
cesses in eucaryotic organisms have been the subject of in- 
tensive investigation for the past 35 years (Ashwell & Harford, 
1982). Since the initial demonstration that a carbohydrate 
moiety on the surface of erythrocyte membranes was essential 
for the attachment and entry of influenza virus (Burnet, 1951), 
N-linked glycans have been implicated in a broad spectrum 
of recognition processes, including the clearance of glyco- 
proteins from the circulation by hepatic or reticuloendothelial 
cells (Ashwell & Harford, 1982; Clark et al., 1987; Weigel, 
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1987), cellular adhesion (Muller & Garish, 1978; Brodie et 
al., 1983; Chadwick & Garrod, 1983; Steineman & Parrish, 
1987; Ziska & Henderson, 1988), hormone action (Sairam 
& Bhargavi, 1985), cytolysis (Ahrens & Ankel, 1987), me- 
tastasis (Dennis et al., 1987), and cell-cell recognition 
(Weinstock & Ballou, 1986), as well as the regulation of many 
cellular functions (Ashwell & Harford, 1982). Within the past 
5 years, several comprehensive reviews have been written on 
the structure, biosynthesis, and function of N-linked carbo- 
hydrates (Ashwell & Harford, 1982; Baenziger, 1984; Gold- 
stein et al., 1984; Schachter, 1984; Yet et al., 1987). 
Knowledge of the structures and biosynthesis of N-linked 
carbohydrates has facilitated interest in their possible roles 
in recognition systems in various aspects of cell growth, dif- 
ferentiation, and metabolism. Yet et al. (1987) recently stated 
“... the best one-word proposal for the function of N-linked 
glycans would seem to be recognition, meaning that the glycans 
represent specific chemical counterparts and translated into 
specific molecule-molecule, cell-molecule, and cell-cell 
interactions with associated dynamic consequences”. However, 
both Yet et al. (1987) and Ashwell and Harford (1982) have 
pointed out that even though many eucaryotic systems are now 
known in which oligosaccharides play important roles in 
recognition, a unified understanding of carbohydrates as in- 
formational molecules has remained obscure. 

Oligosaccharides That Signal Defensive Responses in 
Plants. Several types of fungal and plant cell wall derived 
oligosaccharide structures have been identified that induce 
defensive responses in plant tissues (Darvill & Albersheim, 
1984; Ryan, 1987). Two structurally different types of oli- 
gosaccharides, the P-glucans and chitin fragments (or chitosan 
fragments), originate from the cell walls of fungi, whereas the 
others, a-1,4-oligogalacturonides, are parts of the plant cell 
wall. All of these fragments, when added to tissues of various 
dicotyledonous plants, have been demonstrated to induce the 
expression of genes that are involved in defensive responses. 

Figure 1 illustrates the types and origins of the various 
oligosaccharides that induce defensive responses in plants. The 
P-glucans were the first oligosaccharides found that were in- 
ducers or “elicitors” of the synthesis of antibiotics, called 
phytoalexins (West, 1980; Darvill & Albersheim, 1984), in 
plant tissues. The phytoalexins are broad-spectrum antibiotics 
that are not found in healthy plant tissues but are synthesized 
in cells near sites of pathogen infections as part of the plant’s 
defensive response. While studying the chemical nature of 
signals from fungal pathogens that caused soybean tissues or 
suspension-cultured cells to synthesize phytoalexins, Alber- 
sheim and his associates (Ayres et al., 1976) isolated a P- 
glucan-enriched fraction from the cell walls of the fungi 
Phytophtera megasperma that was a powerful inducer (eli- 
citor) of the isoflavinoid phytoalexin glyceollin. The inducing 
activity was associated with the glucan fracton of the cell walls 
that was composed of p- 1,6- and P- 1,3-glucosyl linkages. The 
activity was abolished by incubating the fraction with exo- 
1,3-P-glucanase. Glucan-enriched fractions have since been 
isolated from cell walls of other fungi (Cline et al., 1978) and 
from yeast (Hahn & Albersheim, 1978) that also possess 
potent phytoalexin-inducing activities. Fungal cell wall derived 
glucans have been identified as active inducers of a variety 
of defensive responses in many different plant genera and 
species (West, 1980; Darvill & Albersheim, 1984; Ryan, 
1987). Among the defensive responses is the induction of the 
biosynthesis of the fungal cell wall degrading 0-glucanases (and 
chitinases) (Darvill & Albersheim, 1984; Mauch et al., 1984; 
Legrand et al., 1987; Rombrink et al., 1988), which can de- 
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FIGURE 1: Enzymatic degradation of fungal and plant cell walls 
produces oligosaccharide signals that induce defensive responses in 
plant tissues. 

grade fungal cell walls, producing fragments that can amplify 
the signaling process (Hadwiger & Beckman, 1980). The 
0-glucans induce a number of specific biochemical changes 
associated with resistance, such as increases in the concen- 
trations of biosynthetic enzymes for the mevalonate and 
phenylpropanoid pathways leading to the synthesis of phyto- 
alexins (West, 1980; Bruce & West, 1982; Dixon et al., 1983; 
Darvill & Albersheim, 1984; Dixon, 1986; Ryan, 1987) and 
lignin (Grand et al., 1987); production of the volatile plant 
hormone ethylene (Chappell et al., 1984); synthesis of the 
structural, hydroxyproline-rich glycoproteins (Showalter & 
Varner, 1987); and synthesis and accumulation of proteinase 
inhibitors (Esquerre-Tugyae et al., 1985) and pathogenesis- 
related (PR) proteins (Kombrink et al., 1988). To date, the 
biological activities of P-glucans have been associated only with 



P E R S P E C T I V E S  I N  B I O C H E M I S T R Y  V O L .  2 7 ,  N O .  2 5 ,  1 9 8 8  8881 

the activation of defensive responses to pathogen attacks. 
There is no evidence to suggest that fungal-derived p-glucan 
fragments regulate other metabolic processes in plant cells. 

A glucan heptasaccharide composed of 0- 1,3 and 0- 1,6 
linkages, having powerful inducing activity for the synthesis 
of the phytoalexin glyceollin in soybeans, has been isolated 
from acid hydrolysates of cell walls of the pathogenic fungi 
P. megasperma (Sharp et al., 1984). Of the theoretically 
possible 150-300 heptasaccharide structural isomers obtainable 
from the cell walls, only oligomers containing the structure 
shown in Figure 1 (top) possessed activity. This heptaglucose 
is the most potent inducer of phytoalexin synthesis reported 
to date, being active in soybean tissues at about 1 pg/g of tissue 
(Sharp et al., 1984). Although the heptasaccharide is highly 
active in inducing the antibiotic glyceollin, it is not known 
whether it is an active inducer of other defensive chemicals 
in soybeans. Whether the single oligosaccharide can activate 
many defensive responses, or whether different oligosaccharide 
structures can determine specificity to regulate complex sig- 
naling patterns in plants to recognize different pathogens, 
remains to be determined. 

Oligosaccharide fragments derived from the fungal cell wall 
polymers, chitin (p- 1,4-N-acetylglucosamine) and chitosan 
(p- 1,4-glucosamine), are also potent inducers of defensive 
responses in plants (Hadwiger & Beckman, 1980). Although 
not as thoroughly investigated as the fungal cell wall 6-glucans, 
chitin and chitosan fragments are active inducers of many, if 
not most, of the responses that are induced by the glucans 
(Ryan, 1987). Chitin and chitosan are large insoluble poly- 
mers within fungal cell walls but can be hydrolyzed to produce 
soluble fragments by the combined action of the enzymes chitin 
deacetylase, chitinase, and/or chitosanase or by acid hydrolysis 
(Hadwiger & Beckman, 1980; Hadwiger & Loschke, 1981; 
Walker-Simmons & Ryan, 1984). Oligomeric fragments of 
chitosan with DPs of 11 or less are soluble in aqueous solutions 
and those with DP = 6-1 1 have been shown to be inducers 
of various defensive responses in tissues of a number of plant 
genera (Hadwiger & Beckman, 1980; Hadwiger & Loschke, 
1981; Walker-Simmons & Ryan, 1984). Incuded in these 
responses is the induction of the enzyme chitinase that can 
amplify the signaling process by releasing chitin fragments 
from the cell walls of attacking fungi. The similarity of sig- 
naling in plants by 6-glucan and chitosan oligomers has led 
to speculations that both may activate fundamentally similar 
intracellular signaling mechanisms (Ryan et al., 1987). 

Primary cell walls of plants contain pectic polysaccharides 
that, when enzymically or chemically fragmented, produce 
oligomers of galacturonic acid that can signal the activation 
of defensive responses (Darvill & Albersheim, 1984; Ryan, 
1987). Plant cell walls are a complex mixture of poly- 
saccharides and glycoproteins that constitute about 90% of the 
wall (Darvill & Albersheim, 1984). These polysaccharides 
are composed of about 20-30% cellulose (p- 1 ,4-glucosyl units) 
and 7 0 4 0 %  complex carbohydrates that are a mixture of 
methylated galacturonic acid, rhamnose, xylose, arabinose, 
galactose, glucose, fucose, and other sugars present in small 
amounts (Darvill & Albersheim, 1984). The structural details 
of the plant cell wall are still mostly undefined. Oligo- 
galacturonans derived from plant cell walls by degradation with 
endopolygalacturonase (PGase) or pectic lyase (PG lyase or 
pectin transeliminase) (Figure 1, bottom), or by mild acid 
hydrolysis, are inducers of many, if not most, of the defensive 
responses in plants that are induced by 6-glucans or chitin (or 
chitosan) fragments (Ryan, 1987). The inducer (elicitor) 
activities of the fragments have been shown to be associated 
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FIGURE 2: Relationships of degree of polymerization (DP) of oligo- 
galacturonans to their activities in inducing the synthesis of the 
phytoalexin glyceollin in soybean cotyledons (0) (Nothnagel et al., 
1983), casbene synthetase in castor bean cotyledons (0) (Jin & West, 
1984), and lignin in cucumber seedlings (X) (Robertson, 1986). 

with relatively small cy- 1 ,Cgalacturonic acid oligomers derived 
from the backbone of the soluble pectin or pectin-like materials 
present in the walls. Size-activity relationships of oligouronans 
have been determined for four different plant defensive re- 
sponses: (i) the induction of the biosynthesis of isoflavinoid 
phytoalexin antibiotics in soybean cotyledons (Nothnagel et 
al., 1983); (ii) the induction of the enzyme casbene synthetase, 
the final step in the biosynthesis of casbene, a diterpene 
phytoalexin in castor bean cotyledons (Jin & West, 1984); (iii) 
the induction of lignin biosynthesis in cucumber seedlings 
(Robertsen, 1986); and (iv) the synthesis of proteinase inhibitor 
proteins in tomato leaves (Bishop et al., 1984). The inductions 
of the first three responses differ in two important aspects from 
the induction of proteinase inhibitors. One difference is that 
the synthesis of phytoalexins and lignin is localized within the 
general proximity of the regions of wounding or pathogen 
attacks (West, 1980; Dixon et al., 1983; Darvill & Albersheim, 
1984; Dixon, 1986; Showalter et al., 1986), whereas the in- 
hibitor response is systemic, occurring in cells of unwounded 
leaves several centimeters away from leaves on which the 
wound or infection occurred (Ryan, 1978). A second fun- 
damental difference is in the minimal sizes of fragments that 
can induce the responses. Phytoalexins and lignin require a 
minimum oligouronide length of about nine sugar residues, 
whereas the proteinase inhibitor proteins are induced by di- 
or triuronides as well as larger oligomers (Bishop et al., 1984). 
In Figure 2 are shown the relationships of oligomers of dif- 
fering lengths with their ability to induce or elicit phytoalexins 
and lignin. Oligouronides with sizes less than DP = 9 were 
essentially inactive. The maximal inducing activity resided 
in DPs of about 10-14. Oligouronide fragments, prepared by 
fragmenting poly(ga1acturonic acid) with pectin transeliminase, 
having nonreducing termini as A-4,s-galacturonic acid, were 
as fully active as the corresponding sized normal oligouronides 
in inducing soybean phytoalexins and pioteinase inhibitors 
(Davis et al., 1986; Ryan, 1987), indicating that the 4-OH 
group of the nonreducing terminal uronide is not essential for 
inducing activity. 

No long-distance effect other than proteinase inhibitor 
synthesis is known to be induced by oligosaccharides. It is not 
clear how the di- or trigalacturonides might be involved in the 
hormonal-like effects of the proteinase inhibitors, but evidence 
has been presented to show that radioactive pectic fragments 
added to wounds are not transported out of the wounded leaves 
(Baydoun & Fry, 1985). This implies that there is an un- 
identified second messenger that must be released, or syn- 
thesized and released, in response to the oligouronides. This 
messenger would be systemically transported throughout the 
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walls of the plant pathogenic fungus P. megasperma (Yosh- 
ikawa et al., 1983; Schmidt & Ebel, 1987). However, the 
putative receptor(s) has (have) not been isolated, nor has any 
biochemical event been associated with it. A possible asso- 
ciation of Ca2+ with oligosaccharide signaling has been re- 
ported (Kohle et al., 1985; Staub & Ebel, 1987), and the 
possible involvement for ion currents (Davies, 1988; Ojalvo 
et al., 1987) and phoshoinositides (Kurosake et al., 1987) has 
been proposed. Recent data (T. F. Farmer, G. Pearce, and 
C. A. Ryan, in preparation) have shown that oligouronides 
cause the phosphorylation of a small protein in plasma mem- 
branes isolated from tomato and potato leaves. However, a 
clear conceptual unifying mechanism that explains the role 
of carbohydrates and/or other molecules in signaling the ac- 
tivation of plant defensive genes or of the intracellular events 
that regulate them remains to be established. 

The availability of defined oligosaccharides, such as the 
heptaglucoside and small glucosamine oligomers from fungal 
cell walls and the small oligogalacturonides from plant cell 
walls, now provides materials that may be utilized for the 
preparation of radioactively labeled oligomers or derivatives, 
such as photoaffinity probes, to study their biological activities. 
With both the concepts and techniques that have been de- 
veloped with animal hormonal systems, numerous studies are 
in progress to seek possible relationships between the plant 
signaling systems and those of other eucaryotes. Whether the 
signaling systems are similar in some respects to those of 
animals (or yeast), or are totally different, remains to be 
determined. In any event, it is anticipated that within the next 
few years a fundamental conceptual framework for oligo- 
saccharide signaling will be elucidated in both higher and lower 
eucaryotic organisms. 
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interact with putative transacting factors that are regulated 
by the addition of oligosaccharide fragments that are added 
to tissues or cells. The intracellular signaling events that take 
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genes in the plant nuclei are poorly understood. The signaling 
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(Lamb et al., 1987). Usually, several defensive genes, but not 
all, are expressed in response to a pathogen attack or to an 
exogenously applied oligosaccharide signaling molecule (Lamb 
et al., 1987; Ryan, 1987). Some genes, such as those that code 
for the biosynthetic enzymes that synthesize phytoalexins, are 
activated very rapidly (Lamb et al., 1987; Somssich et al., 
1986), whereas others, such as those coding for hydroxy- 
proline-rich glycoproteins or for enzymes of lignin biosynthesis, 
respond after a delay of several hours (Grand et al., 1987; 
Showalter et al., 1987). The sequence of appearance of de- 
fensive gene products in response to oligosaccharide signals 
can differ among plant genera or species. Nothing is known 
of the mechanism of the temporal regulation of these events. 
It is possible that the carbohydrates of all types are signaling 
cells nearby infection or wound sites to activate genes that 
produce a series of secondary signals that, in turn, are 
transported systemically to distal tissues to activate short-term 
defensive genes such as proteinase inhibitors or long-term 
defensive systems such as the PR proteinase (Somsich et al., 
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cells that mediate those long-term effects. 

@-Glucan elicitors and oligouronides have been shown to 
activate genes for various defensive responses at the tran- 
scriptional level (Chappell & Hahlbrock, 1984; Cramer et al., 
1985; Graham et al., 1986; Somsich et al., 1986; Lawton & 
Lamb, 1987; Hedrick et al., 1988). In intact plants, mRNAs 
coding for defensive genes are usually found within 2 h fol- 
lowing elicitor addition to the tissues. In parsley suspension 
cultures mRNAs coding for pathogenesis-related proteins could 
be detected within 5 min after exposure to an elicitor from 
the cell walls of P. megasperma (Somssich et al., 1986). In 
cultured bean cells treated with the 0-glucan inducer from the 
walls of Collectotrichum lindemuthanium, mRNAs coding 
for three enzymes of the biosynthesis of the phenylpropanoid 
pathway leading to phytoalexin synthesis, and mRNA coding 
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extracts within 5 min. These examples are among the earliest 
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class of binding sites for @-glucan preparations from the cell 
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