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The Influence of Toxins in Disease Symptom Initiation in Plants: A Review

Abstract
The concept that plant pathogens cause disease by producing toxic substances dates back
about a century. Evidence for its general validity, however, has accumulated only
recently. The difficulty has been that most plant disease symptoms are the result of a
complex interplay of several factors. Some pathogens, in addition to producing one or
more toxins, may also excrete enzymes which degrade cell walls, causing tissue
disorganization; they may destroy plant hormones, causing abnormal growth of the host;
or they may physically block the water-conducting vessels of the host by their prolific
growth or by production of viscous polysaccharides. Because of this complexity, proof of
the role of a toxin as one of several interacting factors causing a disease symptom is often
difficult to obtain, even though the presence of toxic substances in cultures of most plant
pathogens is easily demonstrated. Despite these problems, our growing knowledge of
the biochemistry of symptom causation clearly establishes the role of toxins as a
dominant one in most plant diseases.
Key words: Toxins, plant tissues, mode of action, anti-metabolite.
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INTRODUCTION
In plant pathology a toxin is generally defined as a non-enzymic substance which injures
plant cells or disrupts their metabolism. Pathogenic fungi and bacteria often damage their
host plants by producing toxins, which cause various symptoms including necrosis,
chlorosis, wilting, water soaking and eventually the death of plants (54). One criterion of
the importance of a toxin in a disease syndrome caused by a pathogen is that toxigenicity
is often related to pathogenicity or virulence (54).
Several phytotoxic metabolites have been found to be associated with bacterial and
fungal pathogens, which, causes symptoms similar to those caused by the pathogen. Such
toxic metabolites include pinolidoxin from Ascochyta pinodes, deoxyradicin and
maculosin from Alternaria helianthi and Alternaria alternata (71, 60). Identified metabolites
from other pathogens includes piricularin from Piricularia oryzea, victorin from
Cochliobolus vitoriae (52), phaseolotoxin from Pseudomonas syringae pv phaseolicola, toxin
from Periconia circinata, saccharitoxin from Helmithosporium sacchari (13, 61), cercosporin
from Cercospora spp. (16). Phytotoxic metabolites of most of these pathogens have been
reported to play a significant role in pathogenesis (3, 5). Although the structure and mode
of action of relatively few toxins have been thoroughly investigated, sufficient
information is now available to permit an integrated presentation of the subject.
TOXIN PRODUCTION AND CLASSIFICATION
Microbial toxins are metabolites produced by plant pathogens (fungi, bacteria), which
play a role in host-pathogen interactions and in disease expression. They are low
molecular weight substances produced by some pathogens which are capable of
reproducing symptoms similar to that found in natural infections in plants (10).
According to Scheffer (54) phytotoxins are a product of microbial pathogens, which
should cause an obvious damage to plant tissue and must be known with some
confidence to be involved in disease development. For toxic metabolites of pathogens to
be regarded as phytotoxin, when applied at a concentration, which could be reasonably
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expected in or around the diseased plant, the metabolites should produce in a susceptible
host all the symptoms characteristic of the disease. Also the pathogen and the toxic
metabolite must exhibit similar host specificity. Furthermore, the pathogen and its toxin
must be able to induce similar disease symptoms and finally a single toxin must be
involved. Toxins differ from enzyme in that they do not attack the structural integrity of
the tissue but they affect the metabolism in a subtle manner (12). Phytotoxins act directly
on protoplast of the cell, while other metabolites of pathogens such as high molecular
weight polysaccharides secreted by wilt-inducing bacteria which obstruct the flow of
fluid in the xylem vessels and may result in death of plant are not toxins.
Several characteristics have been used for the classification of toxins that affect plants.
Such features include their chemistry. Based on this, some phytotoxins are regarded as
low molecular weight peptides, others have terpenoid structures and still others contain
carbohydrates (3). However, few other structures are known for toxins that play an
unquestionable role in plant disease (55). Another form of classification is based on the
producing organism (fungi, bacteria). This is, however, of no predictive value since more
than one type of phytotoxins can be produced by one organism.
Phytotoxin classification has also been based on biological activities such as enzyme
inhibitors, anti-metabolites, membrane-affecting compounds (55) However, the widely
accepted classification is that based on toxic selectivity to plant genotypes (host selective
or non-host selective) (51) and on the general role in disease development (67, 57).
TOXIN AND PLANT DISEASE DEVELOPMENT
The ability of a pathogen to infect and invade a compatible host may be facilitated by the
production of toxins that induce cell death in the proximity of the invading organism
(Dangl and Jones, 2001). These toxins were also reported to play important roles in
inhibiting the physiological processes in cells surrounding the point of infection, enabling
the spread of the disease (19, 59). Some pathogens would be unsuccessful if the toxin did
not kill the cells in advance of the fungus and permit it to establish itself continually on
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dead or dying cells and produce more toxins. The virulence of an organism is sometimes
enhanced by its ability to produce phytotoxins that kill cells in the tissue surrounding the
point of infection. In some plant diseases, especially with yam anthracnose, toxins often
produced a more rapid and extensive invasion by the pathogen than would be in the case
in the absence of toxins (3). Amusa and co-workers (5) reported the extraction of
phytotoxic metabolites from Colletotrichum gleoesporioides infected yam leaves. The
extracted phytotoxic substance induced necrotic lesion similar to the symptoms induced
by the pathogens on healthy yam leaves. Phytotoxins often act as the initiation factor for
successful pathogenesis. Spores of some fungal pathogen have been associated with
phytotoxin production, which probably kill cells of susceptible host paving way for the
penetration of the germ tube. All known host specific toxins can be detected from the
spore germinating fluids of each virulent pathogen but not from those of the avirulent
ones (49). Thus, specificity found to be characteristically associated with host specific
toxin suggests the early participation of toxin at the site of initial contact of inoculated
and host surface.
Several phytotoxins are now known, beyond reasonable doubt, to be the determinant
factor in pathogenesis and some can even act as reliable surrogates for pathogen that
produce them. Amusa (4) reported that the partially purified metabolites of Colletotrichum
spp. induced necrotic lesion of varying sizes on leaves and stems of susceptible hosts.
While the phytotoxic metabolites of Colletotrichum graminicola, C. truncatum and C.
lindemutianum inhibited seed germination in respective host crops (4). Results of seedling
bioassay revealed that sorghum, millet, maize, cowpea, and soybean seedlings treated
with 100µ g/ml of the toxic metabolites of the respective pathogens showed symptoms of
blight and cessation of growth and the potency of the metabolites also decreased with
increased dilution. One of the first physiologically detectable events induced by
phytotoxin is an increased loss of electrolytes from susceptible leaves (34). Nishimira and
Kohomoto (43) reported that Alternaria kikuchiana toxin released during spore
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germination on leaves caused an almost instantaneous increase in electrolyte loss from
susceptible but not resistant tissue.
Different phytotoxin are known to have different modes of action. Kimura et al. (32)
reported that a phytotoxin produced by Colletotrichum lagenarium was found to function
as an anti-auxin. Sensitivity of sugarcane clones relating to electrolyte leakage caused by
Helminthosporium sacchari toxin has been reported (56). Most of the phytotoxic metabolites
acts by modifying the metabolism of the host plants, while some are toxic to the plant
tissues once accumulated and poison the plant tissues. A phytotoxin secreted by
Psuedomonas syringae pv. Tabaci, the pathogen inducing wild fire disease of tobacco,
drastically modifies the amino acid metabolism of the plant with the eventual
accumulation of ammonia in tobacco leaves, which causes extensive blighting.
Interestingly, the pathogens that synthesize the phytotoxin remain unaffected by the
toxin (8).
MODE OF ACTION OF MICROBIAL TOXINS IN DISEASE SYMPTOMS
INITIATION
Tabtoxin
Wildfire disease in tobacco is a much cited example in which one symptom is caused by
an anti-metabolite synthesized by the pathogen. The phytopathogenic bacterium
Pseudomonas tabaci produces a toxin which causes chlorosis in the form of a halo around
the necrotic locus of infection (11). The toxin, isolated from cultures of the bacterium, is
capable of inducing chlorosis in many plant species other than tobacco (11, 58).
The mode of action of wildfire toxin was investigated by Braun (11) using sterile culture
filtrates of P. tabaci which contained the toxin and the unicellular green alga Chlorella
vulgaris as a test organism. Growth of this alga was inhibited by the toxin, but the
inhibition could be prevented by adding extracts of liver or yeast. L-Methionine was
found to be the factor capable of preventing toxicity to chlorella, thus suggesting that the
toxin was an anti-metabolite of L-methionine.
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The pioneering work of Braun made a large contribution to the understanding of certain
plant diseases. They first alerted plant pathologists to the possibility that pathogens may
disrupt the metabolism of their hosts by producing anti-metabolites. This important
concept has stood the test of time.
Sinden and Durbin related this in vitro enzyme inhibition to cause of symptoms in
tobacco. They found that concentrations of toxin or Methionine sulfoximine (MSO)
inhibitory to glutamine synthetase in vitro caused chlorosis in tobacco leaves (58).
Treated leaves also suffered a buildup of ammonia to concentrations about seven times
that of untreated leaves. Both chlorosis and ammonia buildup were prevented by
simultaneous injection of high concentrations of L-glutamine into the leaves. This
probably means that either glutamine prevented cellular uptake of the toxic compounds
or that it protected glutamine synthetase from being inhibited. Either action would
account for the lower ammonia levels. On the basis of their results, Sinden and Durbin
propose that inhibition of glutamine synthetase may be the primary action of tobacco
wildfire toxin (58). They further suggested that the chlorosis symptom is more likely
caused by toxic amounts of ammonia or other intermediates of nitrate metabolism rather
than by induced deficiency of glutamine. The ammonia presumably arises from
continued nitrate reduction by the plant while one of its main pathways for ammonia
incorporation into organic compounds is blocked.
Rhizobium Toxin
Rhizobial-induced chlorosis in soybeans is another example of a disease thought to be
caused by an anti-metabolite produced by the pathogen. This disease arises from a rather
unique association between two organisms, an association that is both symbiotic and
pathogenic. Certain strains of the legume root-nodule bacterium Rhizobium japonicum fix
nitrogen in an apparently normal fashion and simultaneously synthesize a toxin which
induces chlorosis in the new leaf growth of the soybean host plant. This toxin has been
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isolated from the nodules and chlorotic leaves of diseased plants and from the culture
medium of the bacterium (46).
The toxin from R. japonicum, "rhizobitoxine" (22), is not host-specific. At low
concentrations it causes chlorosis in seedlings of many plants (46). Because the toxin
apparently causes all of the disease symptoms and because toxin production in the
nodule is essential to disease expression (46), rhizobitoxine may be classified as a primary
disease determinant. This disease is defined as those aspects of the association that are
not part of the normal symbiotic relationship and that are clearly deleterious to the host.
The toxin is known to be a basic sulfur-containing amino acid. Upon desulfurization, it
yields a non-toxic amino acid that also occurs naturally in soybean nodules and in R.
japonicum cultures. Salmonella typhimurium proved to be a much more suitable organism
for investigating the mechanism of action. Growth of this bacterium was inhibited by low
concentrations of rhizobitoxine (0.25 mmole/liter), and the inhibition could be completely
prevented by simultaneously adding small amounts of L-methionine or its immediate
precursor, homocysteine (22). The toxin inhibition was not ameliorated, however, by
adding earlier precursors of methionine, namely, cystathionine and homoserine. The
possibility that cystathionine was simply not entering the cells was eliminated by
performing the same experiment with a methionine-requiring mutant that can utilize
cystathionine as a source of methionine. The same results were obtained as with the wild
type. These experiments suggested that the toxin was inhibiting the enzymatic cleavage
of cystathionine to form homocysteine, thereby inducing a deficiency of methionine. The
deficiency of methionine induced thereby resulted in decreased rates of protein synthesis
and, consequently, decreased growth.
Helminthosporium victoriae
Causes blight only in Victoria variety of oats or in its derivative cultivars (30). Victoria
was imported from South America and used extensively to breed smut and crown rust
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resistance into North American oat varieties. Shortly after the release of these cultivars,
in about 1955, "Victoria blight" became epidemic throughout the United States.
The primary determinant of this disease, a potent toxin called victorin, was discovered
by Meehan and Murphy in 1947 (33). Pringle and Braun isolated and partially
characterized the toxin as a polypeptide derivative with a molecular weight between 800
and 2000 (34). Mild alkali treatment cleaved the toxin into a biologically inactive
polypeptide moiety composed of five or six common amino acids and a nitrogencontaining sesquiterpine moiety called victoxinine (30, 35). Victoxinine is 1/7500 as toxic
as the intact toxin, is not host-specific, and is produced in a free form by both pathogenic
and nonpathogenic isolates of H. victoriae. Its role as a disease determinant is therefore
doubtful, except as an integral part of the toxin. The cleaved peptide moiety of victorin is
nontoxic and, when added to solutions of the intact toxin, reduces its toxicity (36). This
suggests that the peptide is competing for toxin receptor sites and, therefore, that toxin
specificity is conferred by its peptide moiety. The finding that sulfite also reduces toxicity
without affecting the toxin is some evidence for the involvement of carbonyl groups in
the receptor site (30). Although many secondary effects of the toxin from H. victoriae have
been reported, the primary effect is now postulated to be an alteration in cell membrane
permeability. Wheeler and Black (38) showed that toxin-treated or infected tissue from a
susceptible oat variety rapidly begins to lose electrolytes into a bathing solution. This
electrolyte loss commences within 5 minutes after toxin treatment, has a low temperature
coefficient characteristic of a physical process, and is induced by 1/50 the concentration
required to increase respiration. Tissue from resistant oat varieties was not affected,
which shows that these are host-specific and not general effects. Further evidence for the
membrane alteration theory was obtained by Samaddar and Scheffer (39) with plant cell
protoplasts, that is, cells stripped of their cell walls by enzymic digestion but retaining an
intact cell membrane. Protoplasts from susceptible oat tissue quickly stopped
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protoplasmic streaming and burst within 1 hour after toxin treatment. Protoplasts from
resistant oats were little affected.
Helminthosporium carbonum
Closely related to H. victoriae but pathogenic to certain corn hybrids. The fungus produces
a host-specific toxin in pure culture, which has been isolated and crystallized by Pringle
and Scheffer (48). Acid hydrolysis yielded amino acids or amino-containing degradation
products. This fungus also produces a second toxic polypeptide, carbtoxinine. It is much
less toxic and lacks host specificity. Unlike victoxinine, there is no indication that
carbtoxinine is a part of the toxin from H. carbonum. Its role as a disease determinant is
questionable. Corn tissue treated with the toxin from H. carbonum shows none of the
secondary metabolic disturbances observed with the toxin from H. victoriae (13), Dark
CO2 fixation appears to be stimulated (13).
Periconia circinata
This is the cause of "milo disease" in certain grain sorghums. In 1948 Leukel (36)
discovered that a host-specific toxin was involved in milo disease. Two host-specific
polypeptide toxins, termed A and B, were subsequently isolated from culture filtrates by
Pringle and Scheffer (48). Toxin A, the major toxin, may possess a non-amino acid moiety.
It induces metabolic changes in susceptible corn tissue in a fashion resembling that of the
toxin from H. victoriae
Fusaric acid
Fusaric acid is produced by cultures of many species of Fusarium, and this acid has been
detected in tomato and wilted cotton (28). It forms a weak chelate with metal ions (28)
and inhibits rice catalase by forming a complex with its heme-Fe prosthetic group. The
inhibition depends upon the presence of the carboxyl group in the fusaric acid molecule
and can be reversed by addition of Fe3+. The toxin does not inhibit enzymes lacking bound
metals. The actual concentrations of fusaric acid in the host tissue need to be known
before metal-enzyme complexing can be established as a mechanism of action. Fusaric
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acid also caused electrolyte loss, wilting of tomato cuttings (28, 30), and changes in cell
permeability of rice tissue. Electrolyte leakage also occurred from fusaria-infected tomato
leaves (28).
Lycomarasmin
Lycomarasmin is a toxin produced by Fusarium oxysporum f. lycopersici. The suggested
role of lycomarasmin as a secondary determinant of tomato wilt disease is a matter of
controversy (68, 30). Lycomarasmin causes wilting of tomato cuttings. Its toxicity is
increased tenfold by the presence of iron, with which it forms a weak chelate (28), but it
is detoxified by other metal ions (15, 19). In the presence of iron, lycomarasmin causes
increased transpiration of tomato cuttings and increased water permeability of epidermal
strippings. Damage to cell membranes appears to be an early effect.
Thaxtomin A
Belongs to a group of cyclic dipeptides (2,5-diketopiperazines) which arise from the
condensation of 4-nitrotrytophan and phenylalanine groups. Structure-activity studies
determined that the presence of a 4-nitroindole group is necessary to maintain
phytotoxicity of these metabolites (33). These potent toxins are produced by several
species of the gram-positive filamentous bacteria in the genus Streptomyces (e.g., S. scabies
and S. eubacteria) that cause scab disease in potato and in several tap root crops.
a-picolinic acid and piricularin
Blast disease is one of the two principal diseases of rice. Certain symptoms-leaf
desiccation and yellowing and stunting of seedlings-are attributed to two toxins
produced in cultures of the fungal pathogen Piricularia oryzae and in diseased plants (62).
One toxin was identified as a-picolinic acid and the other, piricularin. It exhibited some
specificity for susceptible varieties.
Syringomycin
From Pseudomonas syringae, is one of the many cyclic lipodepsinonapeptide microbial
phytotoxins. Structurally related compounds from the same organism with similar
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modes of action are syringotoxin and syringostatins (27, 29). These compounds are large
molecules that typically have a polar peptide head and a hydrophobic 3-hydroxy fatty
acid tail. Syringomycin induces rapid necrosis in plant tissues by forming pores that are
freely permeable to cations (e.g., K+, H+, and Ca2+) within the plasma membrane.
Nanomolar amounts of syringomycin are sufficient to induce loss of membrane integrity
and cell death (53, 9).
Ophiobolin
Helminthosporium leaf spot, the other principal disease of rice, is caused by the fungus
Cochliobolus miyabeanus (Helminthosporium oryzae). Nakamura and co-workers (42) have
isolated the toxin ophiobolin from cultures of the fungus and have obtained evidence for
its production in diseased plants (37). Treatment of rice leaves with 10µ g of ophiobolin
per milliliter causes necrotic spots resembling those of the disease and inhibition of rice
seedling root elongation. Ophiobolin induces production of phenolic compounds in rice
leaves (6), a phenomenon also observed with some other plant toxins. Subsequent
oxidation and polymerization of these phenolics produces the brown pigments apparent
in necrotic spots. A related fungus, Cochliobolus sativus, causes common root rot of cereals,
particularly wheat and barley. Fungal attack of barley seedlings causes necrosis and
stunting, effects that can be reproduced by treatment with helminthosporal. This toxin,
isolated from culture filtrates of C. sativus, is a sesquiterpenoid dialdehyde (7). It is
probably produced by the fungus during invasion. Helminthosporal inhibits both
electron transfer and oxidative phosphorylation in isolated mitochondria (6). The site of
electron transfer inhibition appears to be between flavoprotein dehydrogenase(s) and
cytochrome c. Inhibition of these respiratory processes may constitute the mechanism of
phytotoxicity, since seedlings treated with helminthosporal suffer respiration inhibition.
It is interesting that a reduced analog of helminthosporal, namely helminthosporol, has
gibberellin-like growth-promoting properties.
Alternaric acid
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Alternaria solani causes early blight disease of various Solanaceae such as potatoes and
tobacco. Altenaric acid, a hemiquinone derivative (45), has been isolated from culture
filtrates of the fungus (49) and is thought to be a secondary determinant of this disease
(60). Alternaric acid causes severe wilt of seedlings of many plants at 5µ g/ml (45).
Zinniol
Leaf and stem blight in zinnia, sunflower, and marigold has been attributed to the fungus
Alternaria zinniae. Several symptoms in zinnia, including stem withering, chlorosis, and
leaf-tip curling, appears to be caused by zinniol, a toxin isolated from culture filtrates of
the fungus (60). At a concentration of 500µ g/ml it causes rapid loss of pigment from cut
red beet stems and drastic shriveling of the stems, which suggests that cell membrane
damage, is an early effect (62).
Victorin C
Victorin C is a fungal product of Cochiobolus victoriae, it induces a collapse of the
mitochondrial transmembrane potential, which results in a mitochondrial membrane
transition (64). It also binds the P protein of the glycine decarboxylase complex of the
mitochrondria (14). All of this has been associated with programmed cell death, but it
may also act at the cell surface to cause a hypersensitive response via plasma membrane
ion fluxes (63).
Colletotrichin
A

highly

phytotoxic

compound

from

several

Colletotrichum

species

(3-5).

Ultrastructurally, the first effect of this compound is disintegration of the plasma
membrane, accompanied by massive cellular leakage (21, 23). The effect is not light
dependent and could not be reversed with antioxidants, suggesting that it has a direct
effect on the plasma membrane (32).
Ascochitine
Ascochitine is another example of a phytotoxic hemiquinone derivative. It was isolated
from culture filtrates of Ascochyta fabae, the causal fungus of brown spot disease of broad
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bean, and characterized by Oku and Nakanishi (44). Application of 10µ g of ascochitine
per milliliter to broad bean coleoptiles causes the brown necrotic spots characteristic of
this disease. Concentrations of 100µ g/ml cause epidermal cells of the plant to leak
pigment and to lose plasmolytic ability, which indicate alteration of the cell membrane
(44).
Diaporthin and skyrin
Chestnut blight, caused by the accidentally imported fungus Endothia parasitica, virtually
eliminated the American chestnut tree about 40 years ago. Gauman and co-workers have
isolated two toxins from cultures of the pathogen which are highly active in causing
changes in water permeability of cells of the plant (20). Diaporthin, C30HO181o, is active
at 10-1lM, while skyrin, a dianthraquinon is active at 10-6M (20). Both are about equally
toxic to tomato shoots. Although diaporthin induces symptoms of chestnut blight,
apparently neither toxin has been isolated from diseased tissue.
Ornithine Transcarboxylase
The product of ornithine transcarboxylase (OCTase) is citrulline, a precursor of arginine.
So, inhibition of this enzyme results in loss of arginine production. Phaseolotoxin is a
tripeptide produced by Pseudomonas syringae pv. phaseolicola. Phaseolotoxin is a protoxin,
in that peptidases of the plant must convert it to Nδ-(N1-sulfodiaminophospinhyl)-Lornithine (PSorn), which is a potent inhibitor of OCTase (64).
T-toxins
Are host-specific, trichothecene phytotoxins from the fungi Cochiobolus heterstrophus,
Phyllostica maydis, and Bipolaris maydis. They inhibit mitochondrial respiration by binding
an inner mitochondrial membrane protein in sensitive plants, resulting in pore formation,
leakage of NAD+, and other ions, as well as subsequent mitrochondrial swelling (38, 65).
Fusicoccin
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A product of the fungus Fusicoccum (Phomopsis) amygdali irreversibly activates the plant
plasma membrane H+-ATPase, leading to inability of stomata to close and subsequent
lethal wilting (1, 22).
Gabaculin
A product of Streptomyces toyacaenis(31). Gabaculin is an inhibitor of several
aminotransferases e.g., (39). In plants it strongly inhibits glutamate 1-semialdehyde
aminotransferase, an enzyme required for 5-aminolevulinate synthesis and thus
porphyrin and chlorophyll synthesis (39, 31).
The beticolins
A group of toxins from Cercospora beticola, self assemble into multimeric ion channels that
disrupt membrane function (24, 25).
CONCLUSION
We are now aware of the wide variety of compounds that cause disease symptoms and
their mode of action. With the few exceptions noted, the most common earliest sign of
toxin damage to cells is an alteration in water or ion permeability of the cytoplasmic
membrane. Does this mean that each of these chemically diverse compounds reacts with
a specific membrane component to alter its permeability characteristics? Is there any
physical relationship between the water permeability and selective metabolite
permeability characteristics of membranes? Is the membrane, in fact, the primary site of
action? The most interesting of toxins in regard to these questions are the host-specific
polypeptides. The one most studied the toxin from Helminthosporium victoriae, causes
membrane damage within minutes at very low concentrations and exhibits specificity for
the cytoplasmic membrane.
The models of toxin-induced diseases of plants are not yet clear. The two anti-metabolite
toxins discussed are both produced by pathogenic bacteria. Are they typical of bacterial
diseases? The host-specific polypeptide toxins are produced by apparently typical fungal
pathogens, but are their toxins typical of pathogenic fungi in general? Are there yet-to-be

43

JOURNAL OF AGRICULTURE AND SUSTAINABILITY

discovered classes of plant toxins that will typify a large group of diseases? These are
questions of a relatively new interdisciplinary phase of plant pathology. With the
techniques now available for isolating and identifying plant toxins and for studying their
reactions with living cells, we can expect many exciting developments as we come to
further understand plant disease.
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