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I. INTRODUCTION 2 

The most common of all the diverse symptoms that characterize dis
ease in plants are those that reveal the decomposition of tissues in one 
or more structures of the host plant. In fact, there are relatively few 
diseases that do not cause a disintegration of plant tissue in some stage 
of the pathological process. Rots, blights, and similar diseases involving 
obvious tissue breakdown were among the earliest maladies of crops 
recognized by man. Included among diseases of this type are many of 
the deadliest enemies of crop plants, of which late blight of Irish potatoes 
is a classic example. The spectacular crop destruction and the aftermath 
of human suffering brought about by the epiphytotics of late blight in 
the 19th century have had few parallels in the history of mankind. In 
addition to the dramatic losses caused by the direct attack of pathogens 
on growing crops, an inestimable toll is exacted each year by the more 
insidious rots and decays that affect fruits, vegetables, and seeds. The 
costs of harvesting, shipping, and marketing such products have risen 
recently to such an extent that they often exceed the basic cost of the 
plant product itself and serve to emphasize the need for control of decay 
losses. Furthermore, the decay of heartwood in standing timber by rot 
fungi exceeds fire or any other single factor in reducing the volume of 
merchantable timber in the United States. Thus, the economic im
portance and broad scope of diseases involving tissue breakdown points 
to the need for basic knowledge of the mechanisms involved. 

In the absence of knowledge of the essential causes of disease, symp
toms revealing changes in normal structure and function logically served 
as the basis for early classifications of plant diseases devised by such 
men as Zallinger, Adanson, and Fabricius in the 18th century. Basically, 
this approach reflected the influence of early physicians with their con
cern for those pathological patterns that would enable them to make 
diagnoses. Impressed by the importance of diseases involving tissue 
disintegration, Fabricius (1774) included "decaying" as one of the main 
classes of disease, and under this classification he listed several "genera" 
such as rot, putrefaction, and canker. The terms first recorded in those 
early textbooks were, in most instances, originally coined by the farmers. 
It is of interest to note that little is known concerning the exact etymo
logical origins of the word "blight." It first appeared in the writings of 

2 The following abbreviations will be used in the text: PME, pectinmethyl-
esterase; DP, pectin depolymerase; PG, polygalacturonase; C1, a postulated enzyme 
that converts native cellulose into linear polyanhydroglucose chains; Cx, a postu
lated enzyme that hydrolyzes /?-l,4-linkages converting linear polyanhydroglucose 
chains to cellobiose; and CMC, carboxymethylcellulose. 
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the 17th century as a term used by gardeners and farmers to describe 
a rapid killing of plants. The word "rot" is more ancient in origin, and 
synonyms or similar terms appear in the literature of most Scandinavian 
countries as well as in English writings as early as the 10th century A.D. 
Of Anglo-Saxon origin, the word "rot" is considered to be derived from 
the word "ret," used in connection with the process of soaking flax in 
water with the resulting maceration of the tissues. Other words describ
ing symptoms of tissue breakdown have more ancient origins than those 
of "rot" and "blight." Canker is considered to be based on the Latin 
word "cancer" that was modified later in Old French to "chancre." 
"Anthracnose" has its origins in two Greek words, anthrax—meaning 
carbuncle, and nose—meaning disease, and may well be one of the 
oldest descriptive terms applied to a type of tissue breakdown. 

The mechanisms by which certain microorganisms are able to con
vert healthy plant tissue into a soft or mushy pulp remained almost 
completely unknown until the latter part of the 19th century. During 
the 100 years in which plant pathology has existed as a science and 
particularly during the last decade, our knowledge of these types of 
disease has been greatly extended. However, in modern textbooks and 
in recent phytopathological literature on tissue necroses, most of the 
early descriptive names for necrotic diseases have been retained and as 
a result they have acquired a certain status of usage as scientific terms 
in the terminology of plant pathology. It is recognized that such terms 
may give little insight into specific mechanisms of disease processes. 

In general, most of the diseases involving tissue disintegration are 
caused by organisms that are biologically inferior, if one considers the 
highly specialized obligate parasites to be among the elite of the para
sites. However, the heterogeneity of facultative parasites is great, and 
the destructive potential of a given microorganism is often totally unre
lated to phylogeny. For example, a number of different disease syn
dromes can be described by the word "rot." However, rots are trace
able to so many distinctly different fungi in such widely separated 
taxonomic groups that the diversity in the nature of rots is much less 
than the diversity of the microorganisms that induce them. For this 
reason, the organization of the main portion of this discussion is based 
on symptomatology and pathological processes in different types of plant 
tissues rather than on the different types of organisms involved. 

The subject area delineated in this discussion of tissue breakdown is 
not limited to a restricted group of plant diseases. In a broad sense, it is 
intended to include every pathological situation in which the integrity 
of normal and healthy tissue is lost. This may involve separation and 
decomposition of the essential structural components of cell walls, death, 
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and degradation of living protoplasts with all concomitant complex 
changes, or combinations of the two. 

Major emphasis is placed on processes involved in decomposition of 
plant tissue by phytopathogenic fungi or bacteria. A detailed discussion 
of the nature of toxins is not included, although they will be mentioned 
wherever they are involved (See Chapter 9, Volume I I ) . Disintegration 
of plant tissue usually connotes degradation of cell walls, and the discus
sion centers around decomposition of cellulose, pectic substances, and 
lignin. The structure and chemistry of cellulose, pectic substances, and 
lignin are, therefore, summarized briefly. Inasmuch as our knowledge of 
the degradation of protoplasm in plant cells is very limited, this area 
of information is not emphasized. 

II . T H E NATURE OF C E L L DISINTEGRATION 

The amount of decomposition of plant tissue reflects the degree of 
disintegration in individual cells. This disintegration can be brought 
about in two ways: (1 ) the components of middle lamellae or cell walls 
are decomposed, resulting in separation and collapse of the individual 
cells, and (2) the protoplast is attacked directly, with loss of its integrity 
as a functional unit and injury to cell membranes. These effects may 
operate simultaneously, and at least one or more components of the cell 
may disappear completely. Since these two major changes often involve 
markedly different mechanisms, they are treated separately below. 

A. Disintegration of the Components of Cell Walls of Plants 

In the majority of diseased plants where tissue is disorganized, the 
cell walls are affected first. The basic components of the cell wall, cel
lulose, pectic substances, and lignin as well as non-cellulosic polysac
charides, may be decomposed by enzymes of both pathogenic and 
saprophytic origin. Knowledge about the nature of these enzymes and 
about the mechanisms of degradation of these large molecules has been 
gained more from studies on saprophytic microorganisms than on 
phytopathogens. 

1. Mechanism of Degradation of Cellulose 

In cell walls of higher plants, cellulose is not only the major com
ponent but it is also the basic unit of the structural framework. Cellulose 
is relatively resistant to microbial decomposition, although certain plant 
pathogens and saprophytes degrade it with ease. As a basis for an 
understanding of this decomposition of cellulose by phytopathogenic 
organisms, the structure of cellulose and present concepts of the enzymes 
involved in its decomposition are discussed. 
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a. Structure of Cellulose. Cellulose molecules consist of long chains 
of D-glucose residues (1400 to 10,000 per chain) linked together through 
β-1,4- linkages. These linear chains are arranged in a definite pattern 
in cellulose fibers (Preston, 1952; Frey-Wyssling, 1953). The relative 
proportions of crystalline and amorphous cellulose in plant cell walls 
vary considerably. 

The linear chains are bound laterally by hydrogen bonds or other 
physical forces into narrow thread-like microfibrils which, in turn, are 
aggregated to form fibrils. Each microfibril may contain from 280 to 800 
cellulose chains. The individual chains in the fibrils vary in degree of 
orientation. Where the orientation is greatest, the tightly packed parallel 
chains form crystalline areas. Regions in which chains show a more or 
less random arrangement are designated as amorphous areas. Each 
linear cellulose chain because of its length passes through several crystal
line and amorphous regions. The susceptibility of cellulose to enzymatic 
degradation may be associated with the relative amount of amorphous 
cellulose present. In plant cell walls, the intertwining of cellulose fibrils 
forms a porous lattice-like structure. Submicroscopic spaces between the 
fibrils form an interconnecting system that extends throughout the cell 
wall. The spaces are filled with other cell wall constituents which may 
include lignin, pectic substances, or hemicelluloses in varying proportions. 

b. Nature of Enzymes Involved in Cellulose Degradation. Cellulose 
can be completely degraded by a succession of enzymatic actions of 
various microorganisms (Siu, 1951, 1954; Siu and Reese, 1953). The large 
cellulose molecules are hydrolyzed by microbial enzymes into simpler 
and smaller units. These short-chain molecules are then converted into 
glucose and utilized by the degrading microorganism. 

Two theories dealing with the enzymatic hydrolysis of cellulose are 
based on studies of the destruction of textile products by cellulolytic 
organisms. According to the unienzymatic theory, a single cellulase may 
convert native cellulose into glucose by a random cleavage of the mole
cule. This mechanism was suggested by Whitaker (1953, 1957) on the 
basis of evidence obtained with an electrophoretically homogeneous 
enzyme preparation from Myrothecium verrucaria. 

Aitken et al. (1956) and others agree that a single enzyme converts 
cellulose to cellobiose, but regard a cellobiase as necessary for the pro
duction of glucose. There is considerable proof that certain wood-rotting 
fungi such as Collybia velutipes and Polyporus annosus require a β-
glucosidase in addition to cellulase to convert cellulose into glucose 
(Norkrans, 1957a, b ) . Cellulose degradation for these organisms presum
ably occurs in the following steps: 

υ ι cellulase n ·,. /3-glucosidase ι 

native cellulose > cellobiose > glucose 
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According to the multienzymatic theory, a series of enzymes is re
quired for hydrolysis of native cellulose to glucose. A postulated enzyme, 
C x is presumed to act on native cellulose (Reese, 1956). It is thought 
that the C1 enzyme acts mainly on crystalline cellulose which resists the 
uptake of moisture because of the tight bonding of the chains. Presum
ably, the action of the C± enzyme loosens up the chains so that they 
take up water prior to their hydrolysis. Thus, the products of Ci activity 
are for the most part insoluble. These products are then acted upon by 
the hydrolytic system of Cx enzymes which convert the linear poly-
anhydroglucose chains to soluble sugars, chiefly cellobiose and glucose. 
These sugars are absorbed by the microorganism and utilized inter
nally, presumably by the action of /?-glucosidases or by phosphorolytic 
enzymes. 

Certain non-cellulolytic microorganisms easily degrade and utilize 
cellulose derivatives such as carboxymethylcellulose ( C M C ) , although 
they are unable to degrade native cellulose (Reese et al., 1950; Reese 
and Levinson, 1952). This has been attributed to the absence of the 
C x enzyme. Several cellulolytic components, Cx's, have been obtained 
from culture filtrates of Myrothecium verrucaria and Trichoderma viride 
by chromatography (Gilligan and Reese, 1954). These components dif
fered in their rate of movement in the column, in their activity on various 
substrates, their modes of action, and their behavior in the presence of 
certain inhibitors. The evidence that there are several Cx enzymes serves 
to support the multiple enzyme theory. Halliwell (1957) , studying the 
rumen bacteria, has also concluded that several different enzymes are 
involved in the decomposition of cellulose by these organisms. The fol
lowing diagram gives a summary of the steps proposed by Reese and 
his associates for the microbial decomposition of cellulose: 

Native cellulose ———•» hydrated polyanhydroglucose chains Cx A» B» c » et,c._^ 
η i_. 0-glucosidase ι cellobiose • glucose 

Filtrates of cellulolytic fungi contain an unknown factor that causes 
an increase in subsequent swelling of cotton fibers in 18% alkali and also 
an increase in the uptake of Congo red (Marsh et ah, 1953). The swell
ing factor is enzymatic in nature and actually shows many similarities 
to the Cx enzyme, although it differs from this enzyme with respect to 
pH necessary for optimum activity (Reese and Gilligan, 1954). 

Since the unienzymatic and the multienzymatic concepts of cellulose 
degradation are each strongly supported by experimental data, the differ
ences in the conclusions reported by various investigators cannot be 
resolved as yet. However, the multienzymatic hypothesis has been given 
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very strong support by the recent work of Miller and Blum (1956) . 
These investigators separated multiple components with Cx activity 
from Myrothecium cellulase by zone electrophoresis over long distances. 
The failure to demonstrate multiple components by moving boundary 
electrophoresis (Whitaker, 1953) with a purified Myrothecium cellulase 
may have resulted from the use of very short migration distances. In 
addition to the mounting evidence for the complexity of the enzymatic 
degradation of cellulose by certain fungi that attack textile products, it 
is also becoming apparent that microorganisms may differ in the types 
of cellulolytic enzyme systems that are produced. 

The degradation of cellulose in woody tissue containing lignin is 
mainly caused by a specialized group of fungi in the Hymenomycetes. 
If one assumes the existence of a distinct Ci enzyme that is required for 
conversion of the native cellulose in non-lignified tissue to hydrated an-
hydroglucose chains, the inability of many organisms that form the Cx 
enzyme to degrade wood might indicate that a separate or distinct type 
of cellulase is formed by the wood decay fungi (Cowling, 1958). How
ever, the inability of textile-destroying fungi with effective cellulolytic 
enzyme systems to decay wood may also indicate inability to penetrate 
and spread through the walls of woody cells rather than an inability 
to utilize the cellulose in lignified tissue. 

The mechanisms of cellulose breakdown have been examined with 
only a few plant pathogens other than wood decay fungi. It is perhaps 
premature to attempt to relate the findings based on work with textile-
degrading fungi to plant pathogens. The fact that some organisms do 
not degrade native cellulose in culture flasks in laboratory experiments 
is not evidence that they do not do so in living plants. The cellulose sub
strates used in the laboratory for studies on cellulolytic enzymes are not 
necessarily the same as those in the cell walls of either a living plant or 
a dead and intact one. Furthermore, in nature, certain organisms con
sidered to be non-cellulolytic may produce a cellulase for which the 
optimal conditions may not be provided in test tube experiments. Very 
few of the fabric-destroying organisms also are pathogens of herbaceous 
or woody plants, and as yet, the ability of pathogenic organisms to form 
cellulolytic enzymes has not been related to their pathogenic potential. 

2. Decomposition of Pectic Substances 

The pectic substances are colloidal carbohydrates of high molecular 
weight that rank next to cellulose in relative abundance in cell walls of 
herbaceous plants. Pectic substances are the main components of the 
middle lamellae of cells in parenchymatous tissues of higher plants and 
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form the main deposits in the intermicellar spaces of the cellulose frame
work of primary cell walls of herbaceous plants. 

Unlike cellulose and lignin, pectic compounds are relatively suscep
tible to enzymatic attack by plant pathogens as well as by many sapro
phytic fungi and bacteria. 

a. Concepts as to Structure and Occurrence of Pectic Substances in 
Plant Cell Wails. The pectic substances in plant cell walls are of three 
general types: (1 ) pectic acid, (2 ) pectin, and (3 ) protopectin (Kertesz, 
1951; McCready and Owens, 1954). Pectic acid is a linear chain molecule 
consisting of D-galacturonic acid residues joined through carbon atoms 1 
and 4 by α-glycosidic linkages. The ease with which pectic acid is read
ily precipitated by calcium and other polyvalent cations to form insoluble 
salts is attributed to the large number of free acid groups. In the middle 
lamella, pectic acid exists in the form of calcium and magnesium pec-
tates, and possibly also in an esterified form (Deuel and Stutz, 1958). 

Pectin is considered to be a water-soluble methyl ester of pectic acid. 
Since most of its carboxyl groups are esterified, pectin is neutral and 
cannot be precipitated by polyvalent cations. A partially de-esterified 
pectin is referred to as pectinic acid. In plant tissue, pectin is located 
mainly in the primary cell wall rather than in the middle lamella. 

Protopectin is the relatively insoluble parent pectic material that 
occurs mainly in primary cell walls, particularly in parenchymatous or 
meristematic tissues. Previously, the insolubility of protopectin has been 
attributed to linkage of pectin with cellulose or other polysaccharides 
of cell walls. However, present evidence indicates that protopectin is 
insoluble because of its large molecular size. 

b . Enzymes that Decompose Pectic Substances. Many pathogenic 
and saprophytic microoganisms and certain higher plants produce en
zymes that can degrade the various types of pectic substances. The his
tory of pectic enzymes is characterized by a confusion in nomenclature 
which reflects incomplete knowledge of the structure of pectic substances 
(Kertesz, 1951; Lineweaver and Jansen, 1951). Although the recent 
classification of pectic enzymes proposed by Demain and Phaff (1957) 
has certain advantages, it has not been widely accepted as yet. In order 
to avoid confusion, the terminology of Kertesz (1951) will be followed, 
inasmuch as it has been used with only slight modifications by most 
workers. 

Pectin methylesterase ( P M E ) , also named pectin esterase and pec-
tase, is the enzyme that catalyzes the hydrolysis of the methyl ester 
group in pectin and pectinic acids with the release of methyl alcohol. 
Consequently, pectin or pectinic acids are converted to pectic acids. In 
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addition to its natural occurrence in certain tissues of higher plants, 
PME is formed by many different microorganisms. 

Pectin polygalacturonase ( P G ) , which has also been referred to as 
"pectinase," "pectolase," and "polygalacturonase," is considered to be the 
main enzyme responsible for the degradation of pectic substances. PG 
catalyzes the hydrolysis of 1,4-glycosidic linkages in the polygalacturonic 
acid chain of pectic or pectinic acids into polygalacturonic acid chains 
of smaller molecular size and eventually to monogalacturonic acid. From 
most sources that have been tested, PG shows highest activity on pectic 
acids, whereas activity decreases considerably as the methoxyl content 
of the substrate increases. However, some PG enzymes act equally well 
on both pectic acid and pectin (Seegmiller and Jansen, 1952; Deuel and 
Stutz, 1958). 

Pectin depolymerase ( D P ) or pectic acid depolymerase also hydro-
lyzes the glycosidic linkage of the polygalacturonides such as pectin or 
pectic acids. However, it differs from polygalacturonase since only large 
molecules are produced by the splitting of the galacturonic acid chain. 
Furthermore, the rapid loss in viscosity of pectic substances induced by 
this enzyme is accompanied by a very small increase in number of 
reducing groups and galacturonic acid is not produced. 

Similar to PG, DP from different sources also varies in activity on 
esterified and non-esterified pectic substances. The first enzyme of the 
DP type described was considerably more active on pectic acid than 
on pectin, and so it was designated as "pectic acid depolymerase" (Mc-
Colloch and Kertesz, 1948). However, certain soft rot bacteria produce 
a DP that acts similarly on non-esterified and esterified pectic substances 
(Wood, 1955a). 

Certain enzymes may have been reported to be DP's because crude 
culture filtrates or alcoholic precipitates with very weak enzyme activity 
were used. A weak enzyme preparation may not produce monogalac
turonic acid or other low molecular weight intermediates in amounts 
sufficient to be detected by reducing group measurements or chroma
tographic methods. It seems desirable to regard any enzyme that hydro-
lyzes the 1,4-glycosidic linkage in pectic substances as a type of PG. 
Thus, Demain and Phaff (1957) have classified all enzymes of the PG 
type into the following categories: (1 ) endopolymethylgalacturonase I 
and II , (2 ) endopolygalacturonase, (3 ) exopolymethylgalacturonase, and 
(4 ) exopolygalacturonase. To distinguish between these enzymes, con
sideration must be given to: (1 ) the ability of the enzyme to attack 
pectin in preference to pectic acid, (2 ) whether terminal or random 
hydrolysis occurs, and (3 ) optimum pH. The five enzymes postulated 
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for this scheme include three with a random mechanism of hydrolysis 
(endopolymethylgalacturonase I, endo-PMG II, and endo-PG), and two 
with a terminal mechanism of hydrolysis (exo-PMG and exo-PG). Under 
this system, the bacterial depolymerase described by Wood for Erwinia 
aroideae is classified as endo-PMG II. This enzyme with its high optimum 
pH is thus differentiated from endo-PMG I or DP as it was originally 
defined (McColloch and Kertesz, 1948; Kertesz, 1951). Examples of 
endo-PG would be yeast polygalacturonase, β-pectinglycosidase (Schu
bert, 1954), and polygalacturonase I of Rhizopus tritici. Exo-PMG would 
be exemplified by certain commercial pectic enzyme preparations and 
exo-PG by the purified form of Pectinol-IOOD, and polygalacturonase II 
of Penicillium expansum. 

Protopectinase is the enzyme system that is said to convert native 
insoluble protopectin of plant cell walls into soluble pectins and bring 
about a maceration of cells. We know little more about the exact nature 
and action of this enzyme, if it is a distinct one, than was known some 
60 years ago—when it was first described. However, it appears that 
protopectinase may be considered to be a type of PG or a PG in com
bination with PME. The only method for measurement of this enzyme 
involves determination of the time required for loss of coherence of cells 
in slices or discs of plant tissues, for which process the specific chemical 
reactions involved remain to be determined. 

If the present concept of the structure of protopectin is accepted as 
correct, the action of protopectinase cannot be considered as distinct 
from that of a PG, since protopectin presumably differs from pectin only 
in chain length. This conclusion is supported by evidence that the proto
pectinase and the polygalacturonase of E. aroideae and of Fusarium 
moniliforme, respectively, cannot be separated on the basis of their major 
properties (Wood, 1955b; Singh and Wood, 1956). Furthermore, a puri
fied fungal PG or a commercial pectic enzyme preparation containing 
PG and PME can cause maceration of discs of potato or other fleshy 
tissues, which is also the action of the hypothetical protopectinase (De-
main and Phaff, 1957). However, notwithstanding this evidence and the 
present knowledge of chemistry of pectic substances, phytopathologists 
have continued to cling to the term protopectinase. 

3. Decomposition of Lignin 

Next to cellulose, lignin ranks as a major component of cell walls in 
woody plants, and in certain conifers, 50% or more of the wood may be 
lignin. Of the different constituents of plant cell walls, lignin is probably 
the most resistant to decomposition by microorganisms. This is supported 
by evidence for the long survival of lignin in a relatively unchanged 
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form, as has been observed in 30-million year-old Sequoia wood and 
in 800,000 year-old spruce wood (Lawson and Still, 1957). Although 
lignin degradation may be shown to be a significant aspect of tissue 
breakdown by microorganisms in certain herbaceous plants, it is at 
present important mainly as one characteristic phase in the decay of 
wood by certain wood-destroying fungi known as white rot fungi. 

a. Structure and Occurrence of Lignin in Plant Cell Walls. To a 
botanist, lignin may be a specific and well-defined substance, but to a 
chemist it is still a product of non-specific nature which is determined 
by analytical methods that are also non-specific (Brauns, 1952). Lignin, 
unlike previously considered cell wall constituents, is not a carbohydrate 
or even a simple carbohydrate derivative, but is rather a condensation 
of one or more types of aromatic nuclei in a complex compound with a 
high molecular weight. A large part of the lignin molecule is composed 
of phenylpropane derivatives; it also contains benzene rings which are 
converted to cyclohexyl rings by hydrogenation (Adler, 1957). Spruce 
lignin may be formed by the combination of molecules of the isoeugenol 
type condensed to form dehydrodiisoeugenol type products resulting in 
chains of indefinite length (Freudenberg, 1957). Some of the phenyl 
rings may contain a methoxyl group in the meta position and a hydroxyl 
group or phenyl-ether linkage in the para position to the side chain. 
Although there is no doubt that lignin is a high polymer with about 10% 
of the molecule formed by condensation of phenylpropane units, the 
manner in which these building stones are linked together is not clear. 
In at least a part of the lignin molecule the 5-position of the benzene ring 
is connected with the side chain of another building stone by carbon to 
carbon linkage. Furthermore, the lignin molecule may be built up of 
units containing four to five basic lignin building stones. 

Schubert and Nord (1957) in summarizing present knowledge of the 
lignification process propose the following tentative scheme: 

carbon dioxide —» carbohydrate a i o m r U l z a t l o n_ > sh i ]d mi c acid —> p-hydroxyphenylpy-
ruvic acid —> primary lignin building units d i me nation _^ s e c o n (j a rv Hgn{n building 

polymerization 

units > lignin 

On the basis of many recent contributions, it is evident that rapid 
advances are now being made in the knowledge of lignin. However, the 
following statement by Erdtman (1957) , at the conclusion of his review 
of outstanding problems in lignin chemistry, is of interest: "In these days 
when many lignin chemists appear to believe that the ultimate solution 
of the lignin problem is near, it may be useful to remember that our 
belief is greater than our exact knowledge." 
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In herbaceous plants, lignin occurs mainly in secondary cell walls as 
the incrusting material in the intermicellar and interfibrillar spaces of 
cellulose. In woody plants, lignin replaces pectic substances in impor
tance as the compound in association with cellulose. In woody cells, the 
very thin middle lamella is composed almost entirely of lignin. In the 
primary walls of wood cells, lignin ramifies through all the intermicellar 
and interfibrillar spaces of cellulose and forms its own framework organ
ized so that cells retain their shape even after cellulose and pentosans 
are removed. 

b. Nature of the Enzymatic Degradation of Lignin. Although lignin 
is a major component of plants and enormous amounts of this material 
are eventually decomposed by a restricted number of microorganisms, 
we still know relatively little about the enzymes involved in the degrada
tion of the lignin molecule. Hampered by the incomplete understanding 
of lignin chemistry and the lack of specific methods for the isolation and 
characterization of lignin or its building stones, scientists in this area of 
research have been faced with the difficult problem of solving a cross
word puzzle with too many unknowns and too few clues. 

Most of our knowledge of the mechanisms of lignin decomposition 
is derived from studies on a group of lignin-decomposing Basidiomycetes 
that are known as the "white rot fungi." In the past, it was assumed that 
these organisms degraded lignin by a specific enzyme to which such 
names as "lignase," "ligninase," or "hadromase" (Brauns, 1952; Lawson 
and Still, 1957) were given. 

Evidence for the formation of a specific lignin-decomposing enzyme 
was based mainly on microchemical tests of decayed wood and the 
ability of certain of these organisms to utilize partially degraded or, 
more recently, native lignin as a source of carbon. 

Recent investigations have supported the earlier work by Bavendamm 
and others, indicating that an oxidative rather than a hydrolytic process 
is involved in lignin decomposition. It is now established that those 
Basidiomycetes that degrade lignin produce an extracellular polyphenol-
oxidase of the laccase type; those fungi that are unable to decompose 
lignin fail to produce this enzyme or produce it only in small amounts 
(Fahraeus and Lindeberg, 1953; Higuchi et al., 1956). 

The properties of polyphenoloxidase of certain of the lignin-decom
posing fungi are unlike other enzyme systems of this type that have been 
studied previously. It is capable of catalyzing the oxidation of certain 
lignin-related model compounds associated with native lignin and it is 
present in culture filtrates of certain white rot fungi growing in a medium 
with native lignin as the sole carbon source (Gottlieb and Pelczar, 1951). 

The advances that are now being made in the knowledge of the 
polyphenoloxidase systems involved in degradation of lignin promise to 
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aid in deciphering the problems of lignin structure as well as in con
tributing to an understanding of the mechanisms of wood decay. 

4. Decomposition of Other Cell Wall Constituents 

a. Hemicelluloses. In addition to cellulose and pectin, plant cell walls 
contain the complex water-insoluble polysaccharides known as the hemi
celluloses (Whistler and Smart, 1953). These compounds are important 
constituents of mature and heavily thickened cell walls of wood, grasses, 
and seeds. The detailed structure of the hemicelluloses has not been 
defined as yet. It is known that most represent mixtures of two types of 
polysaccharides: one is composed of pentose or hexose sugar units and 
the other is composed of polyuronides containing one or more glucuronic 
acid units joined in the polysaccharide molecule. Xylan is considered to 
comprise the major component of this mixture in most plants. In gymno-
sperms, mannan may replace xylan as a major hemicellulose component. 
Hemicelluloses also contain arabans and galactans. Xylans are the most 
abundant pentosans formed in secondary cell walls of plants. Xylans 
obtained from different types of tissue may vary but they are mainly 
composed of anhydro-xylose units. Some may also contain L-arabinose. 
Mannans, which are composed of β-D-mannose residues linked through 
carbon atoms 1 and 4, are straight chain compounds similar to cellulose 
and starch. Galactans, like mannans, occur widely in secondary cell walls 
of straw, seeds, and wood. They are long, unbranched chains of galactose 
residues joined together through /?-l,4-linkages. Araban is associated 
with pectin in primary cell walls and was formerly regarded as part of 
the pectin molecule. Araban in apple and peanut is probably built up of 
a core of L-arabofuranose units linked through carbon atoms 1 and 5. 
Attached to half of these as side chains are single L-arabofuranose units 
linked through carbon atoms 1 and 3. 

Many microorganisms produce enzymes that degrade hemicellulose, 
including saprophytic or weakly parasitic species of Mucorales and the 
wood-rotting Basidiomycetes. The action of hemicellulases presumably 
converts hemicellulose into pentoses and uronides, but the nature and 
action of these enzymes have not been studied extensively. Certain of 
the hemicellulose components may be hydrolyzed directly by cellulolytic 
enzymes of certain organisms, since it has been shown that xylans can 
be hydrolyzed by the cellulase of M. verrucaria (Bishop and Whitaker, 
1955). 

B. Disintegration of the Protoplasm 

In disintegrated tissue, not only are the cell walls disorganized, but 
cell contents are decomposed. The mechanisms of toxic action and the 
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subsequent disintegration of separate components of protoplasm by plant 
pathogens have not been studied extensively. 

1. Mechanisms Involved in Death of Cells 

In certain diseased plants where a rotting or necrosis of tissue occurs, 
individual cells are killed as a result of the action of toxic substances 
elaborated by encroaching microorganisms (see Chapter 9, Volume II 
for a full discussion of toxins). These toxic substances can cause death 
of cells that are far removed from invading bacterial cells or fungus 
mycelium. The process involved is undoubtedly complicated and cells 
obviously may die because of many diverse interactions, including cer
tain destructive enzyme systems that can be released from the protoplast 
itself. It has been shown repeatedly that highly injurious substances 
other than pectolytic or cellulolytic enzymes are produced by plant 
pathogenic bacteria and fungi. Most of these materials have been demon
strated in culture, and in some cases in infected plants. Few, however, 
have been obtained in pure form and, with a few exceptions, the chem
istry of these toxins and their mode of action remain to be deduced 
(Brian, 1955). 

One possible mechanism by which toxic substances may cause death 
of living cells is the destruction or alteration of the semipermeable nature 
of the plasma membrane. The subsequent loss of water and metabolites 
from the cell may be fatal. Disruption of the plasma membrane also 
allows unrestricted movement into the cell of molecules of all sizes. 
These molecules, if toxic, will cause the death of the protoplast. Although 
it is evidently a physical action, such physiologic disturbances of the cell 
membrane may be brought about by any number of biochemical actions 
of the toxic molecule in question. Since the plasma membrane consists 
of a mixture of lipids and protein chains (Frey-Wyssling, 1953), a toxic 
entity may destroy the membrane by disrupting one or both of these 
constituents or by affecting some biochemical process involved in mem
brane organization. 

Toxic compounds that act by affecting the semipermeability of mem
branes have been reported in phytopathological literature, but their spe
cific mode of action still is not known. The two wilt toxins, lycomarasmin 
and fusaric acid, produced by Fusarium oxysporum f. lycopersici cause 
such a disruption of the plasma membrane in plants (Gaumann, 1956; 
Gaumann et al., 1952; Bachmann, 1956). Both may also act directly on 
protoplasm by disturbing the physiological processes within the cell. 
Whether the above mentioned substances are actually involved in tissue 
disintegration is not known. Oxalic acid has been implicated as the cause 
of leakage of water and other nutrients from diseased carrots (Overell, 
1952). This may be attributed to an effect on the differential permeabil-



TISSUE IS DISINTEGRATED 157 

ity of cell membranes. In most foliage blights and many leaf spots, the 
water-soaking—evident in leaf tissue bordering the lesion—is indirect 
evidence of injurious effects on plasma membranes with resulting release 
of cell liquids. It should be recognized, of course, that there is no con
clusive proof that cells can be killed by this type of mechanism alone. 

Some plant pathogens may be able to kill a cell by secretion of a 
toxin that acts directly on the protoplasm, disturbing or inhibiting a nor
mal metabolic process of the cytoplasm or the nucleus. A toxic substance 
may injure protoplasm in any one of several ways. It may coagulate or 
hydrolyze proteins in the protoplasm, block various enzyme systems in 
the cell, or serve as an antagonist to some vital metabolite of the living 
organism. 

Two toxic fractions have been isolated from the culture filtrate of 
Piricularia oryzeae which causes blight and leaf spot of rice in Japan 
and other rice growing areas of the world (Tamari and Kaji, 1955). 
Toxin A is α-picolinic acid; toxin B , designated as piricularin, is more 
toxic than α-picolinic acid and inhibits the polyphenoloxidase system of 
the host. The actual relationship of these toxins to the death of cells in 
the necrotic lesions is not known.' Both toxins undoubtedly play a role 
in disease processes, however, since they can be detected in the diseased 
plants. 

The wildfire toxin produced by Pseudomonas tabaci is the only phyto-
pathogenic toxin for which the mode of action and chemical nature has 
been clearly demonstrated (Braun, 1955). When introduced into leaf 
tissue, this toxin does not cause necrosis directly, but produces a chlorotic 
spot similar to the halo present around the central necrotic lesion on 
tobacco leaves infected with the wildfire bacterium. Because of its close 
structural resemblance to methionine, the toxin acts as an antagonist or 
antimetabolite of this amino acid, interferes with its utilization in the 
normal metabolism of the plant, and produces chlorosis. This toxin, in 
conjunction with other products of the pathogen, presumably contributes 
to the localized necrosis that is characteristic of the disease. 

Death of plant cells due to direct effect on the protoplasm may be 
brought about by alternaric acid, a toxin produced by Alternaria solani 
(Brian, 1952; Pound and Stahmann, 1951), by the toxin produced by 
Helminthosporium victoriae (Pringle and Braun, 1957), and possibly also 
by the phytotoxic substance formed by Phytophthora infestans (Ronne-
beck, 1956). 

2. Degradation of Components of Protoplasm Following Death 

After the cell walls have been disorganized and the protoplasts killed 
by the action of toxins and enzymes secreted by a facultative pathogen, 
the invading organism utilizes the contents of the cells for its growth. 
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Very little is known about this aspect of degradation of protoplasm, 
although the various carbohydrates, lipids, and proteins present in the 
cell presumably can be readily digested by the enzymatic activity of 
most bacteria or fungi. 

Fungi and bacteria hydrolyze proteins by enzymes similar to 
those involved in such mechanisms in higher plants and animals. It has 
become increasingly evident that the complexity of proteolytic enzymes 
reflects the innate complexity of proteins themselves. Originally, the 
proteolytic enzymes were classified into two main groups: the peptidases 
that hydrolyzed the peptide bonds of di-, tri-, or polypeptides to produce 
amino acids, and the proteases or proteinases that attacked not only 
the peptide bonds of peptides, but also hydrolyzed large intact protein 
molecules into peptides and amino acids. The terms endo- and exopep-
tidase are now used to distinguish between those enzymes that split 
bonds adjacent to specific amino acid residues in the protein molecule 
(endopeptidases) and those that attack only the terminal bonds of a 
peptide chain (exopeptidases). The latter group of enzymes is diverse 
and includes some that attack terminal residues of entire proteins and 
some that split only certain small peptide molecules. 

The simple sugars of the cell, such as monosaccharides and disac-
charides, as well as the polysaccharides, usually become rapidly involved 
in metabolic activities of most pathogens. The monosaccharides are util
ized directly, while disaccharides are either hydrolyzed to monosacchar
ides by one of the glucosidases or degraded by a phosphorylative process. 
One of the main polysaccharides in plant cells is starch, with amylose 
and amylopectin as its two components (Whistler and Smart, 1953). 
Amylose is a straight chain molecule consisting of 300 to 1000 glucose 
residues united by 1,4-a-glycosidic linkages. Amylopectin, a much larger 
molecule than amylose, consists of glucose chains that are involved in a 
multiple branching system. 

The two main enzymes involved in starch breakdown are a- and 
^-amylases. The former attacks the 1,4-glycosidic linkages of both amy
lose and amylopectin to form dextrins, with approximately 6 to 12 
glucose units as the primary product of hydrolysis. In a second phase 
of the action the dextrins are slowly converted into maltose and some 
glucose. The ^-amylases hydrolyze amylose to maltose. The maltose is 
then acted upon by maltase, an enzyme produced by many different 
starch-utilizing organisms, to yield glucose. 

Many facultative plant parasites are capable of utilizing starch as a 
sole carbon source, although relatively little detailed information is 
available about the nature of the specific enzymes involved for these 
organisms. Certain saprophytic fungi, including members of the genus 
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Aspergillus, have been studied more intensively than have any of the 
plant pathogenic fungi. A survey of the biochemical properties of plant 
pathogenic bacteria as listed in Elliott (1951) indicates that many cannot 
utilize starch as a sole source of carbon. This inability characterizes many 
species of Erwinia and Pseudomonas, whereas most Xanthomonas species 
grow readily with starch as a carbon source. 

III . T H E DISINTEGRATION OF DIFFERENT TYPES OF PLANT TISSUES 

Although it is difficult to generalize, most plant pathogens are likely 
to attack specific types of tissues or organs. In the following section the 
diseases involving disintegration of tissue have been classified according 
to the kind of tissue affected by the casual organism; pathogenic proc
esses as well as the accompanying biochemical phenomena will be 
emphasized. 

A. Decay of Parenchymatous Tissue in Fleshy Vegetative, 
Reproductive, or Storage Organs 

Among the most common diseases of plants are the various rots of 
fruits, bulbs, tubers, roots, and fleshy green leaves. Two kinds of rots, 
soft and dry, can be recognized on the basis of the consistency and 
surface character of the infected tissue. 

1. Soft Rots 

In the majority of cases, disintegration of parenchymatous tissue of 
fruits and vegetables produces a soft rot. What happens at the micro
scopic level has rarely been studied in detail in any soft rot, although 
more is known about pathological histology or morbid anatomy of 
bacterial soft rots than about those caused by fungi. 

Initial investigations of the mechanism of tissue destruction by soft 
rotting bacteria provided evidence that certain of these bacteria pro
duced enzymes that could dissolve middle lamellae of the cells of such 
storage organs as turnips, carrots, and potatoes (Potter, 1902; Van Hall, 
1903). However, the classic studies of Jones (1905, 1909) were mainly 
responsible for the establishment of basic concepts as to the mechanism 
of tissue breakdown by Erwinia carotovora and other soft rot bacteria. 

During the past 15 years tremendous advances have been made in 
our knowledge of the biochemistry of pectic enzymes. Yet, it was only 
after 1950 that phytopathologists in their publications gave recognition 
to the possibility that a crude preparation from a culture filtrate may 
contain several enzymes capable of catalyzing the different reactions 
involved in degradation of pectic substances. Thus, in much of the litera
ture in this subject area, the maceration of tissue discs has been regarded 
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as evidence of the action of one enzyme, protopectinase. 
Kraght and Starr (1953) first showed that Erwinia carotovora pro

duced two distinct pectic enzymes, PME and a PG. A more detailed 
study of pectic enzymes produced by E. aroideae was made by Wood 
(1955a) who concluded that this bacterium mainly produced a type of 
PG that was referred to as bacterial DP. Production of pectic enzymes 
by three common soft rot bacteria was investigated also by Echandi 
et al. (1957) who found that E. carotovora, E. atroseptica, and E. 
aroideae produce DP. None of these three organisms produced PME. 
However, it is possible that PME could not be detected because of assay 
methods not sensitive enough to reveal the presence of the enzyme in 
small amounts. A previously undescribed soft rot bacterium, E. maydis, 
also secretes an extracellular DP that is similar to the DP of E. aroideae. 
However, both this species and E. chrysanthemi form PME (Husain and 
Kelman, 1959). 

In an intensive survey of a large number of phytopathogenic and 
saprophytic bacteria for pectic enzyme production, assays were made 
of PME, PG, and two types of DP (Smith, 1958a). Following the termi
nology of Schubert (1954) , the PG was designated as β-pectinglycosidase 
and the DP as a- or γ-pectinglycosidase. Those phytopathogenic bacteria 
tested that were capable of affecting pectic materials produced γ-PG. 
PME activity was restricted to certain species of Erwinia, Xanthomonas 
campestris, and certain cultures of X. vasculorum. 

Chromatographic analyses of the products of enzyme action indicated 
that the species of soft rot bacteria tested were capable of hydrolyzing 
pectin to galacturonic acid and oligo-uronides of low molecular weights 
(Smith, 1958b). With the exception of only one strain of E. carotovora, 
most of the cultures of other bacteria that failed to produce PME also 
failed to liberate galacturonic acid. These data indicate that most mem
bers of the soft rot group probably form both a- and γ-PG, and confirm 
results of Kraght and Starr (1953) indicating that E. carotovora produces 
PME and PG. However, the results differ from the reports by Wood 
(1955a) and Echandi et al. (1957) discussed previously. The differences 
in the results of these investigators may well reflect variation in specific 
techniques and media employed as well as inherent differences in the 
strains used. 

In the light of the above results, the chief mechanism of disintegration 
by soft rot bacteria is the degradation of pectic substances in the middle 
lamella and cell wall by the extracellular pectic enzymes which these 
bacteria secrete. 

Whether cellulose and hemicelluloses are also degraded by soft rot 
bacteria is still an unsolved question. Husain and Kelman (1959) exam-
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ined culture filtrates of certain soft rot bacteria for the presence of the 
type of cellulolytic enzyme designated as the Cx enzyme. For three soft 
rot bacteria, E. carotovora, E. atroseptica, and E. aroideae, negative re
sults were obtained. However, Ammann (1951) found that the strain of 
E. carotovora used in his tests did produce a Cx enzyme. A similar cel
lulase is secreted by E. maydis in culture (Husain and Kelman, 1959). 

Other soft rot bacteria may produce enzymes that are cellulolytic as 
well as those that break down non-cellulosic polysaccharides or hemi-
cellulose. However, there is no conclusive evidence that these enzymes 
play a role in tissue disintegration by these pathogens and the main dis
integrative action of bacterial plant pathogens causing soft rots is pre
sumably exerted on pectic substances. This may explain the apparent 
inability of soft rot bacteria to attack and decay mature, hardened tissues 
containing relatively little pectic material and more cellulose and lignin. 

Certain basic similarities in symptoms are apparent between soft rots 
caused by bacteria and those caused by fungi. However, the process of 
pathogenesis may involve more complex mechanisms for the latter than 
for the former, including the action of cellulolytic enzymes and toxins on 
host tissues. 

In one of the classic papers of phytopathological literature, De Bary 
(1886) reported that Sclerotinia libertiana caused partial or total dissolu
tion of certain constituents of cell walls. An extract from the infected 
tissue contained an active principle that could macerate and kill healthy 
tissue. As the active principle was found to be heat-labile, De Bary con
cluded that cell wall dissolution was caused by an enzyme produced by 
the fungus. Although the nature of the toxic action was ill defined, it 
was on these observations that the first concepts of physiology of para
sitism of the facultative parasites were established. 

Ward (1888) , working on a lily disease caused by Botrytis sp., con
firmed and amplified the work of De Bary. Ward's paper is a classic in 
itself and its importance as a highly significant early contribution un
fortunately has not been fully appreciated. Although his description of 
tissue breakdown by Botrytis sp. is similar to that made by De Bary, 
Ward also observed actual penetration of cell walls by the hyphae of 
the fungus and concluded that a cellulose degrading enzyme was respon
sible for the dissolution of cell walls by the pathogen. In an attempt to 
characterize this enzyme, Ward obtained a partially purified preparation 
from a liquid culture filtrate of the organism and also recovered it from 
diseased lily tissue. An aqueous solution of this enzyme produced symp
toms similar to those induced by the fungus itself, including dissolution 
of cell walls and middle lamellae and swelling of walls in the initial 
stages of attack. 
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Ward's study was the first experimental indication of production of 
an extracellular cellulase by any microorganism, and it preceded by 
many years the basic work on microbiological degradation of cellulose. 
Ward was also well ahead of other early investigators in attempting to 
demonstrate the existence of an enzyme free of a living cell that could 
induce a specific reaction in vitro. 

Brown (1915, 1917) presented conclusive proof that a pectic enzyme 
was involved in the maceration of plant tissue by Botrytis cinerea. An 
enzyme, present in extracts of spores and mycelium of the fungus as well 
as in culture filtrates, macerated healthy parenchymatous tissue of various 
plants. All the enzyme preparations obtained by Brown not only caused 
cells to separate but also caused the protoplasts to die. Since the active 
principle in every case was heat-labile and non-dialyzable and the killing 
principle could not be separated from the macerating enzyme, he con
cluded that in the case of Botrytis cinerea both death and maceration of 
cells were brought about by an enzyme which he called protopectinase. 
Brown questioned the concept presented by Smith (1902) that oxalic 
acid had any role in the killing of cells, inasmuch as B. cinerea extracts 
did not contain oxalic acid in concentrations great enough to injure cells. 

Detailed studies on the physiology of parasitism of Rhizopus nigricans 
on sweet potatoes revealed that the rotting of tissue by this organism 
was also brought about mainly by the action of a pectolytic enzyme 
(Harter and Weimer, 1921, 1923). 

Since the time of publication of Brown's work on B. cinerea and the 
studies by Harter and Weimer, many additional investigators have con
cluded that pectolytic substances produced by soft rot organisms cause 
tissue breakdown (Brown, 1936). Many of the most significant contribu
tions in this area have come from the Imperial College of the University 
of London by Brown, Wood, and their co-workers (Brown, 1955; Wood, 
1955b). 

Demonstration of the formation of pectinolytic enzymes in host tissues 
invaded by soft rotting fungi is one essential facet in the ultimate proof 
that these enzymes are involved in tissue maceration. The absence of 
pectinolytic activity in extracts of apple tissue decayed by such organisms 
as Sclerotinia fructigena, S. laxa, and B. cinerea posed an interesting 
problem in analyzing this relationship. In this instance loss in enzyme 
activity has been explained on the basis of the formation of inactivating 
substances, oxidative in nature, that are released from the dead cells 
after maceration has occurred (Cole, 1956). The pectic enzymes of the 
causal agent of a "watery soft rot" of fleshy vegetables and fruits, 
Sclerotinia sclerotiorum, have recently been characterized by Echandi 
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and Walker (1957) . Both PME and a PG active at low pH levels were 
formed in vitro. Enzyme activity was inhibited by extracts from healthy 
tissue of potato and onion, two hosts that are not infected by this 
decay fungus. The specific nature of these enzyme-inhibiting substances 
present in healthy tissue of resistant plants and in decaying tissue of 
certain susceptible plants has not been determined. 

One of the unique examples of the high potency of pectinolytic 
enzymes was demonstrated in studies on the causal factors for softening 
of pickling cucumbers in brine vats. The presence of high populations 
of pectinolytic fungi, including certain plant pathogens, on flowers that 
adhere to the cucumber was related to high levels of pectinolytic activity 
of the brine and the resulting softening of the cucumbers (Etchells et ah, 
1958). Cellulolytic activity was also demonstrated for the fungi most 
commonly found on the blossoms. 

Conclusive evidence is now available that certain of the soft rot 
fungi, including B. cinerea, produce cellulase (Reese and Levinson, 1952; 
Kohlmeyer, 1956). One common soft rot fungus, Sclerotium rolfsii, which 
is capable of attacking mature and hardened tissue, has been found to 
be a strongly cellulolytic fungus. In culture it produces an extracellular 
cellulase (Cx) that can also be detected in invaded tomato tissue 
(Husain, 1957). Three fungi (Botryosphaeria ribis, Glomerella cingulata, 
and Physalospora obtusa) that rot apple fruits have been studied recently 
for their ability to produce cellulase (Husain and Dimond, 1958b). All 
three pathogens produced significant amounts of cellulase in culture and 
degraded different types of cellulose as well as substituted cellulose 
derivatives. It is now evident that the degradation of cellulose in addition 
to that of pectic materials is an essential phase of tissue disintegration 
by many soft rot fungi. 

The exact manner in which cells are killed by bacterial and fungal 
plant pathogens causing soft rots is still unknown. The concept that both 
killing and macerating can be attributed to pectic enzymes has a number 
of strong supporters (Brown, 1955; Tribe, 1955; Fushtey, 1957). Evi
dence for this viewpoint exists in the fact that heat treatment of culture 
filtrates of certain soft rot organisms destroys both macerating and killing 
activity. Furthermore, all attempts to separate macerating from toxic 
effects by chemical and other procedures have been unsuccessful. Also, 
results with extracts of B. cinerea and E. aroideae were essentially sim
ilar. However, it is difficult to visualize how pectic enzymes alone can 
act as poisons to living protoplasm. Pectic enzymes may possibly make 
plant cells more susceptible to other toxic metabolic products by ren
dering cells accessible to toxic molecules that do not enter intact cells 
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freely. Another possibility for which there is no direct evidence is that 
the cells are killed before the enzymes act, in which case pectic enzymes 
would not be involved in death. 

If the pectic enzymes are not accepted as the direct cause of death, 
the nature of the toxic entity still remains to be determined. Several 
investigators adhere to the concept that Sclerotium rolfsii (Higgins, 
1927) and Sclerotinia sclerotiorum (Overell, 1952) kill cells by the oxalic 
acid that they produce. Brown (1936) , however, concluded that oxalic 
acid was definitely not involved in the case of Botrytis cinerea. There is 
no doubt that oxalic acid can damage plant cells if concentrations are 
high enough. Until more experimental evidence is provided, the possi
bility still exists that oxalic acid takes part in the collapse of cells invaded 
by some fungal pathogens. 

2. Dry Rots 

A fungal attack on a dormant storage organ of a plant often causes 
shrinkage and collapse of the affected tissue with little or no exosmosis 
of water or other liquids. The surface of the invaded plant part remains 
dry and often compact and coherent. Although few rots of plants can 
be classified exclusively as dry rots, various gradations exist between a 
typical soft rot and a typical dry rot. Typical examples of non-watery 
rots are "dry rot of potato" caused by Fusarium caeruleum and the 
cucumber scab disease caused by Cladosrponum cucumerinum. We can 
conjecture that the dry nature of some of these rots may reflect either the 
nature of enzymes or toxic substances produced by the fungus or it may 
indicate a slow rate of growth of the parasite in the host, allowing ade
quate time for the host to form a defense barrier. Since the exosmosis of 
liquids from host cells usually reflects injury to the plasma membrane, it 
is also possible to surmise that certain dry rot fungi may be less toxigenic 
than the typical soft rot organisms. 

Very little data are available on the mechanism of tissue disintegra
tion in these dry rot diseases. It does appear logical to assume that 
enzymes similar to those described previously for soft rot fungi cause 
limited tissue disintegration without complete hydrolysis of cell wall 
materials. It is known, for instance, that the causal agent of scab of 
cucumber, Cladosporium cucumerinum, produces a limited dry rot of 
fruits only under certain conditions. In the field, the fungus rarely causes 
extensive soft rot, and disintegration of fruit tissue occurs in very local
ized spots. Histological studies revealed that not only were the cells 
disorganized and killed in diseased tissue, but that the complete dissolu
tion of cell walls produced lysigenous cavities (Pierson and Walker, 
1954). Cellulose in the cell walls was also found to be altered. In an 
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investigation of the pectolytic and cellulolytic enzymes of this fungus, 
production of PG and cellulase was demonstrated in culture (Husain 
and Rich, 1958). Since no PME was produced and the PG was only 
weakly active on esterified pectic substances, it is possible that the 
pathogen advances slowly in the host because of localization of the 
fungus by a defense mechanism of the host. 

B. Necrosis and Disintegration of Cortex and Phloem in 
Plant Stems and Roots 

Various fungi attack and cause decay in growing stems and roots as 
well as in the fleshy storage organs of higher plants. The most important 
diseases in this category are cankers, anthracnoses, damping-off, and 
root and foot rots. 

1. Canker and Anthracnose 

A canker is a localized wound or necrotic lesion which is often 
sunken beneath the surface of the stem of a plant and surrounded by 
healthy tissue. In most instances, canker diseases involve a disintegration 
of cortex, phloem, and cambium tissue. Although the term "canker" 
usually designates symptoms on woody or herbaceous stem tissue, it 
may also denote necrotic areas caused by bacterial infections on fruits. 
In a typical stem canker, the attack of a fungus or bacterium first pro
duces a small necrotic lesion followed by corrosion and sloughing away 
of bark and sometimes even of the outer portion of wood. In a slow 
growing canker, uniform concentric rings of callus tissue develop as 
exemplified by European canker of apple trees caused by Nectria 
galligena. 

A very destructive canker disease is chestnut blight caused by 
Endothia parasitica. Production of a toxin by this fungus not only brings 
about the death of phloem and cambium tissue but also results in the 
deposition of gums and formation of tyloses in the xylem vessels, with 
a resulting cessation of water movement (Bramble, 1936, 1938). How
ever, E. parasitica produces no marked effects on the strength properties 
of woody tissue possibly indicating low cellulase activity. In contrast, 
Strumella coryneoidea, the cause of a serious canker of oaks, can be con
sidered to be cellulolytic since it decays xylem tissue slowly (Heald and 
Studhalter, 1914). Histological studies on phloem and xylem tissue from 
trees parasitized by Nectria galligena revealed that this organism kills 
living cells before hyphal penetration (Ashcroft, 1934). The manner 
of separation of cells in the phloem indicated that pectic substances of 
the middle lamellae were degraded by the fungus. However, cellulose 
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and lignin were apparently unaffected and intracellular growth of the 
mycelium was restricted to wood rays in the xylem tissue. 

Although very few studies have been made on the canker fungi with 
respect to their production of pectinolytic and cellulolytic enzymes, it is 
logical to assume that all of them that decay parenchymatous and woody 
tissue produce these enzymes. A pectin-decomposing enzyme is formed 
by the apple bitter rot fungus, Glomerella cingulata, which produces 
small cankers on the bark of apple twigs as well as a fruit decay (Menon, 
1934). This fungus and two other canker-forming fungi, Physalospora 
obtusa and Botryosphaeria ribis, form cellulase in culture (Husain and 
Dimond, 1958b). Of these three fungi, Botryosphaeria ribis is the most 
destructive invader of woody tissue since the other two form only super
ficial bark cankers. It is of interest to note that B. ribis produces much 
higher levels of cellulase in culture and grows more profusely on native 
cellulose than either of the other two bark-invading fungi. 

Certain fungi that bear their spores in acervuli produce necrotic and 
sunken ulcer-like lesions on the stems, flowers, or fruits of host plants. 
Such lesions produced by species of Colletotrichum, Gloeosporium, and 
other closely related fungi are characteristic of the diseases known as 
anthracnoses. The anthracnose and the soft rot organisms differ markedly 
in that necrosis and tissue disintegration follows invasion by the former 
and precedes that of the latter. Furthermore, a slimy or watery rot of the 
entire organ of the plant rarely occurs. This suggests possible funda
mental differences in the nature of the injurious substances formed by 
each type of organism. 

In the bean anthracnose disease, the fungus initially forms hyphae 
inside the cells without killing them; then "secondary mycelium" de
velops and spreads rapidly among and within the host cells, which then 
collapse quickly and die (Leach, 1923). The enzymes produced by 
species of Colletotrichum have not been investigated extensively, al
though Colletotrichum phomoides, causal agent of anthracnose of tomato 
(Ragheb and Fabian, 1955), and C. lagenarium, causal agent of cucurbit 
anthracnose (Etchells et al, 1958), have been shown to produce pectino
lytic enzymes. 

The type of intracellular growth which these fungi exhibit suggests 
that cell wall penetration may involve the action of cellulolytic enzymes. 
The flax anthracnose fungus, C. lint, forms cellulase, and flax tissue 
invaded by this fungus shows decomposition of cellulose (Biidiger, 
1952); in contrast, C. lagenarium does not form cellulolytic enzymes 
(Etchells et al.y 1958). For the majority of other anthracnose fungi direct 
evidence for cellulase production is not available. 

Pathological symptoms also indicate that the anthracnose fungi pro
duce substances injurious to the protoplasts. The Colletotrichum sp., 
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causing anthracnose of tobacco, produces a toxic material in culture that 
induces necrotic symptoms in tobacco or tomato plants similar to those 
observed on diseased plants in nature (Wolf and Flowers, 1957). 

2. Damping-off 

One of the types of disease to which almost all seed plants are sus
ceptible is the rapid death and collapse of very young seedlings in the 
seed bed or field. During the critical period immediately following emer
gence of the delicate seedling from the soil, certain fungi such as 
Rhizoctonia spp. (Pellicularia) produce a necrosis of the succulent 
cortical tissue at the base of the stem. Species of Pythium are likely to 
initiate invasion of the tiny rootlets. Under the impact of either of these 
two types of attack, young plants may yellow and wilt presaging even
tual collapse and death. If a given plant survives, the girdling of the 
stem at the base or a root rot may stunt it for life. This often happens 
in "sore shin" of cotton seedlings affected by Rhizoctonia sofoni. 

Damping-off may be caused by a large number of fungi. The most 
important of these are R. solani, and species of Pythium, Phytophthora, 
Sclerotinia, and Fusarium. Of the Fusaria, Fusarium moniliforme is con
sidered to be the most important species. 

The young and growing tissues of seedlings contain large amounts 
of pectic substances, and the main enzymatic process operating during 
initial invasion of tissues is apparently the degradation of pectic sub
stances by the invading fungi, particularly for species of Pythium and 
Phytophthora. This conclusion is supported by data on the production 
of pectic enzymes by a number of different species of Pythium (Menon, 
1934; Damle, 1952; Ashour, 1954). In the case of P. debaryanum, no 
PME but a DP is formed. This enzyme acts only on pectin and breaks 
down the molecule to large fragments without the production of any 
mono-, di-, or tri-galacturonic acid (Gupta, 1956; Wood and Gupta, 
1958). 

With the exception of Pythium irregulare (Dillingham, 1955) and 
certain species of Phytophthora, including P. parasitica (Mehrotra, 
1949), fungi belonging to the family Pythiaceae do not actively degrade 
cellulose in vitro. Hence it is doubtful that cellulase plays a significant 
role in the enzymatic destruction of cortical tissue of seedlings by fungi 
in this group. 

Unlike most Phycomycetes, the damping-off fungi in other classes 
disintegrate host tissues by means of both cellulolytic and pectic enzymes. 
Equally as important as Pythium as a cause of damping-off is Rhizoctonia 
sofoni which produces both pectinolytic (Matsumoto, 1923) and cellulo
lytic enzymes (Kohlmeyer, 1956). Another damping-off fungus, Fusarium 
moniliforme, secretes both a PG (Singh and Wood, 1956) and cellulase 
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(Venkata Ram, 1956). Those pathogenic fungi capable of forming both 
cellulolytic and pectinolytic enzymes appear to be more versatile with 
respect to age of plants attacked than those pathogens that mainly form 
pectic enzymes. Species of Pythium which are generally unable to de
grade cellulose are rarely associated with tissue breakdown of hardened 
or mature tissues, whereas both Rhizoctonia solani and Fusarium monili-
forme can cause stem or root rots in older plants. 

Damping-off fungi may damage young tissues not only through cell 
wall decomposition but also by toxic effects. A heat-stable toxic principle 
that was lethal to young seedlings was found in culture filtrates of three 
species of Pythium (Damle, 1952). Similarly, Pythium irregulare, a com
mon parasite of sugar beets, produces a potent toxin in vitro (Branden
burg, 1950). 

3. Root and Foot Rots 

A wide range of pathogens affecting an equally wide range of hosts 
produce rotting of cortical and phloem tissue of roots and basal stem 
portions of older seedlings or full grown plants. Root rots are caused 
by different species of Fusarium, Rhizoctonia, and Sclerotium as well as 
a large number of other facultative parasites that are typical soil inhabit
ants. Some root rots which cannot be attributed to any single pathogen 
may involve several microorganisms, sometimes including plant parasitic 
nematodes. The root rot complex of strawberries is a typical example. 
Foot rots on various graminaceous hosts are generally produced by 
species of Helminthosporium. 

The mode of action of the pathogens causing root and foot rots 
differs from that of some of the soft rots since most of these organisms 
are able to degrade both pectic substances and cellulose. Hence they 
attack not only young seedlings but also plants that are hard and mature 
containing relatively less pectic material and more cellulose than the 
former. Although experimental data for all species are not available, it 
is plausible to assume on the basis of recent investigations that all 
Fusaria that cause rotting in living plants produce pectic enzymes (Singh 
and Wood, 1956; Winstead and Walker, 1954) and cellulase (Venkata 
Ram, 1956). 

Species of Helminthosporium, such as H. avenae and the others that 
are responsible for root and foot rots of cereals, are also reported to be 
cellulolytic (Marsh et al., 1949). Another major cause of stem rot in a 
wide range of host plants is Sclerotium rolfsii. As was pointed out previ
ously, this organism produces both pectinolytic and cellulolytic enzymes. 

Relatively few of the toxins of the root- and foot-rotting fungi have 
been investigated in relation to their role in tissue disintegration. In 
studies on Helminthosporium sativum, the causal agent of foot rot and 
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seedling blight of wheat, a toxin injurious to seedlings was obtained 
(Ludwig, 1957). In combination with the enzymes of the fungus, this 
toxin may cause cellular disintegration and death. In the crown rot 
disease of peanuts caused by Aspergillus niger, necrosis was apparently 
induced by oxalic acid (Gibson, 1953). Pathogenicity of isolates was 
correlated with ability to form oxalic acid in culture. This is one of the 
few instances in which such a relationship has been demonstrated. The 
essentiality of a toxic substance as a precursor to tissue breakdown is 
also exemplified in the development of winter crown rot of alfalfa. The 
primary factor producing necrosis was the formation of high concen
trations of hydrocyanic acid (HCN) by an unidentified Basidiomycete 
(Lebeau and Dickson, 1955). Intra- and intercellular development of the 
pathogen occurred in host cells only after injury by HCN. 

The relatively high lignin content of many of the monocots that are 
subject to foot rots suggests that decomposition of this cell wall com
ponent may play a part in the breakdown of tissue of these plants. The 
evidence that certain Fusaria, including F . lactis and F . nivale (the snow 
mold fungus), readily decompose lignin (Fischer, 1953) supports this 
assumption. 

C. Necrosis and Destruction of Foliage 

The plant diseases discussed thus far have been those in which the 
causal organisms injure mainly through the action of cell wall dissolving 
enzymes alone, or through these enzymes in combination with toxic sub
stances that are non-enzymatic in nature. In diseases of this type, rotting 
of the tissue is the primary disease process, and substances that cause 
necrosis of cells or tissues in most instances have been considered to be 
of secondary importance. However, in a large group of foliage diseases, 
the respective pathogens cause local or systemic necrosis and death of 
foliar tissues mainly through the action of toxins or related substances 
that injure and disintegrate cell protoplasm. The initial disorganization 
and degradation of cell wall structure is of less significance for the foliar 
diseases than for those diseases discussed previously. 

In this category there are two main types of diseases: the leaf spots 
and the blights. 

1. Leaf Spots 

When a plant pathogen forms localized lesions, consisting of dead 
and collapsed cells, on leaves of host plants, the symptom is referred to 
as a "leaf spot." In foliage infections of this type, the central localized 
area or holonecrotic area containing dead or dying cells is usually sur
rounded by a band of tissue, the plesionecrotic zone, in which cells are 
still alive but somewhat injured by toxic materials (Cunningham, 1928; 
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Akai, 1951). Presumably, these toxins may be formed directly by the 
pathogen or possibly to a lesser degree by the dying host cells in the 
center of the spot. 

A unique aspect of many spot diseases is their apparent self-limiting 
nature and the discrete pattern of the necrotic area. Particularly in the 
case of fungus pathogens, disintegrating effect on cell wall constituents 
is much less evident than is the marked injury and degeneration of the 
protoplasm of the cell itself. Leaf cells in the holonecrotic zone exhibit 
one of two types of necrosis, involving either coagulation or dissolution 
of protoplast components. 

In an attempt to determine whether host reactions—as manifested 
by morphologic changes—are responsible for localization of leaf path
ogens, Cunningham (1928) made a histologic study of many different 
leaf spotting fungi. Included were species of Cercospora, Septoria, Myco-
sphaerella, Phyllosticta, and Alternaria. In general, cell contents disap
peared in the center of the holonecrotic zone and cell walls were 
collapsed but not disintegrated. In the plesionecrotic zone, intercellular 
mycelium was often present throughout the area and frequently extended 
to the point where host cells were apparently quite normal. Commonly, 
nuclei and chloroplasts in cells of the plesionecrotic zone had either com
pletely disappeared or remained only in outline, the contents having 
disappeared. Similar observations were also recorded by Akai (1951) . 
Analysis of these effects indicates that proteolytic as well as other 
enzymes of these pathogens were undoubtedly playing an important role 
in the apparent changes in the protoplast with the hydrolytic cell-wall-
destroying enzymes playing a lesser role. 

Although primary effects include degradation of protoplast constitu
ents, many of these fungi such as Alternaria and Helminthosporium can 
also degrade pectic and cellulosic materials in vitro (Winstead and 
Walker, 1954; Marsh et al, 1949; Shigeyasu, 1951). This, however, is 
only an indirect indication that such enzyme systems are active in host 
tissues. 

Cellulase formation has not been demonstrated for the bacterial 
pathogens capable of causing leaf spots. However, pectinolytic enzymes 
are formed by Pseudomonas tabaci, the cause of wildfire of tobacco, and 
P. angulatum, the angular leaf spot bacterium (Wolf, 1923), and a 
large number of other bacterial leaf pathogens (Oxford, 1944; Sabet 
and Dowson, 1951; Smith, 1958a). 

The necrogenic capabilities of the leaf spot organisms have naturally 
led to the conclusion that they form highly potent specific toxins. This 
concept is supported by the work on alternaric acid and the wildfire 
toxin that was briefly discussed in Section II of this chapter. 
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Additional reports of toxin formation by other fungi that cause leaf 
spots have been made, but in most cases specific modes of action have 
not been determined nor has proof been offered that they are also 
formed in tissues of invaded plants. 

2. Blights 

Appropriately referred to as a blight is an attack by a fungus or a 
bacterium which produces on leaves, branches, twigs, and floral organs 
a general and extremely rapid browning resulting in death. It may 
result from severe infection, either by leaf-spotting, foliage-invading 
organisms that also rapidly attack tender portions of stems and branches, 
or by pathogens that specifically attack the branches or twigs and subse
quently cause rapid death of leaves or floral organs. 

Blights and leaf spots resemble one another in the external symptoms 
they produce as well as in the mechanisms of pathogenesis. However, in 
many blights, the attacking organism may kill the host partially or 
wholly, not only by direct destruction of tissue in many localized areas 
but also by the systemic dispersal of toxic substances far beyond the 
original infection zone. A discussion of systemic effects of these types, 
however, is beyond the scope of the present chapter. 

Excluding, therefore, the effects of systemic toxins, pathogenic effects 
of blights include the local action of toxins on leaves or young twigs 
and actual dissolution of cell walls by enzymes of the pathogens in
volved. Examples of several of these have been discussed briefly in 
Section II of this chapter. Although toxins are undoubtedly the major 
factor in rapid blighting of plants, disintegration of cell walls is neces
sary to some degree if the pathogen is to grow and spread rapidly 
through the host. The rapid destruction of the physical barrier limiting 
the pathogen may also aid the parasite in obtaining nutrients from the 
host. Thus, at least in these cases where a rotting or disintegration of 
tissue occurs, enzymes may also be indirectly involved in producing 
blight symptoms. 

Studies on the pectic or cellulolytic enzymes of most blight-inducing 
pathogens have been very limited in number and scope, and in most 
instances direct evidence for the production of these enzymes is still 
lacking. 

D. Decay of Xylem Tissue 

1. Wilt Diseases 

When water fails to move to the leaves of a plant through the xylem 
and the foliage loses turgor, the condition is referred to as wilting. The 
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phenomenon of pathological wilting brought about by certain bacteria 
and fungi that invade vascular tissue of living plants is obviously a 
complicated physicochemical process. The detailed treatment of wilting 
mechanisms will be presented in Chapter 9 of this volume, and the 
present discussion will be limited to those processes in a wilting plant 
that contribute to a breakdown of vascular tissue. 

Inasmuch as all vascular pathogens, whether bacteria or fungi, are 
facultative parasites, they must invade and colonize the host to a certain 
extent before they can produce wilting. To accomplish this colonization, 
they require nutrients and energy, a part of which must be derived 
from the cell walls of the vascular tissue. Thus, the enzymes secreted by 
these wilt pathogens may act not only on the cell walls of vessels and 
tracheids but also on the reserve food in the xylem parenchyma. The 
resultant breakdown of tissue is so limited initially that no microscopic 
symptoms of actual dissolution of tissue are evident. As it becomes exten
sive and readily visible, it may in itself eventually lead to death and 
collapse of the plant. In trees and woody shrubs, little apparent damage 
is done to cell walls because of considerable lignification of cell walls 
in the vascular tissue. In oak wilt, caused by Ceratocystis fagacearum 
(Fergus and Wharton, 1957), and the Dutch elm disease, caused by 
Ceratocystis ulmi, microscopic observation alone often fails to indicate 
any serious enzymatic digestion of vessel walls. 

Succulent herbaceous annuals often show an extreme type of tissue 
breakdown when attacked by bacterial wilt pathogens. In young tomato, 
tobacco, or potato plants invaded by the Granville wilt bacterium, 
Pseudomonas solanacearum, cells in the xylem, phloem, and adjacent 
pith and cortex may be rapidly disintegrated, resulting in a soft decay 
of localized areas or pockets in the stem (Husain and Kelman, 1958). 
In hardened, mature plants, with more advanced lignification than in 
younger plants, little tissue breakdown is evident. Similar but less severe 
decay of xylem tissue occurs in other bacterial wilt diseases. 

Although microscopic studies reveal the degradation of pectic mate
rials in host tissues, the actual nature of pectic enzymes formed by 
bacteria that invade vascular tissue has been investigated in only a few 
cases. The pectinolytic ability of several bacteria of this type has been 
reported, including Xanthomonas campestris (Wolf, 1923; Sabet and 
Dowson, 1951; Smith, 1958a, b ) , Corynebacterium sepedonicum (Oxford, 
1944), and C. michiganense (Sabet and Dowson, 1951). In a study on 
the mechanisms of pathogenesis of the Granville wilt bacterium, Pseudo
monas solanacearum, production of both PME and PG was noted 
(Husain and Kelman, 1958). Histological studies revealed that break
down of pectic substances in the middle lamella and cell walls occurred 
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in wilted tomato and tobacco plants invaded by this pathogen. Further
more, PG was present in host plants infected with the bacterium (Husain 
and Kelman, 1957), and culture filtrates containing PME and PG caused 
disorganization of tissue similar to that occurring in diseased plants. 

In wilt diseases of herbaceous plants caused by members of the 
genera Fusarium and Verticillium, disorganization of xylem tissue is 
initially less evident than in the bacterial wilts. Tomato plants affected 
by Fusarium oxysporum f. lycopersici show severe breakdown of vascular 
tissue only in the last stages of disease and then only if the plant is 
young. In cotton plants with woody tissue infected by Fusarium oxy
sporum f. vasinfectum, microscopic symptoms of cell disintegration may 
not be evident; however, partial degradation of cell walls occurs even 
here. 

Considerable information has become available in the past few years 
relative to ability of the vascular Fusaria (Gothoskar et al., 1955; Wag
goner and Dimond, 1955; Winstead and Walker, 1954) and similar fungi 
(Scheffer et al., 1956; Kamal and Wood, 1956) to form specific pectic 
enzymes such as PME, PG, or DP in vitro. 

In most of the work with vascular fungi, the enzymes have been 
studied only in vitro and their role in the disease process has not been 
conclusively demonstrated. It is probable, however, that all of the species 
of Fusarium and Verticillium that invade vascular tissues can break down 
pectic substances in their respective host plants. 

Those vascular parasites that attack woody plants also produce pectic 
enzymes, although in smaller amounts. The Dutch elm disease fungus, 
Ceratocystis ulmi, has been shown to produce low levels of PG in culture 
(Beckman, 1956). Since xylem tissue of the elm contains only a very 
small quantity of pectic materials, the degradation of pectic materials 
is probably less important in causing tissue disintegration in this disease 
than in wilt diseases of herbaceous plants (Husain and Dimond, 1958c). 

Little information is available concerning the specific role and rela
tive importance of cellulolytic enzymes in disintegration of plant tissue 
by vascular parasites. The wilt-inducing Fusaria that have been studied 
can degrade cellulose to some extent (Venkata Ram, 1956). In particular, 
the tomato wilt pathogen, F. oxysporum f. lycopersici, is strongly cel
lulolytic and produces high levels of cellulase in culture (Husain and 
Dimond, 1958a). Verticillium alboatrum also produces cellulase (Edging-
ton, L. V., personal communication). Only weak cellulase activity has 
been noted in culture filtrates of Ceratocystis ulmi (Beckman, 1956; 
Husain and Dimond, 1958c). 

The breakdown of cellulose in plant cell walls may be brought about 
by enzyme systems of certain vascular bacterial pathogens, although it 
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has been generally assumed that bacterial plant pathogens are non-
cellulolytic. A cellulase ( C x ) , capable of causing a rapid hydrolysis of 
carboxymethyl cellulose, was shown to be present in culture filtrates of 
Pseudomonas solanacearum (Husain and Kelman, 1958). Levels of the 
Gx enzyme were higher in culture filtrates of a pathogenic strain than 
in filtrates of weakly pathogenic or non-pathogenic isolates. This Cx 
enzyme was also present in diseased tomato plants and it was apparently 
produced by the pathogen, since no Cx activity was detected in non-
infected plants (Husain and Kelman, 1957). The conclusion that native 
cellulose was altered in the walls of invaded vascular cells was based on 
the observation that birefringence in polarized light was not evident in 
walls of cells in areas invaded by the bacterium. 

The above observations indicate that cellulase may be active in 
diseased plants, but conclusive evidence for the exact role of cellulase in 
natural infections by vascular pathogens is still lacking. 

2. Wood Decays 

Approximately 2000 species of fungi belonging to the class Basidio-
mycetes have been categorized as wood decay fungi. Timber, shade, and 
ornamental trees are commonly attacked by fungi that cause disintegra
tion of the heartwood of these trees. In terms of the total number of 
fungi that cause decay, only a small percentage, however, can cause 
decay of heartwood of living trees. The heart-rot fungi are usually unable 
to attack living tissues in the sapwood of invaded trees while the tree is 
still alive. It is strange that the decay fungi that cause heart-, butt-, or 
root-rots of living trees rarely cause decay of wood in service and that 
they may cease their activity following the death of the host tree. An 
entirely different succession of decay fungi usually completes the 
destruction of dead timber, invading first sapwood and then heartwood. 
A limited number of phytopathogenic Ascomycetes and Fungi Imperfecti 
are also capable of causing wood decay, but it is doubtful that any 
bacterial plant pathogens can actively decompose wood. 

The extensive literature on the degradation of wood and its com
ponents by microorganisms has been reviewed by Cartwright and Find-
lay (1946) and more recently by Campbell (1952) . The related literature 
on lignin decomposition has also been summarized by Brauns (1952) 
and Lawson and Still (1957) . Thus, a detailed summary of the research 
contributions in this field will not be presented. 

Microscopically, the structure of the cell walls in decayed wood is 
altered. Cell walls may show spiral cracks, small holes, or large cavities 
caused by dissolution of the structural materials. As has been illustrated 
by Bailey and Vestal (1937) the characteristic shape of cavities in cell 
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walls reveals the remarkable specificity of the enzymatic hydrolysis since 
it progresses along two planes predetermined by the chemical structure 
of cellulose. Often open pockets are seen where tissue has been com
pletely dissolved. Bore holes formed by the hyphae of wood decay fungi 
may be smaller or several times larger than the hyphae that penetrated 
the wall (Proctor, 1941). Corrosion of walls, thinning, splitting of the 
middle lamellae, and enlargement of pit openings are other effects of 
decay. 

These physical changes reflect profound biochemical effects resulting 
from the degradation of cellulose, lignin, hemicellulose, and other non-
cellulosic polysaccharides in the cell walls. On the basis of the nature 
of decay and type of cell wall constituents destroyed, the wood rots 
have been classified into two main types: the "brown rots," which prefer
entially destroy carbohydrates leaving lignin unaffected; and the "white 
rots," which preferentially attack lignin with variable effect on car
bohydrates. 

In addition, a third type of decay has been characterized as "soft 
rot." In contrast to brown and white fungi the hyphae of soft rot fungi 
are not usually evident in cell lumens, but they are present in cylindrical 
cavities formed by enzymatic action within the secondary walls of wood 
cells. 

It is now generally accepted that a great majority of brown rot fungi 
attack only cellulose and non-cellulosic polysaccharides and leave the 
lignin intact. In fact, some of the brown rot fungi, mostly species of 
Lenzites, have been utilized in the isolation of native lignin from wood 
(Schubert and Nord, 1957). 

While the brown rot fungi belong to a fairly homogeneous group 
with respect to their effects on the constituents of wood, the white rots 
are caused by a group of organisms that vary considerably in this 
respect. At one time it was thought that white rot fungi attacked only 
lignin in wood. On the basis of numerous studies, it is now clear that 
wood-rotting fungi of the white rot group are a heterogeneous group of 
organisms with the common capability of decomposing lignin. With 
respect to the relative amounts of lignin and cellulose destroyed, these 
fungi vary in their preferential utilization of one or the other constituents. 
Thus, Campbell divided these fungi into three main groups on the basis 
of the constituents of the wood that are initially affected: (1 ) lignins 
and pentosans are attacked in early stages and attack on cellulose is 
delayed until later stages of the decay; (2 ) cellulose and associated 
pentosans are attacked first but lignin and pentosans not associated with 
cellulose are not degraded until the later stage of decay; (3 ) lignin and 
cellulose are attacked in early stages but in varying proportions. 



176 AKHTAR HUSAIN AND ARTHUR KELMAN 

The mode of disintegration of woody tissue by wood-decay fungi 
differs markedly from the various types of disintegration discussed thus 
far. Wood decays are distinctive in comparison with other disease 
processes in that the attacked tissue is already dead and surrounded by 
dead tissue. All the damage to xylem tissue is accomplished by the 
action of various enzymes secreted by the wood decay organisms and the 
wood is degraded without the need for toxic systems that kill living cells. 
These wood-destroying fungi are able, nevertheless, to form some ex
tremely potent enzymes that can degrade complex organic molecules 
such as cellulose and lignin which are among the most resistant poly
mers synthesized by living plants. The unique difference in enzymatic 
capabilities between wood-decay fungi and other microorganisms lies 
in their ability to attack a substrate in which both cellulose and lignin 
are present in an intimate relationship. The cellulose in the cell walls of 
woody tissue is not significantly different from that of cotton fibers. 
However, it is significant that relatively few of the large numbers of 
cellulolytic microorganisms that are capable of destroying cotton textiles 
with ease can also attack wood and utilize the cellulose that it contains. 

In addition to the inherent resistance to microbial decomposition of 
lignin itself, the retardation of the rate of cellulose decomposition in 
wood is attributed mainly to the presence of lignin, since as the lignin 
concentration decreases, the decomposition of cellulose increases. Fur
thermore, presence of lignin is associated with inhibition of decomposi
tion of other carbohydrates, proteins, and other plant constituents. 

The basis for this effect on cellulose decomposition by lignin is not 
fully understood. Although a chemical bonding between these materials 
has been suggested, there is no direct evidence that this is involved. 
Neither has it been shown conclusively that lignin or its decomposition 
products are directly toxic or inhibitory to the decay organisms. Further
more, there is no evidence that lignin affects cellulose decomposition 
adversely when both are added separately to a culture medium. It is 
possible that the intimate manner of deposition of lignin within the 
anastomosing cellulosic framework of the cell wall imposes a require
ment for a different type of enzyme or a distinctive combination of 
enzyme systems formed by only a limited number of fungi (Cowling, 
1958). 

However, as was pointed out previously in the discussion of cel
lulolytic enzymes, failure to invade and decay wood by organisms ca
pable of destroying cotton textiles does not of necessity indicate that 
enzyme systems of these organisms cannot degrade cellulose in lignified 
tissue. 

Numerous studies on the biochemistry of decay and the enzymes 
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formed by wood decay fungi have been reported. Significant early 
contributions were made by Bray and Andrews, Buller, Schmitz, and 
Zeller. Subsequent studies during the period from 1925 to 1945 by Bose 
and Sarkar, Bavendamm, Campbell, Findlay, Garren, Nutman, and others 
gave evidence of the multiplicity and diversity of enzymes formed by 
the hymenomycetous fungi involved in wood decay. Most of these 
investigations were based on assay methods that were not reliable for 
enzymatic work and that did not utilize pure substrates. Thus, they 
failed to give direct information as to the basic nature of the enzymes 
and the specific mechanisms of degradation for individual components 
of wood. Although the empirical nature of many of these studies must 
be recognized, Campbell (1952) points out the value of these studies 
since probable effects on wood components have been accurately pre
dicted from enzyme tests and supported by analyses of sound and 
decayed wood. 

It is now known that all wood-rotting fungi studied thus far can 
hydrolyze cellulose to form glucose. As was pointed out in the discus
sion of cellulose decomposition, it is not known whether this hydrolysis 
is accomplished by a multiple enzyme system or by a single cellulase. 
In studies on cellulase production by several fungi belonging to white 
and brown rot groups both types of organisms with a few exceptions 
produced Cx and Cx type enzymes (Reese and Levinson, 1952). Oddly 
enough, the brown rotters were different from the white rotters in that 
the former caused a smaller loss in tensile strength of cotton than did 
the latter. Partial purification of the cellulase of one brown rot fungus, 
Polyporus palustris, has been reported, but full details of the nature 
of this enzyme have not been published as yet (Higa et ah, 1956). 

A positive correlation between ability to utilize native lignin and the 
production of certain types of polyphenol oxidase systems has been estab
lished (Gottlieb and Pelczar, 1951). Present knowledge of the mech
anisms involved in breakdown of lignin by white rot fungi has been 
reviewed briefly in Section II . Interest in lignin-decomposing enzymes 
has expanded greatly as their potential utility in elucidating lignin struc
ture has become evident (Schubert and Nord, 1957). 

Wood-decay fungi also produce enzymes that break down hemicel
lulose and polysaccharides other than cellulose which occur in cell walls 
of woody tissues. It has been suggested by several investigators that 
non-cellulosic polysaccharides may be hydrolyzed by cellulase itself. 
The relative importance of the degradation of these non-cellulosic com
ponents in the disintegration of woody tissue has not been determined. 

The role of pectic enzymes in the decay of wood is also ill defined. 
Several of the wood-destroying fungi do produce pectinase, but no recent 
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detailed studies on the nature of the pectic enzymes of wood-decay 
fungi are available. The wood of trees contains pectic substances, but the 
actual amount in comparison to that of cellulose is so small that decom
position of pectic substances is presumably of minor importance in the 
actual decay process. 

IV. SUMMARY AND GENERAL CONCLUSIONS 

A. Evaluation of Main Concepts of Tissue Breakdown 

After completion of an evaluation of present knowledge of tissue 
breakdown as it occurs in many diverse diseases, it may be well to 
reconsider the terminology used in discussing the metabolic products of 
pathogens involved in tissue breakdown. These injurious substances were 
discussed under two main headings: enzymes and toxins. The concept 
that a toxin is any injurious substance affecting processes or components 
of the living protoplast was the basis for the separate treatment of this 
subject in the paper. It is recognized that the term "toxin" used in the 
broad sense can include any phytotoxic substance produced by a plant 
pathogenic microorganism and thus, one may properly consider enzymes 
in this category (Dimond and Waggoner, 1953). Nevertheless, there is 
some advantage in a treatise on the mechanism of tissue breakdown in 
distinguishing between (1 ) those effects that are known now to be 
purely enzymatic in nature, usually involving the non-living components 
of the tissue and (2 ) those effects that are less well defined, involving 
injury to protoplasm itself. These may well involve the action of enzymes 
as well as non-enzymatic substances of the pathogen that interfere with 
or stop essential metabolic processes of the living protoplast. The latter 
type of toxic material may be a product of direct synthesis by the path
ogen or result from a host-parasite interaction. 

The pathogen-suscept relationship in most diseases involving tissue 
disintegration is superficially a relatively simple type of interaction. The 
deceptiveness of this outward simplicity is evident when one considers 
the appreciable number of papers on this subject in contrast to the 
paucity of conclusive and direct evidence that has been presented to 
explain in biochemical terms one or more major processes of path
ogenesis. It is unfortunately true that for almost 50 years much of the 
phytopathological research on tissue disintegration has involved the 
"shotgun approach" in which crude culture filtrates containing a multi
plicity of enzymes and metabolites were applied to substrates of equally 
complex and diverse composition. A significant stimulus has been pro
vided by recent advances in knowledge of both the chemical composition 
of the major components of plant tissues and the biochemistry of 
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microbial degradation of plant products. The effect of this stimulus is 
apparent in the increased number of papers during the last 5 years 
concerned with the true nature of decay processes as they relate to the 
science of phytopathology. It is possible, at present, to organize this 
information by considering the relative importance that the breakdown 
of certain major substrates of the host has in relation to the disintegration 
of the tissue as a whole. 

On the basis of the nature of the host tissue, diseases causing tissue 
disintegration can be classified into two major groups: (1 ) those that 
affect mainly parenchymatous tissue, which is high in pectic materials, 
and (2 ) those that affect mainly tissue, in which lignification has taken 
place to some degree. Parenchymatous decays, which are the most 
numerous, characteristically involve the disintegration of more or less 
localized areas that are initially surrounded by masses of cells that are 
still alive. In this circumstance, the progressive death of cells as the 
lesion enlarges is a concomitant of pathogenesis whether this death 
precedes, accompanies, or follows degradation of cell wall components. 
Subdivisions within parenchymatous decays can be made on the basis 
of the host component that is affected mainly during the initial develop
ment of the pathogen. 

In the case of certain leaf spot, anthracnose, and leaf blight diseases, 
the marked changes in the protoplast that occur prior to and immedi
ately following invasion of the tissues by the pathogen constitute 
evidence that for diseases of this type, protoplasmic injury may be the 
major initial step in the disintegration process. Breakdown of pectic and 
cellulosic substances may follow or accompany breakdown of the proto
plast. In some instances, the protoplasm is disorganized and the cell may 
collapse without apparent breakdown of cellulose. 

In most of the soft rot, damping-off, and foot rot diseases, the main 
host substrate under initial attack is the pectic material of the middle 
lamella and cell wall proper. Apparently, it is now possible to discard 
the classical concept that a specific enzyme, protopectinase, breaks down 
protopectin in host tissues since it is possible to macerate plant tissues 
with purified preparations of PG from very diverse sources, including 
non-pathogenic organisms. Furthermore, an enzyme has not been isolated 
as yet that will attack only natural pectin and not soluble pectin or 
pectic acid. Inasmuch as the existence of a distinct protopectinase is 
highly questionable, maceration of tissue in pathogenesis can be con
sidered to reflect the action of a complex of pectic enzymes. 

Hydrolysis of the glycosidic linkages of pectic compounds was orig
inally considered to depend directly on the action of PG with PME 
affecting the rate of hydrolysis indirectly. However, recent work indicat-
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ing the diverse nature of the pectic enzymes of different microorganisms 
has made it necessary to revise the terminology of the PG type of 
enzymes. The wide pH range for activity of certain enzyme preparations 
and the variety of end products obtained in hydrolysis of pectic sub
stances suggest that mixtures of different pectic enzymes have been used 
by many investigators. However, it is evident, on the basis of those few 
instances in which highly purified preparations have been tested, that 
several different enzymes are capable of hydrolyzing the glycosidic link
age in pectic substances. It is not possible at present to resolve the con
fusion that exists in this area. Furthermore, since the inherent nature of 
the pectic enzymes of most plant pathogens has been inadequately char
acterized, very few of these enzymes can be placed within the new 
classification devised by Demain and Phaff (1957) . 

There is strong evidence that certain facultative parasites such as 
Botrytis cinerea bring about tissue disintegration—including injurious 
effects on living cells—by purely enzymatic effects, with pectolytic action 
the main initial process. It seems difficult, however, to conceive that both 
the maceration and death of cells can be brought about by means of a 
single highly specific enzyme system that causes a degradation of one 
component of the host. However, the death of cells that accompanies the 
macerating effect is so closely associated with the enzymatic degradation 
of pectin that the presence or absence of a separate protoplasmic toxin 
will only be resolved conclusively by the use of highly purified enzyme 
preparations. It can be postulated that degradation of the middle lamella 
alone need not cause death of cells although toxic effects may be intensi
fied by this process. This viewpoint is supported by evidence that plant 
tissue can be macerated with purified pectic enzyme preparations of 
certain non-pathogenic fungi without bringing about rapid death of 
cells. Another unique situation in which pectic materials are broken 
down in living tissue without bringing about death of cells is the 
invasion of the roots of certain tree species by the ectotrophic type of 
mycorrhizal fungi. The intercellular penetration of tree roots by hyphae 
of these fungi is accompanied by a dissolution of middle lamellae with
out apparent injury to the host. 

Certain fungi combine a relatively potent cellulolytic enzyme system 
with pectic enzymes to make a two-pronged attack on the framework of 
the cell. The ability to break through and decompose the cellulosic bar
riers of the cell walls provides a mechanism for the rapid spread of such 
rotting fungi. In general, soft rot bacteria and many phycomycetous fungi 
which either lack cellulolytic enzymes or do not actively degrade cellu
lose are usually less effective than fungi such as Sclerotium rolfsii or 
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Rhizoctonia solani in their invasion and disintegration of tissue in which 
the percentage of pectic materials is relatively low. 

The wilt fungi such as the Fusaria that invade vascular tissue of 
herbaceous plants are also characterized by the formation of enzyme 
systems capable of degrading both pectic and cellulosic substrates with 
equal facility. Certain of the Fusaria may also affect lignin as well. 
Although the relationship of these enzymes to the mechanism of wilting 
has not been clearly established, their importance in the disintegration 
process is unquestioned. In the case of the oak wilt fungus and the Dutch 
elm disease fungus, both of which affect highly lignified tissue, break
down of xylem tissue is not extensive. Although both organisms form the 
pectic enzymes, the action of pectic enzymes on the highly lignified 
cells of the wood is obviously of little apparent functional value. 

The nature of enzymatic degradation of cellulose is now under inten
sive investigation by workers in many diverse fields with interests rang
ing from fabric deterioration to rumen physiology. As in the case of the 
work with pectic enzymes, it is now apparent that modification is neces
sary in the concept that all cellulolytic organisms form one cellulase that 
can break down cellulose to glucose. So little work has been done on 
cellulolytic enzymes of plant pathogens that it is not possible to relate 
these findings to the much more extensive information on enzyme systems 
of microorganisms causing degradation of cotton fabrics. Presumably, 
plant pathogens will exhibit the same diversity in the nature of cellulo
lytic enzyme systems that is now becoming apparent for saprophytic 
fungi and bacteria. 

The decay of lignified woody tissue is restricted mainly to a rather 
specialized group of fungi. If one were to rate microorganisms on an 
ascending scale on the basis of their ability to degrade the components 
of the host with relatively high resistance to decomposition, the white 
rot fungi might well be placed at the top because of the ease with 
which many of these organisms can destroy lignin. The recent studies 
on the nature of the polyphenoloxidase systems of certain white rot fungi 
will be helpful not only in understanding the mechanism of degradation 
of lignin but may also aid in the determination of the exact chemical 
structure of lignin. 

B. Needs for Future Research on the Mechanisms of 
Tissue Disintegration 

In attempting to digest available information on the mechanisms 
of tissue breakdown by microorganisms, one is naturally impressed by 
certain obvious gaps in present knowledge. In addition to the absence 
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of knowledge of specific properties of pectic enzymes, cellulolytic en
zymes, and polyphenoloxidase systems of most plant pathogens, the role 
of enzymes that affect other major components such as the hemicel-
luloses and related non-cellulosic carbohydrates is almost completely 
unknown. The pressing need for the use of relatively pure enzyme 
preparations in future studies is apparent, although the difficulty of 
obtaining such preparations is admittedly very great. 

In most instances, toxins affecting living cells of plants have been 
shown to be non-enzymatic in nature (Brian, 1955). However, in the 
case of bacterial toxins formed by animal and human pathogens, many 
of these substances are enzymatic and certain of them injure their hosts 
by attacking proteinaceous substrates (Oakley, 1954). These observa
tions on animal toxins suggest that the possible role of proteolytic en
zymes in tissue disintegration by plant pathogens should not be over
looked. The marked changes in permeability of the plasma membranes 
of cells surrounding an enlarging zone of necrotic tissue may well indi
cate changes in these membranes induced by enzymatic action on 
membrane surfaces. The association of lipids and proteins in the forma
tion of the plasma membrane of living cells suggests that lipolytic as 
well as proteolytic enzymes should also be considered in this connection. 

Within any living cell there exists the potential for the formation of 
enzymes capable of bringing about destruction of the cell components 
by a reversal of the original mechanism that created these compounds. 
In the evaluation of pathogenesis, the part which such enzymes might 
play in tissue disintegration has not been determined. 

The recent progress that has been made in advancing knowledge of 
the mechanisms of tissue breakdown serves to emphasize the pressing 
need for additional information on the basic nature of the enzymes 
involved in degradation of the main structural components of the cell 
wall as well as the manner in which living protoplasts are killed and 
decomposed. Knowledge of this type is fundamental and essential in 
elucidating the mechanism of pathogenesis which is one primary objec
tive of phytopathology as a science. Furthermore, this information may 
serve as the basis for new and effective methods for the prevention of 
tissue disintegration in living plants or plant products, a problem of 
major economic importance. 
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