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Nutrition of the host is one of the basic processes that is impaired by 
disease. Plants are often starved by pathogens. We may say that such 
plants suffer from hunger. 

The plant suffers from hunger when rots destroy portions of the root 
so that uptake is reduced, when cankers or galls attack the stems so that 
transport of food is impaired, or when leaf spots eliminate the tissues 
that manufacture carbohydrates, amino acids, and the like. 

The most obvious gross symptom of starvation in the host is stunt
ing and dwarfing. These symptoms result from the action of numerous 
pathogens of many types. The farmer sees this in terms of low yields, 

277 



278 C. SEMPIO 

shriveled grain, and shrunken profits. Starvation of the host by a patho
gen may mean starvation of the farmer as well. And if many farmers 
are starved, the society that they feed may also starve. 

In this chapter we shall deal with the biochemical as well as other 
aspects of the starvation of the cells in the tissues of the wheat leaf that 
is invaded by Fuccinia graminis. In 1917, this fungus starved a lot of 
cells in a lot of wheat leaves in the wheat belt of the United States. This 
kept the starch from the growing grains, and this, in turn, starved a 
big nation during a big war. Famine was averted by promulgating 
wheatless days and by substituting maize for wheat in the diet. Thus, 
if the diseased plant hungers, the people may hunger. 

The most interesting scientific aspects of hunger in the host are con
cerned with the effects of obligate and semiobligate parasites in suscep
tible hosts. This chapter will be devoted primarily to examining how 
these organisms starve their hosts. 

The question of hunger will be given synthetic treatment without 
many bibliographical references. Among the works that I have been 
able to consult, I have chosen those which appeared to me to be most 
concerned with this particular theme about which in fact modern 
literature is not very rich. Many of the problems related to this chapter 
are also touched on in other chapters of this treatise such as Disease 
Losses, Growth Is Affected, Water Is Deficient, Respiration of the Host 
Is Altered, and Toxins. 

I. T H E MECHANISM OF NUTRITION 

The green, autotrophic plant is capable of assimilating the substances 
which are necessary to its survival and its development directly in the 
form of inorganic elements. A continuous flow of water and salts con
taining nitrogen, phosphorus, potassium, sulfur, calcium, magnesium, 
etc. ascends through the vascular bundles from the roots to the leaves. 
Here the first carbohydrates, as well as the organic acids and the amino 
acids, are formed by photosynthesis. These are partly consumed to pro
duce energy, and partly condensed in different ways to build up pectic 
and cellulosic substances for the walls, fat and starch reserves, and 
proteins and nucleoproteins for the protoplasm and the nucleus, the 
living part of the cell. 

This perfect biochemical work is controlled by a large number of 
enzymes, or rather enzymatic systems, which, under normal conditions, 
regulate with an accurate and well balanced rhythm the whole chain 
of the transformations. This varies from moment to moment with the 
needs, the age, and the specialization of the cell and with the variations 
of the medium in which it is living. Waste substances are formed which 
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are eliminated in various ways. In this complicated procedure, the nu
trition, with the uptake and organization into vital substances of new 
mineral elements, permits the repair of the necessary substances and, 
therefore, the preservation of the vital rhythm. It also permits the growth, 
the multiplication, and the reproduction of any organism, from the 
simplest to the most complex. 

This recurrent cyclic rhythm is the essence of physiological life. 

II . T H E MEANING OF "STARVED HOST" 

A. Hunger Conceived as the Difficulty or Impossibility of Assimilating 
Definite Foods in Definite Quantitative Ratios 

When the chain of the reactions which make up physiological life 
is broken for whatever reason, we have a disease. One of the fundamental 
aspects of disease is "hunger" which represents an alimentary demand 
of the protoplasm which cannot be satisfied either quantitatively or 
qualitatively. It is in this particular sense that we will understand hunger 
in the course of this chapter; otherwise, it would be a completely natural, 
if not necessary, phenomenon. The pathological aspect of the problem 
thus resides in the impossibility to satisfy, or at least to satisfy adequately 
and in time, a definite need. 

Because hunger is characteristic of the living cell, it occurs only in 
hosts that maintain more or less prolonged relations of compatibility with 
a parasite. This occurs only in hosts susceptible to maintaining obligate 
(Uredinales, Erysiphaceae, Peronosporaceae, virus) or semiobligate 
parasites, i.e., facultative saprophytes (Taphrinales, Phytophthoraceae, 
Ustilaginales). 

The facultative parasites usually kill the cells before they consume 
them; on the other hand, in the hosts which are resistant to obligate 
parasites, a few cells die rapidly around the parasite without having 
experienced hunger. 

The type of integral hunger resulting from pathogenic defoliation 
by facultative parasites or by saprophytes is well known. Examples of 
this are the grave damage produced by Cyclonium oleaginum to the olive 
tree, by Venturia to pear and apple trees, by Fumago to olive and citrus 
trees. According to whether the defoliation is more or less severe and 
premature, either the crop only, or all the parts of the plant feel its 
effects in a more or less obvious way. The plant consumes all its reserves 
in producing new leaves in the shortest possible time. The effects of a 
severe defoliation in perennial plants may be noted for several years. 
Severe defoliation corresponds in a way to the removal of the stomach 
in an animal. This, too, is related to hunger, however no one has ever 
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dreamt of studying hunger in an animal deprived of its stomach, but 
rather in one whose stomach does not work normally. So we will not 
discuss defoliation, however important for the farmer who often sees 
his crop, and sometimes the very life of his plants, endangered by it. 

On the other hand, in the case of tumors produced by Agrobacterium 
tumefaciens, it is not the parasite that starves the plant directly but 
rather the neoplastic tissue that is the real parasite of the normal tissues. 
It grows completely at their expense. While the metabolism of the 
"hyperfed" tumor tissues has been much investigated, it does not seem 
that the metabolism of the so-called "normal" tissues of the plant itself 
has been studied. These are, however, the tissues most affected by the 
lack of nutrient substances, as is obvious from the great reduction in their 
size. 

We do not intend to treat in this chapter problems related to the 
disturbances of the mineral absorption due to parasitic molds (Rosellinia, 
Armillaria, Thielaviopsis, Fusarium, bacteria, etc.) or to nonparasitic 
alterations of the absorption apparatus (asphyxia, excess of acidity, 
excess of salt concentration, etc .) . We shall consider them briefly, how
ever, when we discuss the problem of the transport of substances inside 
the plant. 

The title of this chapter is "The Host Is Starved." The discussion will 
be confined to the "hunger" produced by parasites; the host in fact 
implies the parasite. We will thus exclude from the discussion diseases 
due to lack of macro- or microelements in the soil, but we will, however, 
point to the fact that many of them (Cu, Fe, Zn, Mn, Mg, Mo, B, etc.) 
constitute, or are in some way an essential part of very important coen
zymes. Thus, their total or partial lack can have the gravest consequences 
for the general metabolism of the cells, and, therefore, for their normal 
nutritive process. 

B. Some Characteristics of Hunger 

The intimate phenomena of hunger are felt at the cellular level: 
directly in the green assimilating cells, indirectly in non-green cells. 
We shall study the hunger produced at the level of the living protoplasm, 
trying to clarify as much as possible its various mechanisms. Food usage 
proceeds in the fundamental ways described above—that is, absorption, 
transport, chlorophyllous synthesis and various biosyntheses which are 
derived from it, respiration as source of energy, and processes of redistri
bution of the elaborated substances. We shall study the mechanism of 
hunger in relation to these various aspects. 

It is, however, immediately necessary to distinguish two types of 
hunger: (a ) real or direct hunger, that is, the total or partial lack of 
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nutrient substance, and ( b ) hunger due to the inability to assimilate. 
The latter is the most tragic and preoccupying. We shall see later that 
much of the nutrient material which should migrate into the non-green 
tissues, is taken up by the parasite in the invaded territory and that the 
aliquot which is not used by the parasite accumulates around the center 
of infection because the host is capable of assimilating only a very small 
part of it. 

This is why the real or direct hunger is felt not so much by the green 
tissues of the leaf which is invaded by the parasite as by those of the 
stem and especially those of the root, because both live on the material 
elaborated in the leaves and transported to them. 

More generally, we can say that the tissues which are invaded by 
the parasite suffer mostly from a "hunger arising from a difficulty in 
assimilating" whereas the tissues which are far from the center of infec
tion suffer rather from a "hunger arising from a lack of nutrient sub
stances." This naturally does not exclude the possibility that there exist, 
at a distance, also processes of intoxication which make assimilation 
difficult. 

I I I . HUNGER MECHANISMS AT THE LEVEL OF THE HOST C E L L 

According to what has been said above, three hunger mechanisms 
should be distinguished: (a ) a direct mechanism, due to the plundering 
of nutrient substances by the parasite, ( b ) an indirect mechanism due 
to the effects of the intoxication caused by the toxins which are produced 
by the parasite or by the host as a defensive reaction, ( c ) an indirect 
mechanism due to the blocking or slowing down of the transport, that 
is, the migration and distribution of the nutrient substances to various 
parts of the plant. 

However, it is not easy, nor is it quite correct, to make a distinction 
between a direct and an indirect mechanism of hunger, because no para
site exists which is not more or less pathogenic; that is, it is not possible 
to think of the parasite as a simple commensal who would be content to 
eat its plateful without having first forced in some way the master of the 
house, who has not invited him, to give it to him while depriving him
self of it. And that is why it is not really proper to speak of a "host." 
We should rather say "the attacked." 

The parasite cannot keep everything to itself. Like every other living 
organism, it has its own exchange processes and must eliminate some
thing. It sometimes uses these waste products of its metabolism to oblige 
the host to give it food; and thus the big problem of toxins and intoxica
tion automatically appears. Let us consider then that the host does 
not remain inert, but that it tends to defend itself more or less efficiently 
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against the aggressor. In so doing, there often arises a formidable bio
chemical fight with toxic, that is, nonphysiological substances which more 
or less hinder the metabolism of the host and/or the parasite. It follows 
that, if theoretically we can distinguish those two modes of generating 
hunger in the infected host, we must, however, note immediately that 
they are practically inseparable because they are not two different things, 
but at most two moments of one and the same phenomenon. 

In general, this treatise deals primarily with pathogenism rather 
than parasitism. This means in general that the word pathogen is pre
ferred to parasite even though most parasites are pathogens. 

In this chapter, however, parasite will be used freely. Parasite is a 
term to describe mainly the food relation between the invader and 
its host. In this chapter food is, in fact, the major item of concern; there
fore, parasite is the term to be used. 

Hunger by intoxication can occur by blocking or slowing down of 
any function taken as a whole (for example, photosynthesis) or of any 
fundamental enzymatic activity indispensable to the life of the proto
plasm. On the other hand, the blocking can be of importance either in 
itself, or by the unbalance which it causes in the normal activities of the 
cell. We shall, therefore, try to distinguish the blocking or the slowing 
down of the functions by themselves from the alteration of the functional 
equilibria which they generate. 

For these reasons, it seems natural to subdivide this question into the 
four following mechanisms of hunger: (a ) alteration of the distributive 
processes and abnormal consumption of the metabolites, ( b ) inhibiting 
action on the production of the metabolites, ( c ) alteration of the func
tional ratios, and (d) blocking or malfunctioning of the translocative 
processes. 

A. Alteration of the Distributive Processes of the Metabolites in 
the Host and Consumption by the Parasite 

At the basis of this mechanism lie the modifications of cellular 
permeability produced by the parasite through its action on the function 
of the plasma membrane which regulates to a large extent the diffusion 
processes of the nutrient substances and their accumulation in the 
infected zones to the sole advantage of the parasite which uses them 
for its own development, while of course depriving the host of them. 
We shall examine those two aspects of the phenomenon separately. 

1. Alterations of the Cellular Permeability 

The modification of cellular permeability is extremely important in 
pathological processes. It is well known that the plasma membrane 
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displays a special semipermeability which is not only regulated by 
the physical laws of osmosis, but is strongly influenced by the proto
plasmic metabolism. It is so true, that an increase in the intensity of 
the respiration also generates an increase in the permeability and that 
the substances which inhibit or slow down the respiration also lower the 
permeability (Collander, 1957; Dawson and Danielli, 1952). It is known, 
moreover, that permeability is regulated by enzymes which act in the 
outermost part of the cytoplasm, the plasma membrane (Rothstein, 
1954), which shows a special physical and chemical structure by which 
it differs from the rest of the cytoplasm. The plasma membrane is formed 
by intermixed proteins and lipids, and it must be remembered that the 
modifications of its permeability, whether in a positive or negative sense, 
depend on the different activity of those enzymes which are stimulated 
or inhibited by the toxins of the parasite. It can also be thought that 
these toxins act directly upon the permeability of the plasma membrane. 

The now classic research of Thatcher (1939, 1942, 1943) using the 
protoplasmolytic method, has re-emphasized the close relationship exist
ing between susceptibility and increase in the permeability of the host 
cells. 

He found, in particular, that the mesothetic reaction of Thatcher 
wheat to P. graminis tritici f. 56 is in some way or other related to the 
modifications of the permeability caused by the fungus. Infection of the 
resistant type of wheat causes a decrease in the cellular permeability of 
the host, whereas, increase in the cellular permeability causes an infec
tion of the susceptible type. Thatcher has moreover observed that, by 
narcotizing Mindum wheat, he could sensitize it to P. graminis tritici 
f. 36 and at the same time increase the cellular permeability of the host. 
He obtained similar results when studying the attacks of Botrytis cinerea 
and of Sclerotinia sclerotiorum on the petiole of the leaves of celery, and 
also with other diseases. 

Gottlieb (1944) used the tracheal fluid, crude sap, of tomato plants 
infected by Fusarium bulbigenum var. lycopersici and obtained an in
crease in the permeability of the medullar cells of the tomato, while the 
sap extracted from physiologically wilted tomato plants had no effect on 
the cells themselves. 

It was noted by Humphrey and Dufrenoy (1944) that parasitic rela
tionships between oats and P. coronata depend on the availability of 
phosphorus in the intercellular spaces, in favor of the parasite; hence, 
the probable hypothesis that cellular permeability of the host is increased 
by rust. 

It is sufficient to recall here the investigations of Gaumann and Jaag 
(1947) ; Gaumann et al (1952) ; Linskens (1955) ; and Zahner (1955) 
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on the stimulating action on cellular permeability exerted by the purified 
toxins (fusaric acid, alternaric acid, lycomarasmin, etc.) obtained from 
cultures of various breeds of pathogenic fungi (especially Fusarium and 
Alternaria). These investigations are concerned chiefly with the wilting 
of the leaves, that is, the loss of water, and, therefore, will be treated 
more extensively in Chapter 9 of this volume. 

From Thatcher's experiments especially, it appears evident that the 
first act of the parasite is to open the door of the larder. By doing this, 
it upsets more or less deeply the distributive economy of the nutrient 
substances. It is the first step toward "hunger" for the host. The osmotic 
pressure of the parasite, usually appreciably higher than that of the host, 
wins in this competition, and the parasite appropriates what is necessary 
to it. On the other hand, the increased cellular permeability prevents 
or retards the establishment of an osmotic equilibrium which would 
restrict the flow of metabolites from the host to the parasite. 

Because of this, one of the most characteristic aspects of the resistance 
is, according to Thatcher, the decrease in cellular permeability, which 
of course dooms the few impermeabilized cells, but promptly cuts down 
the food supply of the parasite. 

2. Accumulation and Consumption of Nutrient Substances 
in the Infected Zone 

During the first days of incubation, the action of the parasite on the 
susceptible host is practically always to stimulate the metabolism. We 
shall see later that this stimulation is not uniform, that it, therefore, 
generates unbalance between the main functions; but we note, however, 
that the initial stimulation concerns the evolution and synthesis proc
esses : fragmentation of the vacuoles, evolution of the chondriosomes in 
plastids, formation of starch in the amyloplasts (Dufrenoy, 1928a, b ; 
1932), increase in photosynthesis (Montemartini, 1904; Grecusnikov, 
1936; Sempio, 1946, 1950a). 

We have seen that, at the same time, the permeability of the plasma 
membrane increases and the parasite, especially fungus, begins to draw 
to itself from the neighboring zone the substances which it uses to build 
up its own protoplasm. 

Therefore, the impoverishment in substances which are easily as
similated, that is, true hunger proper, starts in the histological ring which 
surrounds the invaded cells and is made conspicuous by a lighter green 
halo. With respect to this, it is useful to recall that Mains, as early as 
1917, believed that the halos which surround the rust pustules are 
"starved zones," as a consequence precisely of the removal of nutrient 
substances from the invaded centers. 
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The substances which the obligate parasites seem to take up most 
avidly are the carbohydrates; they are most probably the intermediate 
transitory compounds which enter the anabolic cycle of photosynthesis, 
as well as the catabolic cycle of glycolysis and are closely tied to the 
phosphorylation processes. They could be, for example, glyceraldehyde, 
phosphoglyceric acid, dihydroxyacetone, oxalacetic acid, or also a pen
tose such as ribulose phosphate (Benson and Calvin, 1950; Vishniac, 
1955). 

These compounds, or others which we do not yet know, are evidently 
indispensable to the metabolism of the obligate parasite, in the propor
tions and at the time in which they are formed and are rapidly utilized 
in the autotrophic host. Otherwise, the failures recorded until now in 
the attempts to cultivate in vitro such parasites could not be explained, 
excepting the positive result obtained recently by Hotson and Cutter 
(1951) with Gymnosporangium juniperi-virginianae, which must, how
ever, be considered as a quite special case. 

On the other hand, the possibility of growing the rusts on leaves or 
fragments of leaves floating in sugar solutions kept in the dark (Mains, 
1917; Waters, 1926, 1928; Trelease and Trelease, 1929; Sempio, 1942a) 
indicates that the life of these parasites is not of necessity related to the 
luminous phase of the synthetic process, that is, to the fission of water 
and the fixation of C 0 2 , but rather to that phase of the carbohydrate 
metabolism which can take place also in the absence of light. 

Other investigations have pointed out the fact that darkness, espe
cially in the ultimate phase of the incubation, as well as the removal of 
C 0 2 , stops the development of the obligate parasites such as rusts, 
Oidia, and Peronosporaceae (Gassner, 1927; Gassner and Straib, 1928; 
Pohjakallio, 1932; Forward, 1932; Sempio, 1938a, 1939). 

One of the most accurate and complete studies on the carbohydrate 
balance in wheat infected by Erysiphe graminis is that of Allen (1942) . 
He worked with Marquis and Axminster wheat, measuring with rigorous 
methods, during the whole period of development of the disease, the 
values which are more or less directly related to the metabolism of the 
carbohydrates: intensity of the respiration, respiratory quotient, inten
sity of the photosynthesis per mole of chlorophyll (ratio of the intensity 
of the photosynthesis to the chlorophyll content), saccharose, glucose, 
and starch content of the leaves. 

He was thus able to summarize the results of his analyses and of his 
calculations as shown in Table I. 

Several things can be noted, ( a ) The photosynthesis, initially very 
high, decreases rapidly until it reaches, on the ninth or tenth day, a very 
low level, ( b ) The respiration follows a curve of rapid increase, with 
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Age of infection 
in days: 0 2 4 6 7 8 9 10 11 12 

Photosynthesis 4 5 . 3 4 3 . 0 3 0 . 2 1 9 . 9 1 4 . 6 6 . ,7 6 . 9 4 . 4 3 . 8 3 . 0 
Respiration 2 . 1 3 . 0 3 . 4 8 . 6 8 . 0 5 . 4 5 . 2 5 . 3 4 . 0 2 . 9 
Balance 4 3 . 2 4 0 . 0 2 6 . 8 1 1 . 3 6 . 6 1 . 3 1. ,7 - 0 . 9 - 0 . 2 - 0 . 1 
Carbohydrate 1 . 7 2 . 0 5 . 0 7 . 8 3 . ,7 2 . 5 2 2 1. 6 1 . 5 1 . 2 
Carbohydrate 4 1 . 5 3 8 . 0 2 1 . 8 3 . 5 2 . 8 - 1 . 2 - 0 . 5 - 2 . 5 - 1 . 7 - 1 . 3 

available for 
export 

The figures in this table represent moles of carbon per unit weight of leaf per day. 
The first two rows give the amounts of carbon synthesized and respired on successive 
days after inoculation. The third is the excess of carbon synthesized over that respired. 
In the fourth row is given the amount of carbon found in the form of carbohydrate. 
Subtracting this from the amount not respired gives the carbohydrate available for export 
on any given day, shown in the last row of figures. (From Allen, 1942 . ) 

TABLE II 
MEAN YIELD AND WATER REQUIREMENTS OF MARKTON AND VICTORIA OATS 

INFECTED WITH Puccinia coronata avenae AT DIFFERENT STAGES OF 
DEVELOPMENT, IN 1 9 3 0 ° 

A. MARKTON (Susceptible) 

Stage at initial Water re-
infection Grain (%) Straw (%) Roots (%) Total (%) quirement (%) 

Seedling 0 . 0 3 5 . 2 4 . 4 2 2 . 7 3 9 0 . 8 
Boot . 0 5 0 . 0 1 2 . 5 3 3 . 1 2 8 5 . 9 
Anthesis 5 4 . 7 8 8 . 0 2 9 . 4 7 2 . 0 1 4 2 . 3 
Dough 9 7 . 3 1 0 1 . 1 9 2 . 5 9 9 . 0 1 0 4 . 1 
Check 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 

B. VICTORIA (Resistant) 

Seedling 5 2 . 5 8 5 . 3 4 5 . 3 7 0 . 5 1 3 9 . 9 
Boot 6 9 . 2 9 0 . 6 5 5 . 7 7 9 . 3 1 2 4 . 0 
Anthesis 8 1 . 7 9 5 . 9 8 0 . 3 8 9 . 8 1 0 9 . 8 
Dough 9 8 . 3 1 0 2 . 7 9 9 . 0 1 0 1 . 0 9 9 . 0 
Check 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 

α From Murphy, 1 9 3 5 . 
6 Percentage of that of rust-free check. 

a maximum corresponding to the sixth or seventh day. Then it decreases 
slowly, ( c ) The carbon balance (the difference between the assimilated 
and the respired C 0 2 ) , which is very high in the first days, drops rapidly 
thereafter and becomes negative on the tenth day. This is the "hunger 

TABLE I 
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TABLE I I I 
MEAN YIELD AND WATER REQUIREMENT, PER JAR OF 1 5 PLANTS, OF PURE-LINE 

SELECTIONS OF MARKTON AND BOND OATS GROWN IN THE GREEN
HOUSE AND INFECTED WITH PHYSIOLOGIC FORM 7 OF Puccinia coronata 

avenae AT DIFFERENT STAGES OF DEVELOPMENT, IN 1 9 3 3 " 

A. MARKTON (Susceptible) 

Stage at 
Soil 

moisture 
Average weight (in grams) Average 

initial 
infection 

(percentage 
of 

saturation) 
Grain Straw Roots Total 

water 
require

ment 

Seedling- 8 5 0 . 5 3 0 . 8 3 . 1 3 4 . 4 5 2 7 
5 0 . 5 2 7 . 7 2 . 7 3 0 . . 8 3 4 4 

Boot 8 5 5 . 7 4 4 . 6 6 . 3 5 6 . 6 4 9 4 
5 0 4 . 5 4 0 . 4 5 . 7 5 0 . 6 2 6 3 

Anthesis 8 5 1 4 . 6 6 0 . 7 1 1 . 0 8 6 . 3 3 3 5 
5 0 1 0 . 2 4 7 . 0 8 . 7 6 5 . 9 1 9 6 

Check 8 5 2 3 . 8 6 8 . 4 1 4 . 2 1 0 6 . 4 2 6 9 
5 0 1 5 . 7 5 4 . 5 1 1 . 1 8 1 . 3 1 6 6 

B . BOND (Nearly immune) 

Seedling 8 5 1 9 . 6 5 9 . 4 1 4 . 4 9 3 . 4 3 0 2 
5 0 1 4 . 3 4 1 . 8 1 0 . 5 6 6 . 6 2 2 7 

Boot 8 5 2 0 . 1 6 1 . 5 1 5 . 1 9 6 . 7 2 9 6 
5 0 1 5 . 9 4 5 . 9 1 3 . 3 7 5 . 1 2 2 0 

Anthesis 8 5 2 1 . 8 6 4 . 5 1 5 . 8 1 0 2 . 1 2 9 0 
5 0 1 8 . 0 4 7 . 7 1 4 . 1 7 9 . .8 2 2 1 

Check 8 5 2 2 . 8 6 5 . 6 1 5 . 8 1 0 4 . 2 2 8 5 
5 0 1 8 . 4 5 0 . 4 1 4 . 8 8 3 . 6 2 1 4 

° From Murphy, 1 9 3 5 . 

for carbon" which is deeply felt in the tissues invaded by the parasite, 
or better, in those immediately adjacent, (d) The sum of the carbo
hydrates recuperated in the tissues (saccharose -f glucose -f- starch) 
more or less follows the pace of the respiration with a maximum peak on 
the sixth day and then a drop to the initial value, ( e ) The carbohydrates 
available for export, especially to the stem and the roots, are already 
very much reduced by the sixth day and from the eighth day on they 
even show negative values. And this is the mechanism by which hunger 
extends to the organs of the host which are far from the infected tissues, 
that is, to the zones of growth of the stem, roots, flowers, and fruits. 

At this point, results obtained by Murphy (1935) on the effects of 
Puccinia coronata avenae on the development of the various parts of 
oat plants belonging to varieties differently resistant to the fungus, should 
be reported (cf. Tables II and I I I ) . 
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It is obvious that the more intense and precocious the attack, the 
more severe the losses. But the important point to note is that the worst 
effects of hunger are felt by the fruits and by the roots: the fruits can 
even be missing and the roots be so reduced (even to 5 to 10% of their 
normal size) that they are able to carry out for only a very small part 
their function of absorption and of mineral nutrition of the plant. A 
drastic reduction in the size of the plant follows (to one-quarter or one-
fifth of the normal size) and a deep modification of the proportions of 
its various organs ensues. Hunger is extended to the whole plant. 

Allen (1942) made other observations which are of importance for 
us. At the time of the maximum peak in respiration, which coincides with 
the maximum vegetative development of the parasite, not only are the 
maximum peaks for the soluble carbohydrates (saccharose and glucose) 
registered, but unusual granules of starch (detectable with IKI ) appear 
in the chloroplasts of the mesophyll, under or around the Oidium colonies, 
and then later disappear. This means that the parasite draws to itself the 
major part of the carbohydrates available to the leaf to the extent that, 
exactly at the moment of maximum consumption of soluble sugars, for 
a great part respired, the fungus still succeeds in building up transitory 
reserves of starch which will be hydrolyzed and used by the parasite in 
the ultimate phase of the disease (development of conidia). 

After the starch has disappeared, small green spots appear under the 
Oidium colonies (this is a well-known phenomenon); they are clearly 
contrasted against the yellowish background of the rest of the leaf 
lamina. At this point, the carbohydrates in the leaves are completely 
consumed and none can be produced any more because the chloroplasts 
are destroyed and those which are formed again do not seem to be 
efficient. On the other hand, the respiratory quotient drops notably below 
the normal value; this proves that substances other than carbohydrates 
are respired, probably fats, and most probably the proteins of the cyto
plasm themselves. The cells of the host consume the last reserves and 
then die; but the obligate parasite has already succeeded in forming and 
scattering innumerable conidia. 

It does not seem to me that an investigation as accurate as this has 
been carried out on the consumption of nitrogenous substances, and in 
particular of amino acids. However, there is a second work by Murphy 
(1936) which reports sufficiently extensive analytical data concerning the 
effect of Puccinia coronata avenae on the chemical composition of oat 
varieties diversely susceptible to the attack of this fungus. Table IV 
reproduces these results. 

Generally speaking, Table IV shows that the more susceptible the 
variety, the stronger is the attack, the more the ash and the soluble nitrog-
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TABLE IV. 
EFFECT OF CROWN RUST ON YIELD AND COMPOSITION OF GREEN PLANTS OF SUSCEPTIBLE AND 

RESISTANT OAT VARIETIES (GREEN-WEIGHT BASIS) a 

Solids Ash Nitrogen Sugars 
Polysac
charides 

Variety Condition 
of plants 

Yield 
(in 

grams) 

Total 
solu
ble 

Total 
insol
uble 

Total 
solu
ble 

Total 
insol
uble 

Ammo
nia 

Am
ide 

Nitrate 
and ni

trite 

Total 
solu
ble 

Total 
insol
uble 

Su
crose 

Glu
cose 

Levu-
lose 

Dex
trin 

Acid 
hydro-

lyz-
able 

(%) ( % ) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

Markton Infected 81.07 5.62 13.52 1.54 1.26 0.050 0.047 0.211 0.319 0.297 0.40 0.40 0.03 0.56 2.75 
(suscep.) rust-free 264.08 6.96 10.43 0.81 0.67 0.014 0.011 0.050 0.084 0.236 2.44 1.88 1.16 0.73 2.12 

Iogold Infected 89.96 5.25 11.42 1.04 1.07 0.039 0.039 0.230 0.316 0.254 0.42 0.35 0.06 0.64 2.36 
(suscep.) rust-free 247.14 6.32 10.08 0.76 0.82 0.011 0.013 0.055 0.084 0.224 2.55 1.74 1.13 0.81 1.97 

Victoria Infected 172.05 5.37 10.74 1.56 0.90 0.013 0.028 0.050 0.185 0.288 0.95 0.45 0.39 0.50 1.99 
(resist.) rust-free 221.10 6.53 10.13 1.30 0.74 0.011 0.010 0.033 0.088 0.270 2.37 1.34 1.14 0.60 1.90 

Bond Infected 235.97 5.70 9.20 1.03 0.57 0.011 0.014 0.026 0.105 0.248 2.54 1.41 0.79 0.61 1.87 
(nearly rust-free 276.50 6.39 8.85 0.94 0.53 0.011 0.010 0.025 0.067 0.239 3.15 2.02 1.17 0.70 1.81 
immune) 

a From Murphy, 1936. 
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enous compounds (ammoniacal, nitric, and amidic nitrogen) increase 
in percentage, whereas the insoluble nitrogen (mostly protein) is affected 
by only very moderate increases. The increase in ash and in soluble 
nitrogen must not seem surprising because the strong transpiration, stim
ulated by the attack of the parasite and by the increased cellular perme
ability, causes the accumulation of these substances which cannot be 
utilized but for a very small part, because of the scarcity or even the 
lack of carbohydrates with which to combine. In fact, beside the increase 
in ash and in nitrogenous compounds, Murphy also recorded a very 
definite drop in the carbohydrates. 

On the other hand, it must be noted, especially for the nitrogenous 
compounds, that this is an increase in percentage, not a total increase; 
it has been seen already how a strong reduction in size, weight, and 
yield can be brought about by a severe parasitic attack. 

Caldwell et al. (1934) came to similar conclusions by studying the 
effect of the attack of P. triticina on the crop, the physical characteristics, 
and the chemical composition of the autumnal wheats. 

Novikoff (1937) , experimenting with the rust of lucern (Uromyces 
striatus), has encountered in the infected plants a notable decrease in 
the carbohydrates, in protein and nonprotein nitrogen, as well as in 
cellulose (to which, however, correspond increased proportions of hemi-
cellulose). 

In the Golden Rain variety of oats infected by P. coronifera, Kokin 
and Toumarinson (1934) found a decrease in the photosynthesis, in the 
chlorophyll, soluble carbohydrate, and protein contents which was pro
portional to the intensity of the attack. Correspondingly, they noted a 
drop of about 30% in the yield of grain. 

With sunflower plants infected by Puccinia helianthi, Yarwood and 
Child (1938) have shown that, whereas the dry weight (per unit of 
surface) of the infected leaves increases notably with respect to healthy 
leaves (up to 30 to 40%), the total weight of the diseased plant (exclud
ing the root) is about half that of the healthy plant. 

There is thus a sharp contrast between the local effect and the 
general effect, due to the alteration caused by the parasite in the distri
bution of the nutrient substances. 

Concerning the starving action of viruses, in the sense of subtraction 
of substances necessary to the metabolism of the host, we have very 
significant recent data. Wildman et al. (1949) proved that the virus 
protein of tobacco mosaic is synthesized, in the Turkish and Havana 
varieties, at the expense of the normal nucleoproteins of the host cells. 
In fact, the increase in virus protein in the infected tissues corresponds 
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to a parallel decrease in normal nucleoproteins. About the twelfth day 
following inoculation, some sort of equilibrium is established and no 
further increase in virus protein can be observed. The results obtained 
by Commoner and Dietz (1952) are of the same order; they have 
observed that the period of most intense synthesis of the virus protein of 
the tobacco mosaic corresponds to the maximum deficiency in nonprotein 
nitrogen in the tissues. In those cases, the striking pathological fact thus 
seems to be the appropriation of nutrient substances by the pathogenic 
agent (virus) and the consequent undernourishment of the host cell, 
especially in nitrogenous compounds. 

Most interesting also in this respect are the results of Fuchs and 
Rohringer (1955) who recorded the disappearance of various amino 
acids—principally leucine, histidine, and often also asparagine and iso-
leucine—from leaves of Marquis and of Vernal wheat inoculated 7 days 
earlier with P. graminis tritici. 

An example of disturbed distribution of the metals in the host, due 
to the chelating action of the toxins produced by the parasite, is given 
by the studies of Gaumann and his school (Deuel, 1954; Gaumann et ah, 
1955; Gaumann and Naef-Roth, 1954, 1956) on the nature and the 
mechanism of the action of the substances produced in vitro by Fusarium 
lycopersici, which causes the wilting of the tomato. Kern (1956) , in a 
synthetic review of the work, summarizes this peculiar action in the 
following manner: "Toxins may also act by formation of chelate com
plexes with metals. When lycomarasmin (a dipeptide produced by F. 
lycopersici) is applied to tomato cuttings, it forms water-soluble iron 
complexes in the stem. The complexes are carried into the leaves where 
part of the iron is liberated again. Lycomarasmin, therefore, causes iron 
deficiency in the stem and iron excess in the leaves. Application of the 
equimolar lycomarasmin-iron complex causes a heavier intoxication 
because additional iron is introduced into the plant; application of the 
stable equimolar lycomarasmin-copper complex causes much less intoxi
cation because most lycomarasmin molecules are blocked by the copper." 
It thus seems to consist in a grave disorder in the normal process of the 
distribution of the iron between the various parts of the plant: the stem 
suffers a "hunger for iron" because the toxin takes it away from the 
stem and discharges it into the leaf where, on the contrary, the detri
mental effects of its excess are felt. 

As a conclusion to this paragraph, we shall recall the recent results 
obtained by Shaw et al. (1954) and Shaw and Samborski (1956a) with 
radioactive isotopes. 

They used P 3 2 in phosphates, and C 1 4 in various sugars, and found that 
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in the case of obligate parasites (P. graminis and E. graminis on wheat 
and on barley, P. helianthi on sunflower), the radioactive elements gather 
for a great part around the infected zones (under the Oidium colonies 
and around the rust pustules), obviously in response to an imperative 
demand from the parasite. The phenomenon is much more marked in 
the susceptible hosts than in the resistant hosts. A clear halo of starch 
around the urediniosori has also been noted. 

In the case of facultative parasites (Botrytis sp. on bean, Helminiho-
sporium on wheat) which normally kill the tissues before invading them, 
these authors have, on the contrary, observed that the infected zones are 
less radioactive than the healthy ones, thus confirming that the attraction 
and accumulation from the noninfected zones to the affected ones 
can only take place if the invaded cells remain alive and in active 
metabolism. The results obtained with facultative parasites are com
pletely similar to those obtained with healthy tissues mechanically 
wounded: the damaged zones are less radioactive than the normal ones. 
This confirms the fact that hunger, understood as faulty distribution and 
waste of nutrient substances, can occur only on the condition that the 
cells remain alive. 

Shaw et al. (1954, 1956a) have formulated the hypothesis that one or 
more substances secreted by the parasite diffuse radially into the sur
rounding zone and that their concentration determines and regulates the 
more or less pronounced recall of the metabolites into the infected zone. 
It seems logical to think that this action consists mainly in increasing the 
cellular permeability. 

In a subsequent work, Shaw and Samborski (1956b) reported that, 
in Little Club and in Kapli wheat infected with P. graminis 15B, the 
accumulation of radioactive glucose is proportional to the increase in 
respiration, especially so in the susceptible host. 

Yarwood (1955) also obtained similar results by working with radio
active sulfur, phosphorus, and carbon on more than 20 complexes con
stituted for the most part by obligate parasites. By immersing one of the 
first leaves of a young bean plant in a radioactive solution ( P 3 2) , he 
observed that the radioactive compounds were attracted in great quan
tity in that half of the opposite leaf which he had previously infected 
with Uromyces appendiculatus. The quantitative ratio between the radio
activity of the two halves of the leaf (noninfected: infected) was 
1 :7870 in favor of the infected part. The example is very significant 
because it shows how powerful an attraction the parasite exerts even at 
a distance. It is thus clear that an intense and rapid flow of nutrient 
substances is established toward the infected part even from relatively 
remote zones which, therefore, remain undernourished and starved. 
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B. Inhibiting Action on the Production of Nutrient Substances 

1. Blocking or Slackening of Photosynthesis 

We have already treated this problem when reporting on Allen's 
experiments (1942) . The gradual decrease in photosynthesis from the 
start to the end of the experiment has been noted from the point of view 
of the impossibility of compensating adequately the losses, mainly of 
carbohydrates, due to the suction and to the destruction wrought by the 
parasite. 

We must remark on the fact that as early as 1904, Montemartini had 
pointed out, for some groups of Uredinales (Aecidium), the gradual 
attenuation of the photosynthesis and the intensification of respiration 
in diseased leaves. Later, Grecusnikov (1936) , experimenting with the 
complex oats-Puccinia coronifera reached similar conclusions: a gradual 
decrease in the photosynthesis and an increase in the respiration. 

Sempio (1946) followed the photosynthesis in the first leaf of young 
wheat plants heavily infected by Erysiphe graminis from the beginning 
to the end of the development of the infection and made a parallel study 
on the healthy plant. He noticed that the fixation of C 0 2 decreases, even 
if irregularly as we shall see later, down to 30 to 40% of the normal values, 
while the respiration is extremely high. 

Kuprevicz (1947) reports, for various rusts, a more or less notable 
reduction in the photosynthesis, usually around 50% of the normal value. 
This is always related to a decrease in the chlorophyll content. He ob
served that the reductions from normal values were greater in the morn
ing than in the evening. An extensive and rapid destruction of chloro
phyll has been observed also by Braun (1937) in the chlorotic halo which 
surrounds the points of infection of tobacco by Pseudomonas tabaci, the 
agent of wildfire. 

The depression or even the blocking of the photosynthesis in the dis
eased plants is thus a general phenomenon. According to Allen (1942) , 
it is closely related to two causes: (a ) to the destruction of the chloro
phyll, as the chlorotic color of the diseased tissue clearly shows, and (b ) 
to the decreased efficiency of the photosynthesis per mole of chlorophyll, 
especially when the disease is in an advanced stage. 

The importance of the total or partial blocking of the photosynthesis 
in the nutritive economy of an autotrophic plant needs no further 
comment. 

2. Action of Antimetabolites and Blocking of Enzymes 

The best known and most characteristic case of this particular type 
of "hunger" is that illustrated in the studies by Braun (1950, 1955) and 
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Woolley et al (1952, 1955) on the toxin of wildfire of tobacco. They 
have isolated and purified from a culture of Pseudomonas tabaci a toxin 
which reproduces exactly the symptoms of the disease on the tobacco 
leaves, that is, the typical chlorotic halo. The toxin has a structure similar 
to that of methionine, and behaves as an antimetabolite for methionine. 
These authors succeeded in obtaining the evidence of this competitive 
action only in liquid cultures of Chlorella by adding to the culture a dose 
of methionine proportional to the dose of purified toxin, the toxic effect 
of the latter disappears. 

They have, however, not been able until now to reproduce the 
phenomenon on the tobacco leaves, with which they succeeded only in 
obtaining the reproduction of the symptoms by inoculating the purified 
toxin. If it is possible to prove, as seems probable, that the toxin of wild
fire behaves as an antimetabolite of methionine also in tobacco, we shall 
have a classic example of "hunger through competitive action." It is well 
known that methionine is one of the most important amino acids of the 
protein metabolism. The competitive action of the antimetabolite (the 
toxin) would consist in appropriating the enzymatic system necessary 
for the biosynthesis or the subsequent metabolism of methionine, thus 
creating a "hunger for methionine." 

Now that many investigators have focused their attention on the 
nature and the mechanism of the action of the toxins and are working 
systematically in this field, it is easy to forecast that they will discover 
many toxic actions of the type already described, consisting precisely 
in the inhibition of the biosynthesis or the later utilization of metabolites 
which are fundamental in the vital economy of the host, through block
ing and competitive appropriation of enzymatic systems. Thus, they will 
clarify many types of starvation. 

A case which is as well known in the literature, but completely 
reversed—insofar as it is a case of "hunger in the parasite" instead of 
the host—and which is reported here only by analogy, is that discovered 
by Hassebrauk (1952) and later confirmed by various authors, on the 
antagonistic action of the sulfa drugs as regards the utilization of PABA 
by the rusts of cereals. The sulfa drugs, administered through the roots 
or by spraying the foliage of the plants, inhibit the development of the 
rusts; but the fungistatic effect of the sulfa drugs disappears and the 
rust develops if an adequate dose of PABA is administered to the plant. 
The biochemical process is the same, but in this case it is the parasite 
which is starved. 

During the process of infection, amino acids which are most im
portant for the metabolism of the plant may disappear. We have already 
recalled the recent chromatographic investigations of Fuchs and Roh-



THE HOST IS STARVED 295 

ringer (1955) on young plants of Marquis and of Vernal wheat infected 
by P. graminis tritici 126A. The disappearance (in both varieties of 
wheat) of various substances which react positively with ninhydrin, and 
among these mostly histidine, leucine, and often isoleucine and aspar
agine, seems to indicate, rather than a direct utilization of these sub
stances by the parasite, a different orientation of the nitrogen metabolism 
of the plant under the stimulation of the toxins or the enzymes produced 
by the parasite. 

It is logical to think this, especially in view of other recent studies 
which have confirmed, with the help of refined cytochemical tech
niques, the production of enzymes by the haustoria of fungi. Atkin
son and Shaw (1955) have demonstrated precisely the presence of 
notable concentrations of acid phosphatase inside and around the haus
toria of Erysiphe graminis in the epidermal cells of barley. The authors 
think that acid phosphatase plays a fundamental role in the transfer 
process of the metabolites, especially carbohydrates, from the cytoplasm 
of the host to that of the parasite; but it must be admitted that these 
enzymes have a deep influence on the whole enzymatic frame of the 
host cell. Besides, the cases illustrating the stimulating action of the 
parasite on various enzymatic complexes of the host, especially of the 
group of the oxidases, are now sufficiently numerous. 

C. Alterations of the Functional Refotions 

In a few works, Sempio (1942c, 1946, 1950a, b ) and Ottolenghi et al. 
(1953) have pointed out the importance of the intensity ratios between 
the various functions of the diseased plant, not only as one of the ele
ments which enable us to understand better the pathological process, 
but also as one of the many mechanisms which the plant uses to defend 
itself against the attacks of the parasite. Of course, we shall see here 
only those aspects of the problem which are related to the question of 
starvation of the host. It will be necessary, however, to go somewhat 
deeply into a few questions which will be treated more extensively in 
Chapter 10 of this volume. 

1. Alteration of the Ratio Photosynthesis: Respiration 

Montemartini (1904) and Grecusnikov (1936) have encountered a 
short but sensible excitation of the photosynthesis at the beginning of 
the infection in plants attacked by rusts (the former, Aecidium, the 
latter, Puccinia conifer a). The photosynthetic activity then drops rapidly, 
while the respiration tends to increase more and more as the infection 
proceeds. 

Aliens (1942) graphs of the metabolism of powdery mildew of wheat, 
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where he compares directly the course of photosynthesis in diseased 
plants and in healthy ones (Figs. 7, 10, 13) , show clearly that in the 
3 or 4 first days of incubation, the photosynthesis of the diseased plant 
is excited with respect to the normal value. Then it decreases rather 
rapidly, according to the degree of infection, to values about one-third 
to one-fourth of the normal ones. The more severe the attack, the more 
rapid and intense is the decrease. Other graphs show that respiration 
increases rapidly in diseased plants to a maximum around the eighth 
day. After that, respiration decreases rapidly. 

Allen has purposely carried out an investigation in an absolute sense 
which would enable him to construct the carbon balance. Sempio (1946 
and 1950a), on the contrary, working also with powdery mildew on 

TABLE V. 
PHOTOSYNTHETIC ACTIVITY OF LEAVES OF VIRGILIO WHEAT 

INFECTED BY Oidium moniloides" 

Number 
of days 

after 
inocula

tion 

Temper-
Weather ature 

(°C). 

Dura
tion 
of 

experi
ment 

(in hours) 

First leaf 
2 Clear 
4« Cloudy 
6 d Clear 
8« Clear 

11/ Cloudy 
14 Clear 

First and 
second leaves 

1 Clear 
3 d Clear 
5e Cloudy 
7' Clear 

10 Cloudy 
12 Clear 

16-22 6.30 
15-16 6.30 
13-17 7.30 
14-20 8.00 
16-20 6.30 
16-23 4.15 

21-27 6.30 
19-29 7.00 
17-20 7.00 
14-26 7.15 
17-21 6.15 
12-22 7.45 

Milligrams CO2 fixed 
by 1 gm. dry matter 

in 10 liters of airb 

Healthy Infected 
leaves leaves 

24.07 41.26 
20.65 24.30 
27.05 18.07 
19.30 26.76 
17.88 22.03 
20.07 9.19 

5.96 
8.47 
7.08 
7.56 

30.90 
22.55 

C 0 2 fixation by 
infected plants 
if value of 100 

is given to 
healthy plants 

171.2 
117.7 
66.7 

138.7 
123.2 
45.7 

149.0 
93.7 

194.4 
146.8 
94.8 
14.3 

8.88 
7.94 

13.76 
11.10 
29.30 

3.22 

a From Sempio, 1946, 1950a. 
b In all experiments with only the first leaf and in the experiments at 10 and 12 days 

after inoculation of the first and second leaves, the atmosphere was enriched with CO2. 
This explains the high values for fixation of CO2. 

c Haustoria. 
d Mycelium and haustoria well developed. 
e Conidiophores and conidia formed. 
f Conidia abundant, disease attack severe. 
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wheat, collected relative data systematically keeping in mind an ultimate 
comparison of the functions of diseased and healthy plants of the same 
age, variety, and cultural conditions. He was thus able to express con
stantly the data obtained with the diseased plant, during the complete 
cycle of the disease, as percentages of those obtained with the healthy 
plant. This permits a demonstration of the extraordinary imbalance which 
the pathogen produces in the normal functional relations of the host 
plant, whether in the incubation cycle or during the period when there 
are exterior manifestations of the disease. In Tables V and VI, the experi
mental data on the photosynthesis and the respiration in relation with 
the degree of development of the disease are reported. 

From these experiments, and especially from the percentile values 
(last column), it appears that the fixation of carbon is markedly greater 
than normal during the first 2 to 3 days of the incubation, that is, at the 

TABLE V I . 
RESPIRATION OF LEAVES OF VIRGILIO WHEAT INFECTED BY Oidium moniloidesa 

Number 
of days 

after 
inoculation 

Tempera
ture 
(°C) 

Ratio of 
fresh weight to 

dry weight 
(mean value in %) 

Average value6 

of Qo2 

Healthy Infected Healthy Infected 

Respiration of 
infected plants 
if value of 100 

is given to 
healthy plants 

First leaf 
2 24.6 9.0 9. 2 1. 73 2.06 119.1 
4C 23.1 9.7 9. 5 0. 90 1.18 131.1 
6<* 23.5 8.7 9. 6 1. 15 2.04 178.2 
8e 24.5 8.7 9. 3 1. 20 3.40 283.3 

11/ 24.6 8.7 10. 5 0. .86 3.73 433.7 
14 23.8 9 .0 10. .2 0 .81 3.09 382.1 

Second leaf 
1 24.9 11.9 11. 3 1. 65 2.07 124.8 
3rf 25.3 10.9 11. 5 1 .61 2.97 184.6 
5* 23.8 9.5 11. 2 1 23 3.94 319.7 
V 24.4 9.8 10, 5 1 .29 4.00 309.7 

10 24.4 10.7 11 .0 1 .25 3.62 290.0 
12 24.4 10.0 11 .8 1 .22 3.18 260.0 

β From Sempio, 1946, 1950a. 
6 Respiration was determined by the Warburg micromanometric method. Qo2 = 

mm.3 of O2 absorbed by 1 mg. dry matter in 1 hr. 
c Haustoria. 
d Numerous haustoria and mycelium well developed. 
' Conidiophores and conidia formed. 
i Conidia abundant, disease attack severe. 
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moment of the implantation of the first haustoria; then it decreases below 
the normal value and increases again above it at the time of the differ
entiation of the conidiophores and conidia; at the end, it decreases defin
itely to very low values. 

Respiration, on the contrary, at first only slightly excited, rises rapidly 
at the time of the differentiation of the conidiophores, with a maximum 
peak 3 to 4 times the normal value; then it decreases rather slowly, 
remaining however, at least within the limits of the experiment, much 
higher than is normal. 

If we now calculate the ratio of the percentile values (the normal 
values being taken as 1) of photosynthesis to respiration, we note that, 
at the beginning, this ratio is markedly higher than 1 (171.2:119.1 = 
1.45), whereas it later drops gradually to values near 0 (45.7:382.1 = 
0.12). 

The marked initial stimulation of photosynthesis during the first phase 
of the infection—for which the ratio of photosynthesis to respiration rises 
markedly above the normal value—is considered by Sempio (1946, 
1950a, b) as a defensive reaction of the host, because the plants, which 
are put in the dark during the first phase of the incubation, are usually 
more heavily affected than the controls which are left in normal light 
(Sempio, 1939). 

Sempio believes that this imbalance between anabolism and catabo-
lism, that is, between synthesis and breakdown, or again between endo-
thermic and exothermic reaction, has consequences, not only for the 
building up of material (breakdown without reconstruction) but also, 
and above all, in the field of energy. As far as we can understand, the 
parasite stimulates precisely the respiratory processes so as to obtain 
the energy necessary to the synthesis of its own protoplasm, and we shall 
see this better in what follows. 

On the other hand, it seems obvious that the host is not able to 
utilize physiologically the excess calories from respiration because, as 
Allen (1942) , Shaw et al (1954) and Shaw and Samborski (1956a) have 
shown, starch accumulates around the infected zones while the invaded 
cells are already in a state of irreversible undernourishment. In all proba
bility, the accumulation of starch is also related to the disappearance 
of some fundamental amino acids, as the work by Fuchs and Rohringer 
(1955) has shown. According to this work, the fraction of sugars which 
should constitute the substrate for the building up of amino acids and 
then of proteins, if not utilized, would accumulate in the form of reserve 
starch which the parasite would later use for its own needs in energy. 

Metabolism is an uninterrupted chain of reactions closely interde
pendent; therefore, the "hunger for amino acids" can have as a conse-
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quence the nonutilization and the accumulation of carbohydrates flocked 
from the surrounding zones, and vice versa. In the histological territory 
invaded by the parasite, the type of "hunger amidst abundance" which 
we mentioned at the beginning of this chapter is thus verified. 

2. Alteration of the Ratio Glycolysis: Respiration 

This problem has been a subject of interest and discussion in 
recent years, especially in the numerous investigations carried out to 
discover the physiological reasons and the biochemical mechanisms of 
the great increase in respiration during pathogenesis. 

Sempio (1942c) has noticed that during the period of incubation of 
the bean rust (Uromyces appendiculatns), the respiration rises mark
edly above the normal value (2 to 3 times), while the glycolysis (evolu
tion of C 0 2 in anaerobiosis) shows only slight increases or even 
decreases. Similar data, if less clear cut, were found with the disease 
of lettuce caused by Bremia lactucae. 

With the powdery mildew of wheat caused by E. graminis (Sempio, 
1946), the experimental results are even more significant: respiration 
rises rapidly to 3 to 4 times the normal value, while glycolysis, after a 
slight initial stimulation, drops gradually to rather low values in com
parison with the healthy plant (around 50%). In a successive work 
(1950a) Sempio emphasized this striking displacement of the func
tional equilibria in the infected plant, noting that at the end of the period 
of incubation, the contrast between the increase in respiration and the 
decrease in glycolysis is very strong in comparison with the healthy 
plant. 

Table VII reports on the glycolysis tests made on wheat attacked by 
Oidium. The comparison of these data with those obtained for respira
tion (Table VI ) shows the marked imbalances which, together with 
those already reported on the ratio of photosynthesis to respiration, give 
a picture of the functional disturbances produced by the parasite in the 
tissues of the host, and thus also of the possible immediate repercus
sions on the nutritive processes. 

Allen (1953, 1954), taking Sempio's data as a starting point, and 
assuming that the respiratory quotient is practically equal to 1, noticed 
that from the ratio of the C 0 2 evolved in anaerobiosis and in aerobiosis 

Q C 0 2 : QcOa 

the inhibition of the Pasteur effect appeared evident. In fact, from the 
examination of the values obtained with Virgilio wheat it can be seen 
that, usually around the sixth day after inoculation—that is, when the 
differentiation of the conidiophores starts—the ratio 
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Qcoo : Qco2 

drops below 0.33, which is the minimum value for which the Pasteur 
effect still operates. In healthy leaves, on the contrary, this effect is 
always largely secured, 

Allen presented the possibility that toxins diffusing into the tissues 
of the host inhibit the Pasteur effect by uncoupling the processes of 
oxidation and phosphorylation, thus permitting an uncontrolled increase 
in the respiration. It is known in fact that in the normal respiration, the 
oxidative processes are always coupled with those of the phosphoryla
tion, so that the latter constitute a sort of control and limitation of the 
former, that is, a physiologically economical limitation. 

The toxin of the pathogen acts, perhaps, in the same way as some 
stimulants of the respiration such as, for example, DNP in small doses 
( Ι Ο 5 Μ). Thus, it would have an uncoupling action on the two activities 

TABLE V I I . 
GLYCOLYSIS IN LEAVES OF VIRGILIO AND MENTANA WHEAT 

INFECTED BY Oidium moniloidesa 

Number of Tempera-
days after ture 

inoculation (°C.) 

Ratio of 
fresh weight to 

dry weight 
(mean value in %) 

Average value6 

Healthy Infected Healthy Infected 

Glycolysis of 
infected plants 
if value of 100 

is given to 
healthy plants 

Virgilio—second leaf 
2 24.5 11.7 11.2 0.95 1.17 123 .0 

24.5 10.6 10.8 1.07 1.16 108 .7 
6<* 24.4 11.8 11.7 1.05 0.83 79. .3 
8e 24.4 10.7 12.3 0.86 0.60 70. .6 

11/ 24.5 11.1 11.4 1.04 0.65 62. 1 
14 24.4 11.4 13.5 0.80 0.45 55 ,9 

Mentana--first leaf 
1 25.3 8.93 9.38 0.66 0.82 123. 9 
2 24.8 9.03 9.12 0.68 0.73 107. 5 
\c 25.0 8.33 9.23 0.74 0.72 95. 9 
6d 25.3 8.48 8.90 0.60 0.63 106. 6 
8* 25.3 8.50 9.19 0.74 0.64 87. 0 

11/ 25.1 8.70 9.93 0.85 0.58 68. 2 

a From Sempio, 1946, 1950a. 
Glycolysis was determined by the Warburg micromanometric method. QCOJ = 

mm.3 of carbon dioxide emitted in 1 hr. by mg. dry matter in an atmosphere of nitrogen. 
e Haustoria. 
d Well-developed mycelium. 
e Conidiophores and conidia formed. 
/ Conidia abundant, disease attack severe. 
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and would remove the natural restraint from the oxidative processes of 
the host. This would result in the exceptional and pathological consump
tion of 0 2 , and consequently in the blocking of the Pasteur effect which 
consists precisely in stopping or slowing down the glycolysis in the pres
ence of 0 2 . The accumulation of inorganic phosphorus encountered by 
various authors in infected tissues with high respiration would also be 
in favor of this hypothesis. 

Allen's ideas are usually shared by the various authors who have 
studied this problem in the last few years. I will mention the following 
in particular. 

Farkas and Kiraly (1955) worked with the rust and the powdery 
mildew of wheat, caused by P. graminis and E. graminis, respectively. 
They drew the conclusion that both parasites induce an aerobic fermenta
tion in the infected tissues and that the Pasteur effect is blocked. Millerd 
and Scott (1956) suggest that the strong increase in respiration of barley 
infected with E. graminis is due to the uncoupling of the oxidative phase 
from the phosphorylative phase by the action of substances which are 
formed during pathogenesis. Uritani and co-workers (1954, 1955) and 
Akazawa and Uritani (1955a, b ) following numerous studies on the 
black rot of sweet potato caused by Ceratostomella fimbriata, considered 
as very likely an uncoupling action of ipomeamarone (a toxin pro
duced by the fungus in the culture) but believed that this action is 
only partially responsible for the increase in respiration encountered in 
the infected tubers. It should be noted, however, that Uritani et al. (1954 
and 1955) worked with a facultative parasite of non-green organs; but, 
as also Farkas remarks very appropriately (1957) , it is dangerous to 
draw parallels between the behavior of obligate and facultative parasites, 
especially in the field of these most delicate metabolisms, because their 
needs are very different. It is enough to recall that, while in the obligate 
parasite the increase in the respiration of the host is always practically a 
sine qua non condition for the subsequent development of the parasite, 
and thus is a characteristic of the susceptible species, in the case of many 
facultative parasites, the resistance of the host on the contrary is asso
ciated with a high respiratory rhythm (Fuchs and Kotte, 1954; Walker 
and Stahmann, 1955; Rubin et al, 1955). Shaw and Samborski (1957) 
have also recently investigated the mechanism of the high respiration 
in wheat infected by P. graminis 15B and they observed that the ratio 
N R : OR ( C 0 2 evolved in anaerobiosis and in aerobiosis) decreases to 
values of 0.2 to 0.3, for which the Pasteur effect is considered to be 
totally blocked and for which, therefore, the degradation of the carbo
hydrates occurs. 

However, contradictory opinions are not lacking on these points. 
Daly and Sayre (1957) , working with the rust of safflower (P. carihami), 
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believe that an uncoupling action cannot be held responsible for the 
increase in respiration and for the blockade in Pasteur effect which they 
also found in the infected plants at the time of the formation of the sori. 
Their disagreement with the uncoupling theory arose because they 
recorded simultaneously notable increases in the elongation and in the 
wet and dry weight of the infected hypocotyls in comparison with the 
healthy ones. They hold that where such evident processes of protein 
synthesis exist, there is no place for an uncoupling action. Therefore, 
the increase in respiration and the blocking of the Pasteur effect must 
be attributed to other mechanisms which they believe to be hormonal 
in nature. 

It should be noted in connection with these criticisms by Daly and 
Sayre, that the disease which they studied can be considered, under 
certain aspects, as a borderline case between parasitism and mutual 
symbiosis, at least when limited to the infected tissues. In fact, the cases 
where an obligate parasite causes such high increases are rather rare. 
On the other hand, the authors do not report the weight of the total 
plant, with the leaves and the roots, but only that of the hypocotylous 
region. It is convenient, however, to admit that while in certain cases 
the strong increase in respiration can be related to an uncoupling action 
and thus depend on the regulating systems of the metabolism, in other 
cases it can depend on hormonal actions or on other mechanisms. 

As can be seen, the problem is still open to investigation and to 
discussion and will be much more extensively and competently treated 
by others in Chapter 10. It has been thought opportune to explain the 
question briefly here only because the blocking of the Pasteur effect and 
the possible uncoupling effect are closely related to the subject of this 
chapter. In fact, the blocking of the Pasteur effect practically implies the 
impossibility of partial resynthesis of the carbohydrates which is char
acteristic of the normal aerobic process, and therefore also implies the 
destruction of this valuable plastic material which is to be used in build
ing up the protoplasm. On the other hand, a consequence of the 
uncoupling action is the useless dispersion of energy which, in the 
normal biological economy, is destined to the syntheses necessary to the 
host cell. A waste, and therefore a "hunger for energy" is thus generated 
in the susceptible host while the parasite seems to be able to use it for 
its own development. 

3. The Host Cell Burns Slowly 

In the case of obligate parasitism, the experiments of the various 
authors seem to be concordant in some fundamental lines summarized 
as follows. The parasite starts to differentiate the conidiophores and the 
conidia usually around the eighth or tenth day of incubation under 
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normal light and temperature conditions. At that time, the metabolic 
pattern of the host is the following: photosynthesis is partially blocked, 
and respiration is at its highest; the Pasteur effect is completely blocked, 
and an uncoupling action of toxic origin seems to arise and prevent an 
efficient utilization of energy. So in the end, the sources of supply are 
cut off and the provisions become badly dispersed. The nutritive balance 
of the host could not be more tragic and bankrupt; in fact, it always 
ends with the death of a more or less wide histological zone. By the time 
this occurs, however, the parasite has already completed its cycle. 

D. The Blocking of the Transport 

We have already mentioned the anomalies which the disease gen
erates in the distribution of the nutrient substances in the tissues of the 
host altering the cellular permeability and allowing an abnormal concen
tration of nutrients in the infected zone at the expense of the neighboring 
tissues or even of those far removed from the point of infection. 

We must now speak briefly of the effects of the disease on the effi
ciency of the main routes along which the nutrient substances move 
to reach the place of consumption or of storage, that is, of the 
functional alteration of the conductive system. This is valid mostly 
for those tissues and those organs which are not themselves productive 
but must be supplied in time with substances elaborated or stored 
elsewhere. 

On the transport of water and mineral salts there is not much to be 
said because the question will be treated to a large extent in the next 
chapter on the "thirst" in plants, partly also in the chapter on toxins 
(Chapter 9 of Volume I I ) . 

From our point of view, the question is of interest because the 
ascending sap carries all the mineral elements necessary for biosynthesis, 
with the exception of carbon. Therefore, all of the pathogens which 
inhibit or hinder the absorption by the roots or the transport by the 
ascending sap, generate a hunger for mineral substances, especially 
nitrogen, phosphorus, and potassium, which are necessary in large 
quantities. 

The trachaeomycoses produced by Fusarium and by Verticillium have 
been much studied, and in particular the wilting of the tomato caused 
by F. oxysporum f. lycopersici. In this case, however, the authors usually 
agree that, apart from the blocking of the xylem ducts, the toxins or 
enzymes carried along with the flow of sap are also, and above all, 
responsible for wilting. Which toxins and/or enzymes are responsible 
for the wilting and what is the mechanism of their action, is still a 
matter for controversy. 

Gaumann and his school claim that it is mostly lycomarasmin and 
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fusaric acid extracted from the culture of the fungus and purified, 
whereas Dimond (1955) , as well as Walker and Stahmann (1955) , be
lieve some pectolytic enzymes, such as polygalacturonase (PG) and 
pectinmethylesterase ( P M E ) to be mainly responsible for the wilting. 
Besides, the discussion on the "vivotoxins," raised by Dimond and Wag
goner (1953, 1955), requires great consideration. 

Anyway, this question will be treated in another chapter. It is enough 
for us to recall that the transport of the salts is partly hindered by 
mechanical occlusion of the ducts, partly altered by the chelating action 
of the toxins (we have already mentioned the action exerted by lyco-
marasmin on iron), which are believed to block certain elements during 
the transport and to alter their distribution. 

On the other hand, the occlusion of the ducts caused by the zoogloeae 
of Erwinia tracheiphila, which causes a wilt in the Cucurbitaceae, and 
of Phytomonas stewarti, agent of the bacteriosis of maize (Harris, 1940), 
is of more closely, if not exclusively, mechanical nature. 

It should be noted that this scarcity of mineral elements is usually 
not felt as real hunger because the cells die first either of thirst or of 
intoxication. It can thus be explained that the experimenters have often 
recorded relative increases (with respect to the dry weight) in mineral 
substances in wilted plants as compared with normal plants. 

The disturbances caused by the pathogens to the other great route 
of transport, the phloem, even if the cases are less numerous, are un
doubtedly more closely related to the problem treated here. We shall 
mention only a few aspects of the leptonecrosis of the potato, produced 
by the virus of leaf roll, one of the most investigated diseases. 

Since Quanjer et al. (1916) noticed that the necrosis of the phloem 
is the most important and constant histological characteristic of leaf roll 
of the potato, various authors have studied the problem from the histo
logical and biochemical points of view. 

It has been seen that, above all, the primary phloem is deeply altered, 
as is shown by the yellow-reddish color it assumes. The walls of the cells 
become thick and partly lignified, and this process tends to close com
pletely the lumen of the tubes. But even before the phenomenon becomes 
perceptible, it has been observed that the sieve-like tubes lose their 
function to a large extent. Therefore, the transport of the carbohydrates 
from the leaves cannot take place or is very much hindered. 

Whitehead (1927) observed that the migration of the carbohydrates 
from the leaves to the tubers during the night is so much reduced in the 
infected plants, that on the next morning, when photosynthesis starts 
again, the leaves are still full of starch. Thus, the starch tends to accumu
late in the leaves rather than in the tubers. 
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Further precisions on the metabolism and transport of carbohydrates 
and of nitrogenous compounds in the infected potato have been given 
by the investigations of Barton-Wright and McBain (1932) . They found 
that the carbohydrates, not being able to migrate from the diseased 
leaves, are submitted to some sort of cyclic metabolism according to this 
scheme: starch-hexose-saccharose-starch. They observed that, despite the 
decrease in photosynthesis and the notable increase in respiration, the 
starch continues to accumulate in the leaves; this confirms the fact that 
very little carbohydrate succeeds in migrating to the reserve tissues and 
this is why the form of cyclic metabolism mentioned above is estab
lished. They have, moreover, noted that in the healthy plants, first a 
hexose, then saccharose, which is the carbohydrate normally destined 
to migrate to the tuber through the phloem, are formed by photosynthe
sis. They have never found, on the contrary, any saccharose in the petiole 
of the leaves of diseased plants; this means, according to the authors, 
that the little carbohydrate which succeeds in reaching the tubers does 
not migrate as saccharose through the ordinary route (the phloem), but 
as hexose through the parenchyma (ground tissue). The consequence 
of this altered mechanism of transport is that the varieties which are 
very susceptible to the virus of leaf roll, such as for example the Presi
dent variety, only give a tuber crop of one-tenth or one-twelfth of the 
normal crop, while the leaves change color, often become fragile, and 
roll up, because they are not able to digest the excess carbohydrate. 

According to Murphy (1923) , it is the spongy tissue of the leaf 
which, because of its looser structure, is best suited to the storage of the 
excess starch. It expands under the pressure of the filling, while the more 
rigid palisade layer remains unextended, and this leads to the rolling 
up of the leaves. 

It is interesting to note that the infected tubers give up very slowly 
to the new shoots the substances which they have succeeded in storing. 
McLean (1926a, b ) has in fact observed that the diseased tubers remain 
hard and turgid even after germination, while the healthy ones are 
already emptied, flaccid, and contracted because they have given all 
their contents to the new young plants. Thus, the shoots of the infected 
tubers grow extremely thin and the effects of hunger become more cruel 
and irreparable from year to year. 

IV. T H E CONSEQUENCES FOR THE HOST OF THE VARIABLE NUTRITIVE 

NEEDS OF THE PARASITE DURING THE PERIOD OF INCUBATION 

This section refers to the diseases caused by obligate parasites or 
parasites which establish in one way or other a prolonged symbiosis 
with the host. 



306 C. SEMPIO 

We have already seen that all parasites, but especially the obligate 
parasites, have very high needs in carbohydrates, and that in all proba
bility the intermediate metabolites which arise from photosynthesis or 
from glycolysis are their preferred substrate. 

It must, however, be underlined here that these demands are not the 
same for the total period of the symbiosis of the two elements of the 
complex. They vary a great deal, mostly during the incubation period. 

For what can be understood from indirect experiments, the demand 
for carbohydrates increases as the incubation proceeds, but becomes 
suddenly stronger at the moment of the formation of the conidiophores 
and conidia. Waters (1926) has observed that the most severe infec
tions on bean leaves infected by U. appendiculatus appear on leaves 
which, kept floating on water until the sixth day after the inoculation, 
are then transferred into a sugar solution. Forward (1932) inoculated 
young wheat plants with P. graminis tritici f. 21. On the sixth or seventh 
day after inoculation, she placed them in the dark and observed that they 
became covered with spots of hypersensitivity rather than with uredi-
niosori of the susceptible type. This is another proof of the imperative 
needs of the parasite for carbohydrate at that particular moment. 

But the most systematic research on this question has been carried 
out by Sempio (1938a, 1939, 1942b). He investigated the behavior of 
some complexes (wheat-Erysiphe graminis, wheat-P. triticina, bean-U. 
appendiculatus, lettuce-Bremia lactucae, radish-Albugo Candida) toward 
the most important external factors (temperature, light, humidity, pres
sure, C 0 2 , 0 2 , ultraviolet) during the period of incubation of the 
disease. 

By standardizing this period to an average duration of about 9 to 10 
days, he could divide it into three phases of about three days each: 
phase I, from the moment of contagion to the implantation of the para
site in the tissue of the host (haustoria formed); phase II, expansion of 
the parasite into the tissues; phase III , differentiation of the conidial 
apparatus (conidiophores or sori). These three phases show a different 
behavior toward the main external factors, and especially toward light 
and temperature. He observed, for example, that during the first phase, 
the darkness or a striking decrease in the intensity of light usually stimu
lates the development of the disease, whereas during the third phase, it 
results in a regression in the disease itself. In the same way, relatively 
high temperatures are borne much better in the first two phases than 
in the third one. 

Hassebrauk (1940) has also obtained similar results on wheat varie
ties which are moderately resistant to P. triticina. 

Generally speaking, it has been found that phase II I is the most 
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critical, not only for the parasite, but also for the host, or better, it is 
critical for the complex host-parasite taken as a biological entity. This 
proves that the host is then exhausted from hunger and has, therefore, 
partially or totally lost its normal capacity to resist the unfavorable 
conditions of the medium (prolonged darkness, high temperatures, etc.) . 

A typical case of this critical state is shown by the Gotta lettuce 
infected by Bremia. The infected young plants resist the effects of 
darkness very well during the first 6 days of the incubation, that is, 
during phases I plus II , whereas they become very flaccid without any 
possibility of recovery after only 3 days of darkness in the third phase 
(Sempio, 1938b). When the complex wheat-P. triticina is put in the 
dark during the third phase (from the beginning of the seventh day 
until the end of the eleventh), a strong yellowing of the leaves occurs. 
The leaves, however, succeed, after a few days of exposure to light, in 
regaining a practically normal color, while the urediniosori, which began 
to be formed at the time of the darkening, are completely aborted. 

These results prove that, at the time of the differentiation of the 
propagules (conidiophores, sori, conidia), the parasite demands from 
the plant its last nutritive reserves, especially of carbohydrates. At this 
stage a strong competition arises between the two organisms. If at this 
critical moment the road to carbohydrate synthesis is cut by removing 
the light, two things can happen: (a ) if the plant still has some useful 
reserves, if it has rather hard and dry leaves, then it succeeds in over
coming the competition of the parasite in the dark (case of the complex 
wheat-Puccinia); ( b ) if the plant is at the end of its reserves, has tender 
and aqueous tissues, then it dies together with the parasite (case of the 
complex lettuce-Bremia). 

This interpretation of the experimental results seems to be supported 
also by the metabolism experiments reported above. See in particular 
Table V (page 296) relative to the photosynthetic activity of the com
plex wheat-Erysiphe. It can be noted that, comparatively to the healthy 
plant, the photosynthesis of the diseased plant is more intense during the 
first 2 to 3 days, then decreases below the normal value, then rises again 
well above the normal value on the sixth to eighth day, that is, during 
the third phase of incubation. Similar results (not published) have been 
repeatedly obtained also with the complex bean-Uromyces. In the very 
simple experimental conditions used by Sempio and under a continuous 
rigorous comparison with the healthy plant, this revival of photo
synthesis (greater fixation of C 0 2 ) during the third phase has been 
practically always verified more or less markedly. This seems to indicate: 
(a ) the extraordinary demand for carbohydrates by the parasite at the 
moment of the fructification: ( b ) the state of undernourishment of the 
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susceptible host which, when short of metabolites, can no longer satisfy 
the increased needs of the parasite even by increasing the rhythm of its 
photosynthesis. Obviously after this last effort which is advantageous 
exclusively to the parasite, the invaded tissue collapses and then dies. 

V . CONCLUSION 

In conclusion we can say that the host is starved by pathogens (a) 
when the synthesis of carbohydrates and other metabolites is impaired 
by infections of the photosynthetic organs, ( b ) when respiration is too 
high and resynthesis of carbohydrates is inhibited, ( c ) when the normal 
equilibrium of the functions of the host is broken and the energy is 
wasted, (d) when the competitive action of the antimetabolites (toxins) 
inhibits the biosynthesis or the subsequent utilization of the metabolites, 
(e ) when the cell permeability and then the distribution of the metabo
lites is injured, ( f ) when the transport of carbohydrates or other metabo
lites out from the photosynthetic organs is impaired by diseases of the 
phloem, or (g) when mineral nutrition is reduced by infections of the 
roots or xylem vessels. 
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