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I . INTRODUCTION 2 

Among the many metabolic changes observed in diseased plant tissue, 
alteration of respiration is one of the most fascinating subjects. From 
the biochemical information obtained on this phenomenon, one can gain 
valuable information about the mechanisms controlling metabolism in 
plants on one hand, and an elucidation of the underlying principles of 
the host-pathogen relationship on the other. Respiration occupies a cen
tral part of metabolism by providing energy to support cellular processes 
and is important since the energy from respiratory metabolism is used 
by the host to carry out its responsive reactions against pathogens. An 
increase in the respiratory rate is a typical feature of the metabolism of 

1 Present address: Department of Biochemistry, University of Wisconsin, Madison, 
Wisconsin. 

2 The following abbreviations are employed in this chapter: ADP: adenosine 
diphosphate; ATP: adenosine triphosphate; DNP: 2,4-dinitrophenol; DPN: diphos-
phopyridine nucleotide; DPN+: oxidized diphosphopyridine nucleotide; DPNH: re
duced diphosphopyridine nucleotide; H.M.P.: hexose monophosphate; Pi: inorganic 
phosphate; TCA: tricarboxylic acid; TPN; triphosphopyridine nucleotide; TPN+: 
oxidized triphosphopyridine nucleotide; TPNH: reduced triphosphopyridine nucleo
tide. 
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infected plants and has been studied very extensively. Sometimes, when
a pathogenic attack on a plant leads to a degenerated condition, the
host's rate of cellular catabolism may decline and come to a standstill.
Thus, eventually respiration will stop.

In healthy host cells, metabolism progresses in a well-balanced man
ner. Since all organisms have some flexibility in controlling their metab
olism, it can be assumed that they are able to adjust their metabolism to
a new circumstance, so that with a slight environmental modification,
the over-all reaction will not be altered significantly. However, with a
more drastic change of circumstance, such as the presence of a pathogen,
the formation of new metabolic pathways may be observed. We can
visualize this situation in the sequence below in which A is normally
converted through intermediate B to C. If the velocity of reaction K1 is
equal to that of K 2 , then A is connected to C without accumulation of B.

K3X

A~~' K2~C
\.

K4Y

However, if K1 is proceeding much faster than K2 or the velocity of K2

is negligible, then B will accumulate and sometimes new reaction
sequences may be induced. K3 and K4 indicate those alternative or shunt
pathways leading to new abnormal metabolites X and Y. This type of
metabolic alteration has been observed in diseased tissues or organs.
Many factors affecting this metabolic alteration and varied reactions of
host tissue will be surveyed.

In this chapter, four aspects of the alteration of respiration in plant
tissues, infected by pathogenic microorganisms, will be discussed. First,
we would like to describe the respiratory increase of infected plants.
Several biochemical and physiological hypotheses have been put for
ward to explain it and the information pertaining to this condition in
infected plants will be discussed in detail. The Pasteur effect will be dis
cussed in connection with this, since some authors have obtained experi
mental evidence showing a relationship between the respiratory increase
and an inhibition of the Pasteur effect in diseased plant tissue. The pos
sibility that an alternate respiratory enzyme system is activated and
participating in the respiratory increase will be considered together with
the facts concerning the accumulation of some substances. Second, we
shall discuss the H.M.P. pathway. Since this is a recently elucidated path
way for carbohydrate metabolism, few experimental results showing the
operation of this pathway in the respiratory pattern of infected plants
have been reported. Third, we shall discuss some biochemical phenom-
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ena accompanying the respiratory change, such as synthesis of aromatic 
compounds, metabolism of amino acids, auxin, and lipids, and the physio
logical function of these phenomena in the host-pathogen relationship. 
Finally, we shall discuss the relationship between respiratory metabolism 
of infected host tissue and its defense mechanisms. Unfortunately, this 
is mostly a speculative field, but it might not be too presumptuous to say 
that the purpose of the research described in the preceding parts is to 
elucidate the defense mechanism of the host. 

In general, we have tried to point out the important problems for 
future study rather than describing the scattered reports in this field. 
Although relatively little work has been done on the physiological and 
biochemical aspects of plant disease, several articles are helpful in under
standing the physiological problems of host-pathogen relationships 
(Allen, 1953, 1954; Racker, 1954; Walker and Stahmann, 1955; Kern, 
1956; Farkas, 1957). The enzymological aspects of plant diseases have 
been discussed by Farkas and Kiraly (1958) ; their article contains a 
considerable number of reports on the oxidative enzymes of infected 
plants. The alteration of host respiration and its relation to resistance 
was discussed in a symposium on the "Mechanism of Resistance in 
Higher Plants," held in Japan in 1956 (Hirai and Suzuki, 1956). 

II . RESPIRATORY INCREASE 

A. Mechanisms Controlling Respiration 

Respiratory increase is not a phenomenon uniquely associated with 
a few plants injured by a specific pathogen, but a kind of general 
responsive reaction of the plant tissue attacked by pathogenic micro
organisms including fungi, bacteria, and viruses. As will be seen in 
Table I, it has been observed in white potatoes infected by Penicillium 
spp., Ceratostomella fimbriata, Phytophthora infestans, and in sweet 
potatoes attacked by Rhizopus tritici, Ceratostomella fimbriata, or Helico-
basidium mompa. A similar responsive reaction has also been observed 
in rice and wheat plants infected by several fungi. It should be empha
sized that both obligate and facultative parasites are able to evoke this 
respiratory increase in host tissue; furthermore, simple chemical treat
ments or mechanical stimulation is also able to induce an increase in 
the respiratory rate of plants. 

It is necessary to define the term "respiratory increase" which appears 
frequently in the following discussion. In principle, oxygen uptake per 
unit weight or volume of infected plant tissue is measured and com
pared to that of an uninfected plant. In most cases, it is determined for 
the healthy tissue adjacent to injured tissue; this is then compared to 
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TABLE I 
EXAMPLES OF THE RESPIRATORY INCREASE IN INFECTED PLANTS 

Host Pathogen 
Enzyme or enzyme 

system studied Reference 

Barley leaves 

Barley leaves 

Cabbage leaves 

Cabbage leaves 

Cotton stem 

Cotton stem 

Potato tuber 

Potato tuber 
Potato tuber 

Potato tuber 

Rice plant leaves 
Rice plant leaves 

Safflower hypocoty] 
Sweet potato root 

Sweet potato root 

Sweet potato root 
Wheat leaves 
Wheat leaves 

Wheat leaves 

Wheat leaves 

Fungus Pathogens 
Erysiphe graminis 

Erysiphe graminis 

Botrytis cinerea 

Botrytis cinerea 

Fusarium spp. 

Fusarium vasinfectum 

Penicillium spp. 

— Millerd and Scott 
(1955, 1956) 

H.M.P. pathway Shaw and Samborski 
(1957) 

Peroxidase Arzichowskaja 
(1946) 

Ascorbic acid oxidase Rubin and Chetveri-
Cytochrome oxidase kova (1955) 
Peroxidase 
Flavoprotein enzyme 
Peroxidase 
Polyphenol oxidase 

Stroganov (1947) 

Lakshmanan and 
Venkata Ram 
(1957) 

Tombesi (1949) Catalase 
Oxidases 

Ceratostomella fimbriata — Akazawa (1956) 
Phytophthora infestans Polyphenol oxidase Rubin and Axenova 

(mr) 
Phytophthora infestans Polyphenol oxidase Tomiyama et al. 

(1957) 
Cochliobolusmiyabeanus Polyphenol oxidase Asada (1957) 
Piricularia oryzae Flavoprotein enzyme Toyoda and Suzuki 

(1957) 
Puccinia carthami H.M.P. pathway Daly et al. (1957) 
Rhizopus tritici — Weimer and Harter 

(1921) 
Ceratostomella fimbriata Cytochrome oxidase Uritani and Akazawa 

Peroxidase (1955b) 
Polyphenol oxidase 

Helicobasidium mompa Polyphenol oxidase Suzuki et al. (1957) 
Erysiphe graminis — Allen (1942) 
Erysiphe graminis — Farkas and Kirdly 

(1955) 
Puccinia graminis H.M.P. pathway Shaw and Samborski 

(1957) 
Puccinia graminis Ascorbic acid oxidase Kirdly and Farkas 

(1957) 

Bacterial Pathogen 
Tomato hypocoty 1 Agrobacterium Terminal oxidase Link and Klein 

tumefaciens (1951) 
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Virus Pathogens 
Tobacco leaves Tobacco mosaic virus - Owen (1955) 
Tobacco leaves Tobacco mosaic virus Catalase Vager (1955) 

Peroxidase 
Tobacco leaves Tobacco etch virus - Owen (1957) 
Bean leaves Tobacco mosaic virus — Yamaguchi and 

Hirai (1956) 
Nicotiana gluiinosa Tobacco mosaic virus - Yamaguchi (1958) 

the respiratory rate for the same tissue of an uninoculated control plant. 
However, in the case of leaf diseases such as wheat rust, the magnitude 
of the respiratory rate is often determined by using tissues includ
ing both pathogen and infected host tissue, because it is difficult to 
separate the uninfected from the infected region. The experiments of 
several workers have shown that the enhancement of the respiratory rate 
of infected plants can be attributed in part to an independent phenom
enon exhibited by host tissue, rather than being due solely to the 
respiration of the invading microorganism. 

In recent years, biochemical investigations of this interesting phenom
enon have increasingly received the attention of researchers. Before 
describing these, it would be valuable to have a general picture from a 
biochemical point of view of the mechanisms controlling respiration. An 
excellent review dealing with this subject appeared recently (Laties, 
1957). In this article, the author discussed the biochemical principle of 
the control of rate of respiration, and also tried to interpret several exam
ples of respiratory increase observed in plant tissue by means of a control 
mechanism. There exist many factors which control the respiratory 
metabolism of the living cell. They are, for example, concentration of 
enzymes, substrates, and cofactors, influence of pH, temperature, redox 
potential, effect of inhibitors; the effect of inhibitors and concentrations 
of enzymes, substrates, and cofactors will be covered in this section. 
However, since specific reports are lacking regarding the rest of the 
topics, they will not be discussed here. 

It is believed that the over-all rate of respiration of living organisms 
is governed by the concentrations of the "pace-makers" in tissue. Recent 
biochemical studies have shown that these "pace-makers" are the concen
trations of ADP and Pi (Laties, 1957; Krebs and Kornberg, 1957). This 
mechanism will be considered as follows: in the steps of the phosphory
lation reaction accompanying the respiratory chain oxidation of DPNH, 
3 moles of ATP are generated. Although there is no complete agreement 
regarding the sites of ATP synthesis from ADP and Pi in the respiratory 
chain, present knowledge concerning this point will be shown diagram-
matically in Fig. 1. Since oxidative and phosphorylative reactions are not 
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separable but closely connected to each other, continuous flow or supply 
of ADP and Pi is a prerequisite for the smooth progress of respiration. 
Oxidative phosphorylation without continual use of the synthesized high 
energy phosphate may result in a shortage of phosphate acceptor (ADP) 
and an eventual standstill of respiration will occur. As would be ex
pected, this situation may be overcome by the regeneration or further 
addition of phosphate acceptor (Lardy, 1952). There is some difficulty 
in obtaining conclusive evidence that this mechanism is actually func
tioning in intact tissue; however, based on experiments using a cell-free 
system, this is presumed to be the case. An intimate relationship between 
the concentration of phosphate acceptor and the rate of respiration was 
first clearly established by experiments using rat liver mitochondria 
(Lardy and Wellman, 1952; Siekevitz and Potter, 1953); thereafter, sev
eral workers using different materials have carried out the same sort of 

ATP ATP ADP+Pi 
A t I 

A0P+Pi ADP* Pi ATP 
FIG. 1. Sites of ATP synthesis from ADP and Pi in the respiratory chain oxida

tion (Modified from Chance and Williams, 1956). 

experiment with a similar result. Now, provided the turnover rate of the 
ATP breakdown reaction—resulting in the generation of ADP—will 
regulate the rate of oxygen uptake in tissue respiration both in vivo and 
in vitro, any system accelerating the breakdown of ATP will increase 
the rate of respiration. There are several reaction sequences which will 

ATP + R -» ADP + R-P (R: phosphate acceptor) 
utilize and/or break down ATP. Therefore, our primary interest is to 
look into the exact mechanisms of these ATP-utilizing reactions in 
infected plants. 

However, the fact should be emphasized that, in some cases, concen
trations of enzymes and substrates can influence the over-all rate of 
respiration. For instance, a shortage of carbohydrate will suppress the 
respiratory oxidation when the infected host tissue is seriously degen
erated. Another example is the case in which synthesis of respiratory 
enzymes increases the rate of cellular respiration. 
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B. Respiratory Increase of Diseased Plants 

The increase in the respiratory rate of higher plant tissues infected 
with various parasites has been summarized in Table I. Additional data 
are presented in earlier papers by Sempio (1950) and Allen (1953) . 
Their data are based on measurements of respiration and photosynthesis 
which were carried out using various infected plants and the generaliza
tion was made that the respiratory increase is a characteristic feature of 
host metabolism. On the contrary, recent work has been much more con
cerned with the elucidation of the mechanism of the respiratory increase, 
and is somewhat more biochemical and enzymatic in nature. These newer 
observations have been selected in Table I. 

Research on the respiratory increase of wheat leaves infected with 
powdery mildew (Erysiphe graminis) comprised one of the earliest re
ports (Allen, 1942). Allen (1953) implied that the respiratory increase 
of the rusted wheat leaves could be caused by the action of a phyto
pathogenic toxin which uncouples the oxidative phosphorylation of the 
host tissue. His excellent article is, so to speak, a milestone in recent 
biochemical and physiological studies on the respiratory increase in host 
tissue, and evidently has stimulated many later workers. Some workers 
have carried out their work to confirm Allen's thought, while others 
have developed their work starting from his hypothesis. It was then 
proposed that the active metabolism in the host leading to an increase 
in the turnover rate of ATP breakdown might also cause the respiratory 
increase. In his second article, Allen (1954) also extended his idea and 
suggested that the synthetic processes, accelerated in plants when in
fected with obligate parasites, may cause the augmented respiration. He 
did not obtain firm experimental evidence to prove his first hypothesis, 
but came to this conclusion based on an analysis of Sempio's work 
(Sempio, 1950). As will be shown, the proposed action of a toxin is like 
that of DNP which by its uncoupling action will accelerate the break
down of ATP in host tissue. Consequently, respiratory increase may 
result. Millerd and Scott (1955, 1956) published two papers concerning 
the changes in the respiratory rate observed in barley leaves infected 
with powdery mildew caused by Erysiphe graminis. They prepared a 
crude extract from the infected barley leaves and observed a slight 
respiratory increase in noninfected leaves when the extract was added. 
Partially purified extracts also showed a similar effect. Subsequent 
attempts to obtain evidence of toxin production in rusted wheat and 
rusted safHower have been unsuccessful (Farkas and Kiraly, 1955; Daly 
and Sayre, 1957). However, the Hungarian group has just obtained 
experimental data to support the original hypothesis of a toxin mecha-



356 IKUZO URITANI AND TAKASHI AKAZAWA 

nism proposed by Allen. That is, in the leaf tissues of the rust-infected 
wheat, acid-soluble organic phosphate decreased, concomitant with an 
increase in Pi (Pozsar and Kiraly, 1958). 

One can consider many possibilities for the biochemical action of a 
phytopathogenic toxin, of which uncoupling would be just one. Let us 
consider some other aspects of toxin effect in relation to host respiration. 
The following are examples of toxins or toxin containing extracts which 
have been isolated from the culture media of pathogens and/or from 
infected plants. Evaluation of their pathological relation should be made 
very carefully, as mentioned by several authors, since phytopathogenic 
toxins isolated from the cultural filtrates of pathogens have not always 
been found in infected plants (Dimond and Waggoner, 1953; Scheffer 
and Walker, 1954). 

The recent work of Wheeler et al. (1958) on the mode of action of a 
toxin—victorin—produced by Helminthosporium victoriae is of extreme 
interest. These workers examined the effect of victorin on the respiration 
of tissues of oat varieties. Treatment of root, shoot, or leaf tissues of 
intact seedlings with victorin resulted in twofold to fivefold increases in 
the rate of respiration. This response of the plant was detectable after 
2 hours and it reached a maximum after 4 to 10 hours. With susceptible 
oat varieties, victorin caused a respiratory increase 2 to 3 times greater 
than that caused by DNP. The important fact, however, is that victorin 
had no effect on the respiration of oat varieties not susceptible to Helmin
thosporium victoriae, whereas DNP affected both types of varieties. An
other interesting observation is that homogenates of tissues treated with 
victorin showed threefold to fourfold increases in the rate of oxidation of 
ascorbic acid but no corresponding increases in activities of the cyto
chrome or pholyphenol oxidase systems. It appears that the effect of 
victorin is not due to the uncoupling action but is more complicated. 

Tamari and his group studied the rice plant disease caused by 
Firicularia oryzae and succeeded in isolating two toxins from both the 
culture medium and severely injured plant tissue (Tamari, 1955). One 
of them, α-picolinic acid, has a chemical structure similar to that of fusaric 
acid; the second substance found was named piricularin. Fusaric acid 
was first isolated from the culture medium of Gibberella fujikuroi and 
identified by Yabuta and his co-workers (1934) . Both α-picolinic acid and 
fusaric acid inhibit porphyrin-containing enzymes by a chelating action 
(Tamari and Kaji, 1953). The chemical structure of piricularin has not 
been conclusively demonstrated, although it has been isolated in a 
crystalline form. From his observations on the physiological properties 
of piricularin, Tamari has stated that the mode of action of this toxin 
is as follows. Polyphenol oxidase which might function as a normal 
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terminal oxidase in the rice plant is inhibited by piricularin, because it 
forms a complex with the substrate, chlorogenic acid. Thus, the metab
olism of rice plant will consequently be damaged. Relatively high con
centrations of piricularin inhibit the respiration of the rice plant 
(1 to 4 χ 10~4 gm. per liter). However, the respiration of plants treated 
with very dilute solutions (1 X 10 β gm. per liter) of this substance shows 
an increase of 10 to 15%, presumably because of the response of the plant 
to the toxin, and not because of an uncoupling action of the toxin. As 
will be discussed in more detail later, the assumption that polyphenol 
oxidase acts as a terminal oxidase in rice plant should be considered 
with caution. 

Paquin and Way good (1957) have examined the effect of toxins of 
Fusarium oxysporum f. lycopersici on the enzymatic activity of mito
chondria in the tomato hypocotyl. At a concentration of 10~2 Μ both 
lycomarasmin and fusaric acid inhibited the activities of succinic oxidase 
and cytochrome oxidase, but the inhibition could be completely reversed 
by the addition of a catalytic amount of cytochrome c. They postulated 
that the possible effect of lycomarasmin on mitochondria may be in part 
an alteration of their structural integrity, thus leading to a diffusion of 
cytochrome c from the particles. They also discussed -these observations 
in connection with the tomato wilt symptoms caused by lycomarasmin. 
Their opinion is somewhat different from the earlier idea that lyco
marasmin destroys the selective permeability of the plasma membrane 
of the host cell (Gaumann and Jaag, 1947). Fusaric acid has already 
been shown to have an inhibitory action on the respiration of tomato 
tissue (Naef-Roth and Reusser, 1954). It appears that frequently a toxin 
can act as a respiratory inhibitor rather than as an uncoupling agent. 

Arzichowskaja (1946) isolated a crude toxin from the cultural 
medium of Botrytis cinerea and showed that the respiration of both 
infected and healthy cabbage leaves infiltrated with the toxin was aug
mented. In 1942 it was reported that substances isolated from the culture 
medium and mycelium of Gibberella saubinetii stimulated the respiration 
of potato tuber (Hellinga, 1942). The author suggested that this sub
stance was likely to be pantothenic acid. Following a similar procedure, 
Indian workers examined the influence of cultural filtrates of several 
species of Fusarium on the respiration of cotton and observed an increase 
or decrease of tissue respiration depending on the species of Fusarium 
used (Lakshmanan and Venkata Ram, 1957). Since several compounds, 
such as organic acids, amino acids, and vitamins, present in the cultural 
filtrates, have been shown to cause an increase in the respiratory rate of 
the plants, they assumed that these substances are probably playing a 
role in stimulating host respiration. In this case, however, the compounds 
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are very likely accelerating the respiratory rate by providing substrates 
for respiratory oxidation by the plant. 

As a guide for future study on the pathogenicity of microorganisms 
from the standpoint of respiratory alteration, it is worth while to refer 
to the elegant work of Pappenheimer (1954) on the diphtheria toxin. 
He studied the biosynthesis of the toxin in Corynebacterium diphtherial 
and obtained evidence that it may be a cytochrome component of this 
bacteria. From his further study on its inhibitory effect on the respiratory 
system of silkworm, it appears that the pharmacological action of the 
toxin may be attributable to a blockage of cytochrome synthesis in 
susceptible animals. According to this mechanism, the toxin would 
undoubtedly disturb the cell economy of the host either by the total 
disturbance of the respiratory pattern or by inhibiting oxidative 
phosphorylation. 

It is conceivable that some metabolic substances formed in the in
fected host tissue may have a biological action more or less similar to 
that of a toxin produced by pathogens and functioning in the respiratory 
increase of the host. This possibility has been examined in the case of 
sweet potato black rot, a disease caused by Ceratostomella fimbriata. It 
has been found that ipomeamarone, a substance produced as an abnormal 
metabolite of infected host tissue (see Fig. 7 ) , has a stimulating action 
on the respiration of sweet potato when used in low concentrations 
(30-50% increase at 4 χ 1 0 3 gm. per liter). Higher concentrations, 
on the other hand, lower the respiration of sweet potato (50% inhibi
tion at 4 χ 10 - 2 gm. per liter) (Uritani et al, 1954). Since ipomeamarone 
exerts an uncoupling action on the oxidative phosphorylation of sweet 
potato mitochondria, the nature of the respiratory increase in sweet 
potato infected with black rot fungus could be explained by means 
of an uncoupling action of ipomeamarone. However, analysis for the 
presence of ipomeamarone has shown that this substance can hardly 
be detected in the healthy portion of an infected sweet potato, a 
region where respiratory increase is observed. Therefore, it is diffi
cult to believe that the major portion of the respiratory increase is 
attributable to the uncoupling action of ipomeamarone. We would 
rather consider the action of this substance as a side effect in the 
respiratory increase. The main function of ipomeamarone in the host-
pathogen relationship may lie in its fungitoxic nature and necrotic action 
against the host. The quantity of ipomeamarone accumulating in the 
infected part of sweet potato is around 10 mg. per gram fresh weight 
in most cases (Uritani and Akazawa, 1955b). This concentration is suffi
cient to produce an inhibitory effect on both the host and the pathogen 
(Table I I ) . 
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TABLE I I 
RESPIRATION AND FORMATION OF POLYPHENOLS AND IPOMEAMARONE 

IN SWEET POTATOES INFECTED WITH Ceratostomella fimbriata.a b 

Respirationd 

Variety Resistance0 Oxygen 
uptake 
(μΐ/hr.) 

% Increase 
over 

control 

Polyphenols 
(mg./gm. 

fresh weight 
of tissue) 

Ipomeamarone 
(mg./gm. 

fresh weight 
of tissue) 

Norin No. 10 + + + 173 70 Not analyzed Not analyzed 
Norin No. 1 + + 140 87 4 .6 18.9 
Chugoku No. 5 160 60 3.9 19.8 
Nakamurasaki 144 55 4.1 14.5 
Okinawa No. 100 + + 140 118 3.2 9.4 
Kanto No. 35 + 134 56 3.6 8.9 
Kenroku + 132 142 4.7 9.4 
Suigen - 123 45 4 .3 9.8 
Norin No. 5 - 88 67 4 .4 5 .6 

a After Uritani and Akazawa (1955b). Reproduced from Kagaku. 
b Sweet potatoes were sliced (1-2 cm. thick), and some of the slice's were inoculated 

with a spore suspension of Ceratostomella fimbriata: the rest served as a control sample. 
They were subjected to further analysis. 

e The number of plus signs represents the degree of resistance of sweet potato against 
the pathogen in a decreasing order. The minus sign represents a susceptible variety. 

d After 48 hrs. inoculation of the fungus at 25°C, 20 slices, 0.5 mm. thick and 7 mm. 
in diameter each, were prepared from the healthy tissue adjacent to the infected region, 
and respiratory oxidation was measured manometrically at 30°C. Sound tissue was ob
tained from the control sample and its respiratory activity was compared with that of 
the infected one. 

Furthermore, there are two other possibilities bearing on the un
coupling type respiration in infected plants. Since activity of oxidative 
phosphorylation is closely associated with the biochemical structure of 
mitochondria, and since in some pathological circumstances plant mito
chondria might be destroyed, respiratory oxidation would not be coupled 
to phosphorylation. A second possibility is the operation of an alternative 
respiratory pathway other than the TCA cycle-cytochrome system which 
does not link to the phosphorylation reaction. Experimental findings con
cerning the activation of this system are discussed in the following sec
tion; however, its relation to oxidative phosphorylation has not been 
studied thoroughly. 

Another explanation for the mechanism of respiratory increase may 
be found in the active metabolism accelerating the ATP-utilizing reac
tions of host tissue, as suggested by several authors (Allen, 1954; Aka
zawa and Uritani, 1955; Tomiyama and Takase, 1956; Suzuki et ah, 
1957). Many anabolic processes requiring energy undoubtedly accelerate 
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ATP breakdown and consequently increase the respiratory rate. In sup
port of the above mechanism, many characteristic features indicating 
activation of the metabolism of the host have been reported such as (1 ) 
accumulation, mobilization, and synthesis of phosphorus and carbon com
pounds, (2 ) growth of the host tissue, (3 ) synthesis of proteins includ
ing activation of enzymes and enzyme systems, and (4) increase in 
protoplasmic work, such as protoplasmic streaming (cyclosis). The 
over-all picture of these events is diagrammatically shown in Fig. 2. 

ATP-generating system 

Glucose (C6Hi206) 
+ 6 0 2 

1) Glycolytic-TCA cycle 

2) Hexosemonophosphate 
pathway-TCA cycle 

6C0 2 + 6H 20 

structure 

ATP-utilizing system 
A ^ 

Synthesis of proteins. 
Activations of enzymes. 
Synthesis of organic phosphate 

compounds. 

Synthesis of polyphenols and 
other compounds. 

Accumulation and mobilization 
of compounds. 

Cell growth (hypertrophy). 

Formation of cork layer. 

Cellular work (Increase in pro
toplasmic streaming and per
meability. Decrease in vis
cosity) . 

Uncoupling of oxidation in 
^ oxidative phosphorylation. 

FIG. 2. Relationship between respiratory increase and ATP-utilizing systems in 
infected plants. 

The first case has probably been studied most extensively and many 
articles on this subject using radioisotopic techniques have been pub
lished. Several workers have observed the accumulation of P 3 2 in the 
wheat leaves infected with rust (Gottlieb and Garner, 1946; Yarwood 
and Jacobson, 1955). Yarwood and Jacobson (1950) have also reported 
selective absorption of S 3 5 by the infected leaves. Recently, this problem 
has been investigated by Canadian workers on a large scale (Shaw 
et al, 1954; Shaw and Samborski, 1956). They have examined the assimi
lation of C 1 4 0 2 , the uptake and the distribution of P 3 2 and other radio
active organic substances—including carbohydrates, organic acids, and 
amino acids around the spots on the cereal leaves infected with rust 
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and mildew. The accumulation of glueose-l-C14 occurs in the host tissue 
at the site of the fungus colonies and parallels the increase of respiration. 
Interestingly, the accumulation was not observed in the tissue of the host 
killed by the pathogens. This accumulation was also inhibited by anaero
biosis and by some phosphorylative and respiratory inhibitors like DNP, 
azide, or H2S. The authors came to the conclusion that the accumulation 
and mobilization of carbohydrates and organic and amino acids under 
pathological conditions are active processes closely connected with the 
respiration of the host. Net synthesis of organic phosphorus compounds 
has been observed in sweet potato infected with either Ceratostomella 
fimbriata or Helicobasidium mompa (Akazawa and Uritani, 1955; Suzuki 
et al, 1957). 

The work of Daly and Sayre (1957) is of interest for the discussion 
of case number 2. They have studied the relationship between cellular 
growth of the host and the increase in the respiratory rate of safflower 
infected with Puccinia carihami. During the vegetative development of 
the pathogen, the diseased hypocotyl elongated approximately twice as 
rapidly as did the healthy hypocotyl and showed a greater absolute 
length and weight with a concomitant doubling in the host respiration. 
They concluded that the abnormal growth of the rusted host demands 
energy, thus accelerating ATP breakdown and eventually enhancing the 
respiratory rate of the host. This assumption eliminates the need for an 
uncoupling mechanism by a toxin. Accordingly, they failed to get evi
dence of toxin production. These authors emphasized the importance of 
study on the hormonal control of both the growth and the respiratory 
metabolism of the host. A recent study on the physiology of host-
pathogen relationships using rusted wheat deserves detailed description 
(Samborski and Shaw, 1956). A few of their experimental results are 
shown in Figs. 3 and 4. In the case of susceptible species (Little Club) , 
but not of resistant species (Khapli), of wheat infected with rust, hyper
trophy was observed with a respiratory increase indicating the unbal
anced elongation of the host cells under pathogenic infection. Perhaps we 
can invoke a mechanism similar to that of Daly and Sayre for a possible 
explanation of the respiratory increase in rusted wheat. Localized 
hypertrophy is frequently observed in hosts infected by obligate parasites 
(Yarwood and Cohen, 1951). 

There are several reports on protein synthesis and on the activation 
of enzyme systems in infected plants and we would like to discuss here 
the former subject in relation to case number 3. In sweet potato infected 
with Ceratostomella fimbriata, Akazawa and Uritani (1955) have ob
served the apparent synthesis of proteinous nitrogen with a concomitant 
increase in respiration. Tomiyama and his associates (1955, 1956) have 
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also demonstrated the fact that in potato tissue infected by Phytophthora 
infestans, SL notable increase in water-soluble protein occurs. A similar 
result has been reported in sweet potato infected with Helicobasidium 
mompa (Suzuki et ah, 1957). Activation of enzymes and/or enzyme 
systems to be discussed later also demands energy, consequently, respira
tory rate may increase. 

V 4 8 12 4 8 12 
DAYS 

FIG. 3. The change in dry weight after rust infection of the first leaves of 
Little Club (LC) and Khapli (K) wheat species. Ordinate: dry weight of 60 leaf-
discs (diameter 2.8 mm.) as a percentage of the weight of discs cut from uninfected 
leaves. Abscissa: days after inoculations. Each symbol represents a different experi
ment. (After Samborski and Shaw (1956), Reproduced from Canadian Journal of 
Botany). 

Recent biochemical knowledge regarding the climacteric respiratory 
increase of fruits is pertinent to this problem. It has been generally 
observed that the respiratory rate of fruit tissue gradually increases in 
its ripening process and reaches its maximum value just before complete 
ripening. Analysis of nitrogenous compounds in parallel with determina-
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tions of the respiratory rate have been carried out during apple ripening 
(Robertson and Pearson, 1954; Hulme, 1955). Both groups have demon
strated the pronounced increase of protein content in fruit at the onset 
of the respiratory climacteric. Robertson's group has also noticed a 
slight response of tissue respiration to DNP at the climacteric stage. 
Their conclusion is that the climacteric respiratory increase is caused by 

FIG. 4. The change in respiration after rust infection of the first leaves of 
Little Club (LC) and Khapli (K) wheat species. Ordinate: oxygen consumption per 
10 mg. dry weight per hour as a percentage of the value for uninfected leaves. 
Abscissa: days after inoculation. Symbols: as for Fig. 3. (After Samborski and 
Shaw (1956) . Reproduced from Canadian Journal of Botany). 

a net synthesis of protein requiring energy and that this accelerates the 
turnover rate of ATP breakdown. This hypothesis is in striking contrast 
to that of an uncoupling one for the climacteric rise of avocado proposed 
by Millerd e t a l (1955) . 

As to case number 4, all protoplasmic work demands energy. In
creases in protoplasmic streaming and permeability and viscosity de
creases which have been observed in infected plants may play a part in 
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the respiratory increase (Thatcher, 1942, 1943; Allen, 1953; Tomiyama, 
1954, 1955a; Greenham and Miiller, 1956). Tomiyama observed (by 
means of a microscopic technique) an increase in the protoplasmic 
streaming of the midrib cells of potato when the plant is infected by 
Phytophthora infestans. 

To correlate the above mentioned metabolic events with the present 
hypothesis that respiratory increase is caused by a higher turnover rate 
of reactions utilizing ATP, we have to ascertain the concentrations of 
ADP and Pi and/or determine the A T P : A D P ratio in infected plant 
tissue as well as clarify the augmented activity of the ATP-utilizing sys
tems of the host. Since ATP and ADP are probably existing in steady 
state concentrations, the ratio A T P : ADP will be altered in response to 
an environmental change. It will be necessary to determine this ratio 
cautiously and the following two technical points should be kept in 
mind: (1 ) the analytical methods for determining absolute amounts of 
ATP and ADP are not very sensitive, and (2 ) there has not been any 
appropriate procedure for stopping instantaneously the metabolism of 
plant tissue. In order to substantiate the enhanced activity of ATP-
utilizing systems, the following projects would be of great value: (1 ) 
elucidation of the intermediary metabolism of phosphorus using P 3 2, 
(2 ) clarification of the nature of synthesized protein, and (3 ) demon
stration of the biochemical nature of cellular work. The experiments 
conducted by Loughman and Martin (1957) and Loughman and Russel 
(1957) are germane for the discussion of ( 1 ) . The incorporation of P 3 2 

into various organic phosphorus compounds in intact barley roots was 
investigated by using paper chromatography and a sensitive recording 
counter. After short periods of phosphate absorption, an intensive uptake 
of P 3 2 into the acid soluble phosphorus fraction which contains nucleo
tides was observed. This process was inhibited by DNP. There were 
differences in the distribution of phosphorus into the various fractions 
depending on the concentration of P 3 2 supplied, but eventually they 
showed the status of phosphate metabolism of the plant tissue in the 
steady state condition. Application of this procedure would be of great 
help in elucidating the phosphate metabolism of infected plant tissue in 
conjunction with the respiratory increase. 

Demonstrating an effect on respiration due to DNP is very frequently 
used to show that the phosphorylative reaction is the limiting "pace
maker" in tissue respiration (Beevers, 1953). Exogenous addition of DNP 
to tissue will cause an extra output of respiratory oxygen, depending on 
the velocity of ATP-utilizing reactions in the cells being studied. Akazawa 
and Uritani (1955) have surveyed the DNP effect on the respiration of 
the sweet potato infected with Ceratostomella fimbriata and compared 
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the magnitude of respiratory increase with that of uninfected plants. Two 
to four days after inoculation, when the respiratory increase showed a 
maximum value, the percentage increase of respiration due to DNP 
addition was considerably smaller than in the healthy control tissue. At 
a later stage, when the respiratory increase of the infected tissue de
clined, the DNP effect was almost the same as that in control tissue. 
Other workers using wheat seedlings infected with rust have observed 
a decreased respiratory rate in the DNP treated tissues in comparison 
with a positive DNP response in the healthy tissue (Kiraly and Farkas, 
1956). In the case of the rusted wheat studied by Shaw and Samborski 
(1957) , a decreased percentage response to DNP was found in the 
infected tissue, although the actual response was the same with both 
infected and uninfected tissues. However, it should be emphasized that 
a weak response of host respiration to added DNP per se does not dis
tinguish between the two alternative mechanisms of a rapid breakdown 
of ATP in cells either by (a ) an uncoupling phenomenon or by ( b ) 
active metabolism which we are discussing now. 

C. The Inhibition of the Pasteur Effect 

In the physiological study on the rusted wheat leaves, Sempio (1950) 
noticed the Pasteur effect abolishment which concomitantly occurred 
with the respiratory increase. As described before, Allen (1953) analyzed 
Sempio's data and proposed a mechanism for the respiratory increase 
by means of a Pasteur effect inhibition. 

Generally, the Pasteur effect is defined as the inhibition of fermenta
tion in living organisms under aerobic conditions. It seems reasonable to 
extend the definition of this phenomenon to include reduction of carbo
hydrate breakdown under aerobic conditions with slight formation of a 
fermentative product like ethanol or lactic acid. Therefore, the abolition 
of the Pasteur effect will be considered to be a release of the suppression 
of aerobic carbohydrate breakdown as compared to the anaerobic one. 
Many hypotheses have been proposed to interpret the Pasteur effect 
(Dickens, 1951). According to Johnson (1941) and Lynen and Konigs-
berger (1951) , the Pasteur effect would be interpreted as follows: due 
to the effective operation of oxidative phosphorylation more ATP is made 
available via the aerobic breakdown of carbohydrate than is formed 
under anaerobic conditions. This results in a decrease in the concentra
tions of ADP and Pi which influences the activity of the glyceraldehyde 
dehydrogenase system requiring ADP, Pi, and DPN. This enzyme is 
believed to be one "pace-maker" of glycolysis and a decrease in the 
activity of this enzyme system will subsequently decrease the rate of 
operation of the glycolytic pathway. The finding that uncoupling agents 
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such as DNP and p-nitrophenol inhibit the Pasteur effect supports the 
hypothesized mechanism of Johnson and Lynen. Australian workers ob
tained favorable data that the Pasteur effect in plant tissue can be 
regulated by the concentrations of the phosphate acceptor system 
(Rowan et al., 1956). Provided this mechanism operates in vivo un
equivocally, the Pasteur effect will be inhibited by any metabolic event 
which will increase the concentrations of ADP and Pi, either by the 
uncoupling or by the increased rate of cellular reactions requiring ATP. 
This is, therefore, very closely connected with the mechanism of increase 
in the respiratory rate. 

Allen's idea is that some toxins secreted by the pathogens might 
cause the abolishment of the Pasteur effect by their uncoupling action, 
subsequently increasing the respiratory rate. Farkas and Kiraly (1955) 
have proposed that the inhibition of the Pasteur effect is probably related 
to the respiratory increase in wheat leaves infected with rust and mildew. 
In this case, they assumed that it might be inhibited by the uncoupling 
mechanism, but were unsuccessful in attempting to isolate a phyto
pathogenic toxin. Similarly, Japanese workers have shown that the abol
ishment of the Pasteur effect in sweet potato (especially in the case of 
a susceptible variety) infected with Helicobasidium mompa is associated 
with a respiratory increase (Suzuki et al., 1957). American workers 
have obtained similar experimental evidence for an inhibition of the 
Pasteur effect in rust infection of safHower hypocotyl (Daly and Sayre, 
1957; Daly et al., 1957). The Canadian group has also noticed a marked 
reduction or perhaps absence of the Pasteur effect concomitant with the 
stimulated respiratory rate of rusted wheat (Shaw and Samborski, 
1957). 

In the field of plant physiology very often a ratio of anaerobic to 
aerobic carbon dioxide output 

Qco2
: Qcb2 

larger than 0.33 is considered to indicate the existence of the Pasteur 
effect in the organ or tissue examined (Turner, 1951; James, 1953a). In 
both American and Canadian reports, the ratios of the infected rusted 
plant tissues fell after inoculation to below 0.3 at the final stage of the 
infection as compared to those for uninfected plants which do not decrease 
markedly from a value of 0.5 to 0.6. There was no increased anaerobic 
carbon dioxide formation accompanying the pathogenically increased 
aerobic carbon dioxide formation. From these observations, they assumed 
the predominant participation of the H.M.P. pathway in the respiratory 
pattern of infected plants and obtained supporting experimental evi
dences as described in the next section. The predominant participation 



ALTERATION O F T H E RESPIRATORY PATTERN 367 

of this pathway in the infected plant tissue would reduce the numerical 
figure of 

Γ|Ν2 . n ° 2 
Wco2 · Vco2 

and may explain the abolition of the Pasteur effect. 
It has been shown recently that the Pasteur effect occurs when mito

chondrial preparations exist together with a glycolytic system (Aisen-
berg and Potter, 1957; Aisenberg et at, 1957). The data of these 
workers suggest that suppression of the carbohydrate breakdown might 
not be regulated by the concentrations of ADP and Pi, but by some 
unstable system existing in a steady state form in the oxidized mito
chondria. This system may be inhibiting hexokinase or phosphofructo-
kinase. Providing this mechanism operates in vivo, carbohydrate break
down could be regulated by "oxidized mitochondria" rather than by the 
concentration of ADP in living organisms. This hypothesis is reminiscent 
of the theory of Engel'hardt and Sakov (1943) on the mechanism of the 
Pasteur effect, which was proposed 15 years ago. According to these 
workers, phosphofructokinase is very sensitive to oxidizing agents gen
erated in respiratory oxidation. It would be interesting to investigate in 
diseased plants the mechanism of abolition of the Pasteur effect in terms 
of these theories. 

None of these hypotheses can thoroughly explain abolition of the 
Pasteur effect in diseased plants. In addition to the determination of the 

Qc62
: Qcb2 

ratio, more detailed analytical data are necessary before the phytopatho-
logical role of the Pasteur effect can be fully understood, e.g., the con
sumption of the carbon source and formation of fermentation products. 

D. Activation of Enzyme Systems 

Probably, the concentration of enzymes and their substrates is affect
ing the over-all rate of respiration. Many experiments have been pub
lished dealing with the activation or alteration of respiratory enzymes 
with particular reference to terminal oxidases in infected plants. Fre
quently, some specific substances such as polyphenols or ascorbic acid 
have also been found to accumulate in infected host plants. From these 
observations, we are inclined to assume that these anomalous metabolic 
events may somehow be concerned with the mechanism of respiratory 
increase. First we would like to discuss some general aspects of terminal 
oxidases in plants. 

What constitutes the normal terminal respiratory oxidase in higher 
plants is still debated. It is generally believed, however, that the terminal 
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electron transport system of living organisms, including plants, is medi
ated by the cytochrome system. Polyphenol oxidase, ascorbic acid oxidase, 
and some other soluble oxidases are said to function in the respiratory 
pattern of certain plant organs at a specific stage of their development. 
Mostly, such claims rest on (1 ) experimental results using specific inhib
itors of respiratory oxidation on homogenates or tissues, or (2 ) failure to 
demonstrate cytochrome oxidase activity in the plant systems examined. 
Since the evaluation of these techniques has been discussed by several 
authors (James, 1953a, b ; Hill and Hartree, 1953; Bonner, 1957), a de
tailed description is omitted and basic points will be emphasized. At the 
present time there are two appropriate methods available for distin
guishing between cytochrome oxidase and the copper enzymes (e.g., 
ascorbic acid oxidase and polyphenol oxidase); either by testing the 
photoreversibility of carbon monoxide inhibition of each enzyme, or by 
examining the potentiality of oxidative activity under various tensions of 
oxygen. In the first method, carbon monoxide inhibition of cytochrome 
oxidase is completely reversed by light whereas with copper enzymes it 
is not. ( It has been occasionally reported that carbon monoxide does not 
inhibit ascorbic acid oxidase.) In this case, transparency of tissue to light 
should be carefully checked. As to the second method, the affinity of 
cytochrome oxidase for oxygen is very high—that is, it functions normally 
even at low oxygen tension. On the other hand, copper enzymes have a 
low affinity for oxygen. Here the factor of the rate of oxygen diffusion 
should be kept in mind, and low activity of tissue respiration under low 
oxygen tension per se does not necessarily indicate the functioning of a 
copper enzyme. By using the above techniques, Thimann's group has 
clearly shown the sole function of cytochrome oxidase in the respiration 
of the pea internode (Eichenberger and Thimann, 1957), although ascor
bic acid oxidase activity is very high in this tissue. This result is in 
striking contrast to the developmental study of barley roots, in which 
ascorbic acid oxidase has been reported to progressively replace cyto
chrome oxidase during the first 7 days of root development (James and 
Boutler, 1955). 

There have been many reports concerned with the activation of 
copper-containing enzymes in infected plant tissues (polyphenol oxidase 
and ascorbic acid oxidase), but unfortunately, none of them has been 
performed by carefully considering the above problems. A few examples 
cited hereafter will be of some value for further discussion. Kiraly and 
Farkas (1957) have examined the respiratory alteration of the wheat 
seedlings infected with stem rust, and from experimental results using 
specific substrates and inhibitors have come to the conclusion that the 
respiratory pattern of the plants shifts drastically to an ascorbic acid 
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oxidase system shortly after the infection. Although this is an interesting 
observation, more detailed information will be necessary before a final 
conclusion can be reached. Uritani and Iechika (1953) have shown the 
accumulation of large amounts of ascorbic acid in sweet potato tissue 
infected by Ceratostomella fimbriata. Bee vers (1954) has observed the 
oxidation of DPNH via an ascorbic acid oxidase system in cucumber; a 
survey of this system would be interesting in connection with the above 
findings. 

In the case of sweet potato infected with the black rot fungus, activa
tion of cytochrome oxidase has been confirmed in cell-free systems (Uri
tani and Akazawa, 1953). However, from the experimental results of 
carbon monoxide inhibition and its photoreversibility in the respiration 
of the infected sweet potato, a part of the terminal oxidase appears likely 
to be mediated by a noncytochrome system such as polyphenol oxidase 
(Uritani et al., 1955). Since there is a possibility that the infected sweet 
potato slices are not transparent enough to light, this is not a conclusive 
result. Polyphenol oxidase is a widely occurring oxidase in the plant 
kingdom, and its activity is particularly augmented under pathological 
conditions. Rubin's group in Russia put forward the idea of an alteration 
and activation of specific respiratory enzymes from their extensive work 
on the physiology of host-pathogen relationship. One example is that 
potatoes infected with Phytophthora infestans show a considerable in
crease in the activity of polyphenol oxidase and the amount of poly
phenols (Rubin et al., 1947; Rubin and Axenova, 1957). They feel that 
this oxidase plays a significant role in the respiratory pattern of the dis
eased plant and in the immunity of the plant (Rubin et al., 1955). 
Another example is the study of cabbage infected by Botrytis cinerea, 
in which the enhancement of peroxidase activity was observed in strik
ing contrast to the complete impairment of other respiratory systems 
such as cytochrome oxidase and ascorbic acid oxidase (Rubin and Chet-
verikova, 1955). An interesting fact is that a similar metabolic disturb
ance can be induced by the Botrytis toxin obtained from culture in fil
trates. From these observations, it was proposed that either Botrytis 
infection of cabbage or the toxin per se might switch the respiratory 
pattern of the host to a flavoprotein system, which will produce hydrogen 
peroxide by the oxidation of the substrate. The hydrogen peroxide pro
duced by the operation of the new pathway is presumably broken down 
and removed by means of peroxidase. Both the role of the flavoprotein 
enzyme and the function of peroxidase in the terminal respiratory pattern 
of cabbage are totally unknown at the present time. Rubin himself does 
not as yet have any experimental evidence that a flavoprotein enzyme 
is actually activated and is functioning in the Botrytis-infected cabbage. 
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This attractive hypothesis must, therefore, be proven by future study. 
Activation of a flavoprotein enzyme in rice plants (in the case of a 
susceptible variety) infected by Piricularia oryzae has been reported 
by Toyoda and Suzuki (1957) . 

In conclusion, the authors' opinion is that there have not been any 
thorough supporting data for the participation of a noncytochrome 
system (polyphenol oxidase, ascorbic acid oxidase, peroxidase, or flavo
protein) in the pathogenically induced respiratory increase of plant tis
sue. It is highly desirable to get more data on this problem. At the same 
time, it is important to clarify the activation of enzymes or enzyme sys
tems other than terminal oxidases, for example, those of the TCA cycle, 
and the glycolytic and the H.M.P. pathways. 

III . T H E H E X O S E MONOPHOSPHATE P A T H W A Y 

During the course of study on respiratory increase, experimental 
evidence accumulated which pointed to the operation of a new pathway, 
the H.M.P. pathway, in the respiratory pattern of infected plants. For 
instance, the following characteristic features were noticed in the respira
tion and carbohydrate metabolism of infected plant tissue: (1 ) insensi-
tivity of tissue respiration to malonate, a competitive inhibitor of 
succinic dehydrogenase, thus ruling out the stimulation of operation 
of the TCA cycle (Farkas and Kiraly, 1955; Heitefuss, 1957); (2 ) a 
relatively weak response of increased respiration to NaF, the mag
nitude of NaF sensitive respiration being the same between infected 
and uninfected plant tissues, which may indicate the participation of 
a nonglycolytic pathway in the augmented respiration (Daly et al., 
1957); and (3 ) a remarkably low value for the ratio in infected tissue, 

Qco2: Qcb2 

indicating the apparent absence of a Pasteur effect (Shaw and Sam
borski, 1957; Daly and Sayre, 1957). However, the magnitude of an
aerobic C 0 2 evolution remains approximately the same between infected 
and uninfected tissues as has already been discussed in C of the 
previous section. 

Both American and Canadian workers succeeded independently in 
obtaining evidence for the operation of the H.M.P. pathway in rusted 
safflower and rusted wheat or mildewed barley (Daly et al., 1957; Shaw 
and Samborski, 1957). Noticeable evolution of C 1 4 0 2 from glucose-l-C14 

by rusted wheat leaves had been already demonstrated by the latter 
group (Shaw and Samborski, 1956). Measurement of the so-called 
C-6: C-l ratio by both groups showed the predominant participation of 
the H.M.P. pathway in the infected plant tissues. Here it would be help-
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ful to describe the general sequence of the H.M.P. pathway which is 
diagrammatically shown in Fig. 5 together with the glycolytic pathway 
(Krebs and Kornberg, 1957). 

In the first step of the H.M.P. pathway, glucose-6-phosphate is dehy-
drogenated in the presence of TPN by Zwischenferment or glucose-6-
phosphate dehydrogenase, and 6-phosphoglucono-δ-lactone is formed. 
In the following step, 6-phosphogluconate, which is formed from the 
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Sum. 
1 Glucose 6-P + 2 DPN+ + 3 ADP + 3 Pi 
-> 2 Pyruvate + 2 DPNII + 2 11+ + 3 ATP 

Sum. 
3 Glucose 6-P + 6 TPN+ -> 
3 C 0 2 + 1 Glyceraldehyde 3-P + 6 TPNII 
+ 6 H+ + 2 Glucose 6-P 

FIG. 5. The glycolytic and hexose-monophosphate pathways. 

phosphoglucono-lactone by the action of lactonase, is decarboxylated 
oxidatively also in the presence of TPN to give a pentose phosphate. 
Eventually this pathway ends up by either forming phosphoglyceralde-
hyde, which is metabolized via the glycolytic pathway, or by condensing 
two moles of triose phosphate to regenerate a hexose phosphate which 
can re-enter the H.M.P. pathway. As would be expected, if glucose is 
catabolized via the glycolytic pathway, C 0 2 initially comes off equally 
from position C-3 and C-4 of the glucose molecule, and lastly from C-l 
and C-6 again with equal activity. On the contrary, if glucose is oxidized 
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via the H.M.P. pathway, the C-l position will contribute most to the 
evolved C 0 2 and C-6 the weakest during short term experiments. There
fore, if we feed the same amount of glucose-6-C14 and glucose-l-C14 to 
a tissue and determine the ratio of evolved radioactive C 0 2 in each 
case (C-6 : C - l ) , it will show the magnitude of relative participation of 
the glycolytic and the H.M.P. pathways. This procedure was originally 
introduced by Bloom and Stetten (1955) and later widely applied in 
investigating the carbohydrate catabolism and the respiratory pattern 
of various organisms (Beevers and Gibbs, 1954a, b ; Axerlod and Beevers, 
1956). The C-6: C-l ratio equaling 1.0 indicates the sole participation of 
the glycolytic pathway in tissue and a ratio smaller than 1.0 may indicate 
the operation of the H.M.P. pathway. Numerically, the percentage par
ticipation of the H.M.P. pathway or the glycolytic pathway can be calcu
lated by various ways. Shaw and Samborski (1957) calculated the frac
tion of glucose catabolism via the glycolytic pathway according to the 
following equation ( A ) , based on the fact that C-l and C-6 carbon 
atoms come off last when glucose is oxidized 

^ _ c.p.m. from UL—(c.p.m. from C-l—c.p.m. from C-6) 
c.p.m. from UL 

(c.p.m. from UL, C-l and C-6 denote the radiochemical yield of C I 4 0 2 

from the fed substrates of uniformly labeled glucose, glucose-l-C1 4, and 
glucose-6-C14 respectively) by the glycolytic pathway. Korkes (1956) 
estimated the percentage participation of the H.M.P. pathway and the 
glycolytic pathway, respectively, according to the following equations 
(S and G ) , G being between C-6: C-l and A. 

e = 1 - R c 6fl 
1 + 5R' 1 + 5R 

(S = fraction of C 0 2 via the H.M.P. pathway. G = fraction of C 0 2 via 
the glycolytic pathway. R = C-6 : C-l . ) 

The data of Daly and his associates show that the C-6: C-l ratio of 
healthy safHower is around 0.6, but in the rust infected plants it decreases 
gradually to below 0.2 at the later stages of infection (Daly et al., 1957). 
This suggests that a striking replacement of respiratory pattern from the 
glycolytic pathway to the H.M.P. pathway may be evoked in the saf-
flower hypocotyl by the rust infection. However, there is a possibility 
that such a change in the respiratory pattern could be due to an increase 
in the amount of the mycelium of the parasite, respiring through the 
H.M.P. pathway. Interestingly enough, DNP does not reduce the 
C-6: C-l ratio of the uninfected tissue. Also, the DNP induced respira
tion is NaF sensitive. Since glycolysis is selectively inhibited by NaF, 
the nature of the pathogenically increased respiration is substantially 
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different from that of the DNP induced one. The experimental results 
of the Canadian workers are more or less the same. The C-6 : C-l ratio 
of the rusted wheat dropped to around 0.1-0.3 as compared to 0.5-0.6 
of the uninfected wheat leaves (Shaw and Samborski, 1957). As shown 
in Fig. 6, they have clearly established the positive relationship between 
the magnitude of respiratory increase and the percentage participation 
of the H.M.P. pathway in rusted wheat and have shown an increase of 
the C-6: C-l ratio in both the uninfected and the infected plant tissues 

RESPIRATION '% 

FIG. 6. The correlation between the C-6 : C-l ratio and oxygen uptake for 
rust-infected first leaves of Little Club and Khapli. Ordinate: C-6 : C-l ratio as a 
percentage of the value for uninfected controls. Abscissa: oxygen uptake as a per
centage of the value for uninfected controls. Symbols: φ rusted Little Club 
Ο rusted Khapli. (After Shaw and Samborski (1957) . Reproduced from Canadian 
Journal of Botany). 

due to DNP addition. Applying the above described equations, different 
pictures of the contribution of the glycolytic or H.M.P. pathway in the 
rusted safHower and wheat can be obtained, but in every case they 
substantiate the role of the H.M.P. pathway in the respiration of infected 
plants. These observations have not only explained the marked output 
of C 0 2 by aerobic glucose breakdown, but also may give a new approach 
for the elucidation of carbohydrate metabolism and the respiratory pat
tern of infected plants. 
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We would now like to discuss some physiological aspects of the 
H.M.P. pathway in the metabolism of infected plants. It has already 
been observed that the pattern of carbohydrate metabolism is altered as 
the plant ages. That is, in the younger stages of plant growth, the 
glycolytic pathway is predominant, but as the plants grow older and 
differentiate, the H.M.P. pathway tends to replace it (Gibbs and Beevers, 
1955). Also, it has been observed that with the addition of plant growth 
hormones, indoleacetic acid, and 2,4-dichlorophenoxyacetic acid, the 
C-6: C-l ratio decreases, thus indicating the hormonal control of respira
tory pattern (Humphreys and Dugger, 1957; Shaw, 1957). The above 
described augmented activity of the H.M.P. pathway in infected plants 
is another case of alteration of carbohydrate metabolism in plants. As has 
been previously mentioned, living organisms are able to adjust their 
metabolic pattern to a change of environment. Presumably, mutual inter
vention of main and supplementary pathways in regulating metabolism 
is a rather common feature in living organisms. Both the glycolytic and 
the H.M.P. pathways appear to be concurrently taking part in carbo
hydrate breakdown and are regulating the metabolism according to the 
energy requirement of cells. If the requirement becomes larger, function
ing of the H.M.P. pathway might increase. It is not difficult to envision 
vigorous energy consumption in infected plant tissues accelerating the 
operation of the Η. M. P. pathway, though the mechanism for inducing 
this is not certain. We suspect that the capacity of the glycolytic path
way may not be sufficient to fulfill the total energy requirement of the 
host. It has been proposed that the inhibition of either phosphofructo-
kinase or hexokinase by oxidative systems may suppress the operation 
of the glycolytic pathway (EngelTiardt and Sakov, 1943; Aisenberg 
et al., 1957; Aisenberg and Potter, 1957). Furthermore, 6-phosphogluco-
nate inhibits phosphoglucomutase. This fact may also explain the regula
tion of two alternative pathways (Parr, 1956). None of these possible 
implications can explain the reason for the more predominant participa
tion of the H.M.P. pathway in infected plants, and in order to compre
hend more fully the precise mechanism involved in the altered carbo
hydrate metabolism, the level of TPN (both oxidized and reduced 
forms), glucose-6-phosphate, and the net synthesis of the respective 
enzymes participating in the H.M.P. pathway in the cells should be 
investigated. 

Thus far no experiments have been reported which deal with the 
interaction between the H.M.P. pathway and the respiratory chain sys
tems, but this is also an important research subject necessary for the 
elucidation of the mechanism of respiratory increase. Transhydrogenase 
may be the most important enzyme in electron transfer systems from 



ALTERATION O F T H E RESPIRATORY PATTERN 375 

TPNH to oxygen. This enzyme takes part in the transfer of hydrogen 
between DPN and TPN according to the following equation. Evidence of 
whether or not the oxidation of TPNH generated via the H.M.P. pathway 

TPNH + DPN+ ^ DPNH + TPN+ 

is coupled to oxidative phosphorylation is urgently needed, and there is 
a suggestion that TPNH is coupled to phosphorylation via the above 
transhydrogenase (Kaplan et al., 1956). 

Aromatic compounds often accumulated in infected plants are pos
sibly synthesized via the H.M.P. pathway (see the next section). Also 
it has been shown that ribose-5-phosphate is synthesized by this path
way. Since ribose-5-phosphate is a constituent of ribonucleic acid, it 
would be of value to study the relationship between the H.M.P. path
way and the nucleic acid metabolism of virus-infected plant tissue 
(see Fig. 5 ) . 

IV. B I O C H E M I C A L CHANGES ACCOMPANYING T H E RESPIRATORY INCREASE 

AS has been briefly mentioned in Section II , D, abnormal metabolites 
such as coumarin and polyphenols are frequently synthesized in dis
eased plants (Fig. 7 ) . Formation of polyphenols is a common feature 
occurring concomitantly with the respiratory increase; and coumarins 
have sometimes been observed to accumulate in infected plants. Studies 
on the mechanism of biogenesis of these aromatic substances have made 
considerable progress during the last several years. This is mainly due 
to the advancement of research of the biosynthesis of the aromatic amino 
acid—phenylalanine—by the use of genetic mutants of microorganisms 
and radioisotopic techniques (Davis, 1955). There are still some hypo
thetical points in the biosynthesis of phenylalanine and all of the inter
mediates have not been isolated and identified; however, erythrose-4-
phosphate and phosphoenolpyruvic acid have been found to be the 
precursors which form the aromatic rings (Srinivasan et al., 1955). Par
ticipation of sedoheptulose-7-phosphate as a direct precursor of shikimic 
acid has been disproved; instead, it acts as a precursor of erythrose-4-
phosphate. Thus, it has been shown that sedoheptulose-7-phosphate is 
efficiently incorporated into phenylalanine. The erythrose-4-phosphate 
is obviously formed from sedoheptulose-7-phosphate through the H.M.P. 
pathway by the action of transaldolase. If other aromatic compounds are 
synthesized via routes similar to that of phenylalanine (see Fig. 5 ) , 
perhaps the important function of the H.M.P. pathway is in the biosyn
thesis of various types of aromatic compounds. A predominant participa
tion of the H.M.P. pathway in infected plants may thus have a close 
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FIG. 7. Some metabolites accumulated in infected plants. 

Host Pathogen Reference 

a Sweet potato Ceratostomella -fimbriata Uritani and Akazawa (1955b) 
b Potato Helminthosporium carbonum Kuc et al (1956) 
c Wheat Puccinia graminis Shaw (1957) 
d Rice plant Piricularia oryzae Tamari (1957) 
e Tobacco Tomato spotted wilt virus Best (1948) 
f Potato Phytophthora infestans Fuchs (1956) 
g Wheat Puccinia graminis Shaw (1957) 
h Safflower Puccinia carthami Daly and Inman (1958) 
i Sweet potato Ceratostomella fimbriata Hiura (1941) 
j Sweet potato Ceratostomella fimbriata Kubota and Matsuura (1953) 

connection with the biosynthesis of polyphenols and coumarin deriva
tives (Uritani and Akazawa, 1955b). 

The effect of rust infection on the amino acid metabolism of wheat 
leaves has been studied by two groups (Shaw, 1957; Rohringer, 1957). 
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Shaw and Colotelo have shown that in the susceptible species of wheat 
infected with stem rust several amino acids, including aromatic amino 
acids, have increased notably as compared to the levels in the uninfected 
plant. The amino acid composition of protein hydrolyzates of the rusted 
wheat has also greatly changed, and they suggested that an alteration 
in the enzyme systems concerned with the metabolism of those com
pounds may occur under pathological conditions. 

There are several reports indicating an increase in the auxin concen
tration of the infected plant, though it is very low indeed in a healthy 
one (Pilet, 1952; Shaw, 1957; Shaw and Hawkins, 1958; Daly and Inman, 
1958). All of them have noticed hypertrophy or cell elongation of the 
host when infected and have discussed this phenomenon with respect 
to the influence of auxin. Shaw's group (Shaw, 1957; Shaw and Haw
kins, 1958) analyzed the amount of indoleacetic acid in a quan
titative manner and simultaneously looked into the enzymatic oxidation 
of radioactive indoleacetic acid ( C 1 4O O H ) by analyzing the release 
of C 1 4 0 2 . The concentration of indoleacetic acid in the infected leaves 
of the susceptible species (Little Club) of wheat decreased initially 
after infection but 10 days after infection was ten to twenty times 
higher than that of the uninfected leaves. A reciprocal relationship 
was observed in the activity of indoleacetic acid oxidase. However, 
no such increase of indoleacetic acid was seen in the case of infected 
wheat leaves of the resistant species (Khapli) . This is, perhaps, due 
to a constant higher activity of indoleacetic acid oxidase in the in
fected plant of the resistant species. The American group analyzed the 
auxin content of safflower hypocotyl infected with Puccinia carthami dur
ing the course of infection and obtained results similar to those of the 
above authors. Shaw and his co-workers (1958) have observed that 
indoleacetic acid lowers the C-6 : C-l ratio. From this fact together with 
the lowered C-6 : C-l ratio in rusted and mildewed leaves, it seems 
probable that the auxin is conceivably somehow controlling the respira
tory metabolism of the host tissue. However, firm conclusions should not 
be drawn from the following observations: ( 1 ) lower C-6: C-l due to 
indoleacetic acid addition is attributable to the lower recovery of C-6 
whereas it is due to the higher recovery of C-l in the rusted wheat 
leaves; (2 ) also, as has been described above, there was an apparent 
decrease of indoleacetic acid content in the resistant species of wheat 
leaves, irrespective of the lower C-6 : C-l ratio (Shaw, 1957; Shaw et al., 
1958). 

Three compounds have been isolated from the sweet potato infected 
by the black rot fungus (i.e., ipomeamarone, ipomeanin, and batatic acid) 
and their chemical structures (see Fig. 7 ) proven (Hiura, 1941; Kubota 
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and Matsuura, 1953). As the chemical structure of ipomeamarone shows, 
this is a kind of sesquiterpenoid with a molecular formula of a reduced 
type. We feel that these compounds may be synthesized by an unknown 
alternative pathway of the host metabolism (Uritani and Akazawa, 
1955b). Metabolism of C 2 compounds, which are normally oxidized by 
the TCA cycle or sometimes utilized to synthesize fatty acid or phos
pholipid, may be bypassed to form isoprenoid units and eventually lead 
to a synthesis of ipomeamarone and its derivatives. 

V . ALTERATION O F T H E RESPIRATION IN R E L A T I O N TO D E F E N S E 

M E C H A N I S M S O F T H E HOST 

Sufficient data are not available to formulate a straightforward hy
pothesis on the relationship between the altered respiratory pattern in 
infected plant tissue and defense reactions, but some speculation here 
may guide future study. Conceivably, metabolic patterns evolved in 
plants allowing them to adjust to a changing environment. Probably, 
defense devices of plants have been improved from a very primitive 
to a highly advanced type. As stressed repeatedly, the increase in respira
tory rate is a comprehensive phenomenon observed in many plants 
exposed to varied stimuli ranging from a simple mechanical treatment 
to a complex pathogenic infection. Therefore, it is important to realize 
that respiration of the host tissue increases in response to an environ
mental change. This applies also to the defense mechanisms of plant tis
sue against pathogens as well as other injurious agents. 

From a large amount of experimental data, it appears that respiratory 
increase and accompanying metabolism are more or less parallel to the 
magnitude of the pathogenic penetration of the parasite in the host. The 
more severe the pathogenic infection becomes, the more intensive is 
the metabolic activity. Thus, an augmented respiratory rate is an expres
sion of the host response to the penetrating pathogen. However, this 
does not mean that the magnitude of the respiratory increase is a measure 
of the resistance activity of host tissue. In the infection of rust resistant 
wheat, the data of Shaw's group have shown a rapid respiratory increase 
followed by a sharp drop of respiratory rate as compared to the respira
tory rate in the susceptible species. The magnitude of increased respira
tion was not, however, greater than that observed in the susceptible 
species (Fig. 4 ) . Such features have been observed by several workers 
(Millerd and Scott, 1956; Kiraly and Farkas, 1956). In the case of 
the potato-Phytophthora complex studied by Tomiyama and his co
workers (1955, 1956), the change in the respiratory rate of the resistant 
variety is more pronounced than that of the susceptible variety both 
in the sharp rise and in the total amount of oxygen uptake. Observations 
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of Uritani and Akazawa (1955b) on the black rot disease of sweet 
potato indicate a more rapid increase and a greater magnitude of the 
respiratory rate in the resistant than in the susceptible varieties (Table 
I I ) . From these observations, it appears that the initial sharp rise in 
the respiratory rate of infected plants may be connected with the defense 
mechanism of the plants. 

In addition, several people have found that they can efficiently dimin
ish the resistant activity of the host by inhibiting the phosphorylation 
reaction. In other words, the pathogen is able to penetrate the host more 
readily following a treatment of this kind. For instance, if a sweet potato 
infected with Ceratostomella fimbriata is left under conditions of high 
humidity and low oxygen tension, no marked enhancement of metabolism 
of the host is observed; rather, the fermentation process predominates 
in the host tissue. Under these conditions, the pathogen spreads over the 
surface of the sweet potato and penetrates readily. Several experimental 
results have shown that treatment of potato tubers with ethanol facilitates 
greatly the penetration of Phytophthora infestans (Meyer, 1939; Behr, 
1949). According to Tomiyama's experiment, processes such as respira
tory increase, syntheses of water-soluble protein and polyphenols are 
suppressed considerably in the presence of ethanol; accompanying this 
is a decrease in the resistant activity of the host (Tomiyama et al., 1956, 
1957). Similar observation has been reported for rice plants infected 
with Piricularia oryzae (Tochinai, 1951). Walker and his co-workers have 
shown that tomato plants treated with some respiratory inhibitors, in
cluding the uncoupling agent DNP, lose their resistant activity to 
Fusarium oxysporum f. lycopersici. They have suggested that some very 
labile substance, which is closely connected to the phosphate metabolism 
of the host, might be an important factor in the resistant activity of 
tomato (Gothoskar et al., 1955; Walker and Stahmann, 1955). According 
to Tomiyama's cytological study (Tomiyama, 1954, 1955a, b ) , midrib 
cells of potato have shown the following sequential microscopical fea
tures when infected with Phytophthora infestans. In most cases, immedi
ately after the active protoplasmic streaming, hypersensitive death of 
cells follows. However, if the tissue is treated with DNP, the death of 

Penetration of Phytophthora infestans 

—Acceleration of protoplasmic movements 

Appearance of granules in Brownian motion 

—•Death of the host cell 

the host is remarkably delayed and it becomes susceptible to the parasite 
(Tomiyama, 1957). As these several experimental results show, there 
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definitely exist defense mechanisms of the host which demand respiratory 
energy that is possibly linked to the phosphorylation system. 

Accompanying the respiratory increase, many compounds including 
polyphenols and coumarins are synthesized and some of them may be 
functioning as antipathogenic principles of the host. Although the pro
duction of antiparasitic principles by the host will be discussed in 
Chapter 12 of this volume, a brief description is given here. Kuc and his 
associates (1956) have studied the accumulation of polyphenols in potato 
tubers infected by Helminthosporium carbonum and suggested the role 
of the substances in natural immunity of plants. In the case of the black 
rot of sweet potato, 1-5 mg. polyphenols per gram fresh weight tissues 
accumulated. However, with these concentrations, there is little inhibi
tion of the black rot fungus. Apparently there is no positive relationship 
between the invasion of the pathogen and the amount of polyphenols 
synthesized (Table I I ) in the host (Uritani and Akazawa, 1955b). 
Studies of the antipathogenic nature of polyphenols in infected plants 
and the role of polyphenol oxidase in relation to the physiological action 
of polyphenols are (from a biochemical viewpoint) most pertinent in 
the field of phytopathology. Coumarin substances were isolated from 
the diseased plants and some of them exhibited fungitoxic action (Best, 
1948; Uritani and Hoshiya, 1953; Fuchs, 1956; Tamari, 1957). Ipomea-
maron, found in the injured part of the diseased sweet potato is definitely 
an anti-parasitic substance (Table I I ) and the amounts are roughly 
parallel to the degree of resistance of the plant (Uritani and Akazawa, 
1955a, b ) . 

When a resistant variety of plant is attacked by a pathogen, instant 
necrosis (denaturation, coagulation of proteins, and browning) precedes 
the penetration of the pathogen into healthy tissue. This phenomenon is 
called hypersensitivity (see Chapter 13 of this volume). Probably, hyper
sensitivity plays an important role in the defense mechanism of the host 
against the pathogen by producing antipathogenic agents and forming 
protecting barriers. Miiller (1956) isolated some substances from the 
inner epidermis of pea pods infected by Sclerotinia fructicola and Phy-
tophthora infestans which have an inhibitory action against the pathogen 
and also induce necrosis of the host. Rubin feels that the activation of 
polyphenol oxidase in potato tissue infected with Phytophthora infestans 
is the crucial factor in inducing necrosis (Rubin and Axenova, 1957), 
and the excellent work of the German researchers is considered to coin
cide with this opinion (Fuchs and Kotte, 1954; Christiansen-Weniger, 
1955). These workers found that by treating the potato tuber with some 
respiratory inhibitors, particularly by copper chelating agents, the host 
became susceptible to Phytophthora infestans. Japanese workers have 
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emphasized the fact that hypersensitivity accompanying the respiratory 
increase is an important factor in the resistant action of the host (Tomi
yama, 1954, 1955a, b, 1957; Hirai, 1955; Suzuki et al, 1957). Hypersensi
tivity is the result of the interaction between host and pathogen. Al
though the mechanism of the phenomenon has not as yet been clarified, 
we might postulate the following: when attacked by the pathogen, the 
metabolism of the host cell is activated. Some enzymes and/or metab
olites produced by the pathogen damage the protoplasmic function of 
the cell. When the cell is injured some substances produced by it stimu
late necrosis, thus leading to hypersensitivity. 

Yet, the fact that respiratory increase does not always accompany 
hypersensitivity should be emphasized. For instance, when a nonresistant 
sweet potato variety is attacked by Ceratostomella fimbriata, the above 
described features of metabolic alteration are observed and ipomeamaron 
is synthesized in the injured area. The pathogen continues to penetrate 
gradually into the host tissue, yet profound hypersensitivity is not ob
served. We may postulate the production of hypersensitivity inducers 
by pathogen in host cells and formation of hypersensitivity stimulators 
by host cells. In the case of sweet potato, nonresistant to the black rot 
fungus, the potency of these two factors might not be strong enough 
to cause necrosis preceding penetration of the pathogen. Those factors 
are hypothetical ones and Muller's phytoalexins, Rubin's activated poly-
phenolase-polyphenol system, and ipomeamarone and other abnormal 
metabolites in the infected sweet potato might be considered to be 
examples of hypersensitive stimulators (Uritani and Akazawa, 1955b; 
Suzuki et al, 1957). Study on the function of necrosin discovered in the 
inflammation of infected animal tissue, would be of value in elucidating 
the function of this proposed factor (Menkin, 1950). 

Browning is a characteristic feature of hypersensitivity in the host, 
but the exact mechanism by which this biochemical reaction takes place 
is not known. Histological observations of necrosis in the injured tissue 
of infected plants lead us to the following assumption: first, polyphenolic 
compounds are oxidized by polyphenol oxidase which may exist in a 
latent state in the intact plant tissue and be activated on exposure to 
pathogenic infection. Second, the oxidized polyphenols, now quinones, 
are condensed to form polyquinoid structures or sometimes react with 
amino acids or proteins to form melanin substances. The net effect 
of these reactions may constitute a defense mechanism of the host by 
forming a barrier. 

In conclusion, respiratory increase of host tissue appears to be a 
prerequisite for the induction of the resistant action of the plant. Some 
other biochemical events occurring concurrently with the respiratory 



382 IKUZO URITANI AND TAKASHI AKAZAWA 

alteration may amplify the resistance of the host through their antipatho-
genic action. And finally, hypersensitive reactions of the host preceding 
the pathogenic infection are necessary to establish the resistance action. 
Those over-all relationships are diagrammatically exemplified in Fig. 8, 
in which the change of respiration in the infected sweet potato and its 
resistance against Ceratostomella fimbriata are shown. 

0 24 48 72 hrs. 

FIG. 8. The relationship between change of respiration in the infected sweet 
potato and its resistance against Ceratostomella fimbriata. The upper part of the 
diagram shows development of fungus penetration (Β) concomitant with the progress 
of injured tissue ( E ) and the gradual decrease of healthy tissue ( F ) . At 48 hr. 
after inoculation (A) of the fungus on the surface (C) of sweet potato slice, the 
infection is apparently prevented by the resistance action of the host and further 
penetration is not observed. The lower part shows the quantitative change of some 
biochemical events ( 1 - 6 ) observed in (D) (the tissue 1.75 mm. inside from the 
surface ( C ) ) as a consequence of the pathogenic infection. (1 ) Change of over-all 
ATP-utilizing system. (2) Change in the respiratory rate. (3 ) Change of the amount 
of coumarins and polyphenols. ( 4 ) Inactivation and denaturation of protein. ( 5 ) 
Synthesis of ipomeamarone. (6 ) Browning. Up to 24 hr. after the inoculation, the 
(D) part is healthy and not infected, but afterwards this part is gradually injured 
until about 48 hr., and is playing a role in the resistance during 24 to 48 hr. Pre
sumably this stage is divided into two parts (G) and ( Η ) . At (G) stage, the resist
ance might be attributable to some antibiotic factors such as coumarins ( 3 ) , poly
phenols ( 3 ) , and ipomeamarone ( 5 ) . At (H) stage the resistance might be mainly 
due to the barrier formation in which events of (4 ) and (6 ) are involved. 
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