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INTRODUCTION
1. General

To control plant diseases caused by parasitic fungi the following
methods have been developed, which may be applied singly or in combinations:
sanitary and culture measures; breeding of plants for fungal resistance;
chemical, physical and biological control. These methods, however, all have
their disadvantages and shortcomings. Sanitary and culture measures and
physical and bioclogical contrel are not universally applicable; they have
only been successful in a few limited cases. Breeding for resistance is only
possible if genes for resistance are available. Furthermore, it cannot give
solutions for acute problems, since breeding is a long lasting procedure.
The plant breeder is also confronted with the ability of many fungi to build
up new races which are compatible with the new varieties. Protective fumgi-
cides only prevent infection at the treated area. Therefore, their applica-
ticn has to be repeated several times during the season. They contribute
also significantly to the pollution of the environment. These disadvantages
are less applicable to most of the newly developed systemic fungicides. In
the contrel of plant diseases with systemic fungicides we are confronted with
other problems, for instance that of fungicidal resistance. The potential
ability of some fungi tc develop resistance against several systemic fungi-
cides has been studied recently (VAN TUYL 1977).

For the reasons mentioned above, these methods for the control of fiungal
plant diseases have to be refined, and new concepts have to be developed in
the future. In this respect, a broader insight in the basic processes in-
volved in the development of plant diseases and host resistance is indis-
pensable., We can agree with HEITEFUSS and WILLIAMS (1975) that ''Studies on
the biochemistry and physiclogy of pathogens and pathogenesis no longer are
merely isclated academic exercises'.

Invasion of the host by a parasite is characterized by four distinct
phases. These are: "'recognition” of the host by the parasite; penetration by
means of chemical and physical forces; establishment of the parasite; meta-
bolic and ultrastructural changes in the host. The physiological plant
pathologist is concerned with the molecular and bilophysical events during
these processes, and the factors inducing them. Of special interest are the
factors which determine whether a plant is resistant of susceptible to a
particular pathogen.

An interaction between host and parasite might be of a general nature,



representative for a distinct level of fungal specialization, or even spe-
cific for a particular combination of host and parasite. In this respect,

biochemical and physiological studies on obligate parasitism, representing
the highest level of fungal specialization, are of special interest. They

might contribute to a better understanding of the interaction between the

fungi involved and their hosts.

2. Specialization of fungi: general ecological and physiclogical aspects

The basic principle of symbiosis is one of nutrition involving two
living organisms. Symbiosis is mutualistic when it is to the benefit of both
partrners; transport of nutrients is in two directions. When the advantage
taken by one partner is to the disadvantage of the other, the symbiosis is
no longer mutualistic but antagonistic: one organism has become parasitic to
the other. Every conceivable gradation is found between the parasitism in
which the parasite quickly destroys its victim and that in which parasite
and host mutually and permanenyly support one ancther (DE BARY 1887). This
precise descripticn of the two extremes of symbiosis is still valid. Con-
troversies have only arisen when intermediate types were recognized. Re-
servations have to be made for all the systems that have been proposed in
the past to classify fungi according to their level of specialization (DE
BARY 1887, THROWER 1966, BRTIAN 1967, LEWIS 1973). They have contributed,
however, to the delimitation of a set of criteria that describe different
levels of organization resulting from the interaction between two living
organisms.

The most essential criterion is probably, whether the parasite is necro-
trophic or biotrophic; the mechanism of parasites to invade their hosts, and
probably also the factors that determine susceptibility or resistance of the
host are of an entirely different nature in both cases. Necrotrophic para-
sites derive their nutrients from dead host cells which are usually killed
by the parasite in advance of penetration; biotrophic parasites derive their
nutrients from living host cells under natural conditions {LINK 1933). it
should be noted that the demarcation between these twe categories is not al-
ways sharp, since some biotrophic fungi can become necrotrophic under certain
extreme environmental circumstances (cf. LEWIS 1973), Further distinctions
can be based on criteria such as host specificity, competitive saprophytic
ability, axenic culture, and several others.



2.1 Neerotrophic parasites

Unspecialized necrotrophic parasites appear as such whichever the cri-
terion for specialization that is chosen (GARRETT 1970). Susceptible living
tissue is colonized rapidly with the use of several tissue decemposing en-
zymes and toxins, and the fungus subsequently feeds itself on the dead
tissue. The attributes that are used to invade the living host tissue serve
as well to colonize dead substrates: these fungi are equally effective as
saprophyte and parasite. Their host range is very large. Attack of the
living host is mostly only successful in juvenile or senescent tissues in
which the mechanisms for resistance are not yet or no longer fully expressed.
GARRETT (1970) suggested that the most successful defense of the plant
apgainst these parasites is the production of phytoalexins. To this suggestion
can be added that other fungitoxic compounds that are releazed upon de-
compartmentation of the host tissue may play a role as well.

The other extreme category of necrotrophs consists of the perthotrophic
parasites. They can only colonize dead tissue that has been killed before:
their saprophytic phase is restricted to survival on dead host tissue. Their
host range is much smaller than that of the unspecialized necrotrophs; some-
times it is restricted to one species or cultivars of one species. Special-
ized necrotrophs must have developed mechanisms to attack host plants that
have fully developed defense mechanisms. In general, the chemical and
physical nature of these mechanisms of attack is still unknown. Thus far,
only the production of host-specific toxins by some fungi could be directly
related to their pathogenicity (PRINGLE and SCHEFFER 1964, SCHEFFER 1976).

2.2 Btotrophic parqsites

The parasitism of biotrophic fungi is evolutionary more advanced than
that of necrotrophic fungi (LEWIS 1973, 1974). BRIAN (1967) described and
discussed six characteristic symptoms of diseases involving specialized
fungi, where a balance between host and parasite is established at least
temporally: 1) intracellular penetration, ii) minimal tissue damage, 1ii)
highly developed physiclogical specialization, iv) merphological dis~
turbances in the host plant, v} formation of "green islands'", vi) nuclear
disturbances. With only a few restrictions, these symptoms are specific for
the interaction of biotrophic parasites and their hosts. They are not
necessarily found together in a particular interaction. Minimal tissue dam-
age is a necessary prerequisite for the establishment of a prolonged feeding

3



relationship between a biotrophic parasite and its host; the plasmalemma

of the host cell may be invaginated, it is never punctured. For this reason,
biotrophic fungl have to repress the production of tissue decomposing en-
zymes and toxins that are disadvantageous to a harmonious relationship with
their hosts. In other words, they have thrown away most of the equipment
that is necessary to live as saprophytes.

The mechanisms which determine susceptibility or resistance of the host
which are the basis for the extreme specialization cemmonly found with bic-
trophic fungi, are incompletely umderstood. It has been suggested that host
specificity may be determined by the ability of these fungl teo exploit suc~
cesfully the hormone balance of their hosts (LEWIS 1973, DALY 1976). It
seems also plausible, but has not been proved, that the enhanced metabolic
activity at the interface of host and biotrophic parasite is casued as well
by fungal hormones of fungal metabolites that induce the production of such
hormones in the plant.

BRIAN (1967) divided the biotrcphic parasites into two categories,
according to their ability to grow axenically. Those species which can be
cultured axenically were termed ecclogically obligate parasites, and those
which cannot were called (physiologically) obligate parasites. This dis-
tinction was meaningful, since physiclogically obligate parasites, without
doubt, are evolutionary more advanced than ecologically cbligate parasites.
When BRIAN made this specification, physiologically obligate parasites com-
prised some species of the Plasmodiophoralees, the Peronosporaczae and
Atbuginaceae within the Percnosporales, the Erysiphales within the Asco-
mycetes, and the Uredinales within the Basidiomyecetes. However, as pointed
out by GARRETT (1970}, the distincticn between these two categories has
become blurred since the first report on the axenic culture of a rust fungus
(WILLIAMS et al. 1966). Nevertheless, the term obligate parasite is still in
use to designate a physiologically obligate parasite. Those rust fungi which
can be cultured apart from their hosts are mostly included in this category
(cf. SCOTT 1972, STAPLES and YANIV 1976). Morecver, one has to realize that
only a few members of the Uredinales as yet can be cultured axenically. In
no case, the axenic culture of an obligate parasite belonging to the downy
and powdery mildew fungi has been reported. On the other hand, the ecologi-
cally obligate parasite Phytophthora infestans was considered an obligate
parasite up to 1908, when CLINTON first succeeded in growing it on agar
medium supplemented with lima bean extract.

GARRETT (1970) AND LEWIS (1973, 1974) pointed out that, in order to keep
the invaded host tissue alive, biotrophic fungi ought to produce smaller



amounts of degradative enzymes than saprophytic and necrotropic fungi. There-
fore, they should mainly depend on relatively simple carbon sources. This
fact could be a reason for their reduced competitive saprophytic ability, but
it still does not explain why the axenic culture of many of these species has
proved to be so intricate, if not impossible. Until a few years ago the view
was held that the physiological dependency of obligate parasites upon their
hosts was due to mutations of the parasites which are lethal in the absence
of their hosts (the so-called metabolic lesion theory, cf. SCOTT 1972).
Therefore, it was believed that it should be impossible to cultivate repre-
sentatives of some fungal groups axenically. The axenic culture of some rust
fungi since then has cast much doubt on this idea. The factors which cause
the host dependency of cbligate parasites are, no doubt, of a more subtle
nature. Mutations might have led to reduced activity, though not complete ab-
sence of some specific metabolic pathways in the fungus concerned.

3. Metabolic capacity of obligate parasites

In general, three different approaches have been made to gain infor-

mation on the metabolic capacity of obligate parasites:
1. Identification of substances moving from the host cell to the parasite,

and their conversion products within the fungal partner.
2. Nutriticnal and biochemical studies on axenic rust cultures.
3. Studies on germinating spores.
Results from these studies suggest that the metabolic capacity of such fungi
must be larger than was originally believed.

EDWARDS and ALLEN (1966) studied the assimilation of 14C0; in healthy
and mildew-infected barley leaves. Their experimental results indicate that
sucrose is the main compound moving from the host to the parasite, which
then is quickly metabolized into other substances. The majority is converted
into mannitol, smaller amounts into other polyols, and aspartic and glutamic
acid. In similar experiments with rust-infected leaves, carbohydrates sup-
plied by the host were also converted into polyols by the fumgus (LIVNE 1964,
PPEIFFER et al. 1969). With wheat stem rust, hexoses from the host tissue
could alsc be converted within the parasite into chitin and fatty acids
{PFEIFFER et al. 1969). JAGER and REISENER (1969} have shown that in the
wheat/stem rust complex amino acids rather than proteins are moving from the
host cell to the parasite, and that they are subsequently incorporated into
fungal proteins. Their data further suggest that the parasite itself
synthesizes only negligible amounts of amino acids from glucose. However,



in subsequent experiments (REISENER et al. 1970) it turned out that within
the fungus a substantial amount of alanine can be synthesized from glucose.

Nutritional studies on axenic rust cultures have revealed that, in
general, they require a simple carbochydrate (e.g. glucose, sucrose, mannitol),
organic nitrogen and sulphur, and some mineral salts (KUHL et al. 1971, HOWES
and SCOTT 1972, COFFEY and ALLEN 1973, JONES 1973, BOSE and SHAW 1974). HOWES
and SCOTT (1973) have shown that axenic cultures of Puccinia graminis f.sp.
tritictd cannot reduce sulphate, but can synthesize cysteine and methionine
from 35S-sulphide. The same authors (unpublished results, cited by SCOTT
1972) have demonstrated that this fungus can synthesize glutamic acid, lysine
and arginine from glucose.

Studies on germinating spores are mostly concerned with nucleic acid and
protein metabolism. With conidia of Percnospora tabacina, a small but signi-
ficant incorporation of amino acids intc proteins during the first hours of
germination was demonstrated (HOLLOMON 1971). After the emergence of germ
tubes, the total protein content declined. Both protein synthesis and germi-
nation of spores were prevented in the presence of cycloheximide. Dormant
spores contained a stable messenger-RNA (HOLLOMON 1969). 3H-uridine and 3Zp-
phosphate were mainly incorporated into soluble RNA and a heterodisperse RNA;
in contrast to germinating conidia of Feurospora crassa, thase of P. tabactna
did not incorporate these substances into ribosomal RNA (HOLLOMON 1870).
Therefore, it was concluded that protein synthesis - necessary for the germi-
nation of conidia - does not depend on synthesis of new m-RNA and r-RNA. This
view is supported by the observation that inhibitors of RNA-synthesis
abolished the incorporation of 3H-uridine into RNA, but did not prevent
germinatibn of spores (HOLLOMON 196%). Results of studies on germinating
uredospores of Uromyces phaseoli were essentially the same. An increase in
protein content of 20-30% was demonstrated for the first three hours of
germination (TROCHA and DALY 1970} ; this figure, however, is small when com-
pared with that of germinating spores of saprophytes (cf. STAPLES et al.
1962, VAN ETTEN and BRAMBL 1968). No net synthesis of RNA was established
for this period {TROCIA and DALY 1970). Therefore, it seems that in U.
phaseoli, as in P, tabactna, protein synthesis during germination depends on
polyribosomes and an m-RNA present in dormant spores (STAPLES et al. 1968,
RAMAKRISHNAN and STAPLES 1970). However, in recent experiments, TUCKHARDT
(1976) could demonstrate incorporation of 32P-phosphate into DNA, and low-
and high-molecular-weight RNA including r-RNA during the first hours of
germination of bean rust uredospores, although the total content of r-RNA
declined during this peried. Furthemmore, it was shown by other authors that



formation of appressoria in vitro is accompanied with synthesis of m-RNA and
DNA (RAMAKRISHNAN and STAPLES 1970, STAPLES and YANIV 1973). With STAPLES
and YANIV {1976) we can conclude that "'spores of the obligate parasites de-
velop a competent machinery for the synthesis of protein required for germi-
nation, but induction of the changes required for growth evidently does not
occur. In view of the successful culture of many rust fungi, it seems rea-
sonable to suggest that continued growth is simply dependent on an adequate
nutrition'.

4. Aim and outline of the present study

Aim of this study was to uncover the biochemical basis for the inability
of the ecologically obligate parasite Fh. <nfesians to grow on basal nutri-
ent media. Results from this study might contribute to a better understand-
ing of the factors that determine the physicological dependence of some
greups of fungal parasites on their hosts.

Obligately parasitic fungi are able to synthesize nucleic acids, pro-
teins and other cellular constituents from low-molecular-weight precursors,
indicating that their biosynthetic machinery is essentially intact. This ob-
servation has led us to the assumption that, in some way, their intemmediary
metabolism is anomalous. A basic anomaly should prevent a rapid interconver-
sion of low-molecular-weight substances; low concentrations of essential
precursors should limit the synthesis of essential cellular constituents of
the fungus concerned. In the parasitic phase, such an anomaly might be over-
come in two possible ways: 1) a continuous supply of essential precursors by
the host, and 2) complementation of the metabolic machinery by derepression
of novel genes (cf. CHAKRAVORTY and SHAW 1977).

Ph. iInfestans seems a suitable object to provide experimental evidence
for this hypothesis. On one hand, it can be regarded as an intermediate type
between the facultatively and cbligately parasitic members of the
Peronosporales, {cf. YARWOOD 1956), and on the other good growth is provided
on media supplemented with certain plant extracts. Furthermore, a direct
comparison with related, less specialized species of the same family is
feasible. Apart from Ph. infestans, two other members of the Pythiceceae, Ph.
evythroseptica and Pythium debaryanwm, were included in this study; they
represent. other levels of physiological specialization and biological adap-
tations within this family. Both fungi are soil saprophytes, P. debaryanum
being able to attack many host plants, and Ph. erythrosepiica having a
smaller host range. In contrast to Ph. <{nfestans, these two species are



necrotrophic when acting as parasites.

In a study of FEHRMANN (1971a, b), some evidence has heen presented to
substantiate that the energy metabolism of Pi. infestans might be disordered.
For this reason, the present study of Peronocsporailes was concentrated on
their mitochondrial electren transport.

In the first paper, the development of a method for the isolation of
mitochondria from mycelium of 2. debaryarmgn and Ph, Infestans is described,
and some basic characteristics of these organelles are compared. In the sec-
ond paper, some anomalous effects of ADP on mitochondrial electron transport
of Ph. infestans, Ph. erythroseptica and P. debaryamum ave compared. This
study was based on the previous observaticn that cell-free preparations of
P. ultimum, Ph. infestans and other Phytophthora species differ in the
response of NADH-oxidation to adencsine phosphates (FEHRMANN 1971b). In the
third paper, an abbreviated pathway for the oxidation of NADH in mito-
chondria of Ph. ¢nfestane is described. The anomalies in the mitcchondrial
electron transport of the fungus, as compared with FPh. erythroseptica and
P. debaryanum, are discussed with respect to its biotrophic character. To
find a relationship between the nutritional requirements of Pk, infesians
and its anomzlous electron transport some specific nutritional requirements
of the fungus were investigated. Results of these investigations are pre-
sented in the fourth paper.
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INTRODUCTION

The aim of this study was to look for the biochemical basis for the
inability of the ecologically obligate parasite Phytophthora infestans to
grow on basal nutrient media. This might lead to a better understanding of
the factors which cause the dependency of obligate parasites upon their
hosts.

On the basis of morphological criteria, the Peronosporales within the
Comycetes are divided into three families: the Pythiaceas, the
Peronosporaceae ond the Albuginaceae (ALEXOPOULOS 1962). On the basis of
ecological, pathological and nutritional characteristics, different levels
of specialization can be recognized within the Peronosporales. Without
exception, all species of the Percomnosporaceae and the Albuginaceae are
physiologically obligate parasites; until now all attempts at axenic
cultivation were unsuccessful. On the other hand, the Pythiaceae include
saprophytic as well as facultatively parasitic species with varying degrees
of competitive saprophytic ability, but no physiologically obligate para-
sites. They range from mainly saprophytic species, which are able to
parasitize plant tissue in a necrotrophic way, to mainly parasitic
species, the parasitism of which may be necrotrophic or biotrophic. Fh.
infestans represents the highest level of evolutionary development within
the Pyihiaceae. According to BRIAN (1967) it is an ecologicaily obligate
parasite; in the terminology of LEWIS (1973) it is an obligately biotrophic
fungus. For growth and reproduction it depends on living host tissue. In
vitro, good growth is only possible on complex media (FEHRMANN 1971a, HOHL
1975), whereas most species of the same genus can be readily cultivated on
basal nutrient media. Apart from this nutritional peculiarity, specialization
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is also documented by the comparatively small host range of Ph. zmfestans.
It is confined to the genus Solanmuwn and some related species within the
Solanaceae. With Pythiwn and most other Phytophthora species the host range
nearly always is quite Iarge or at least larger than with Ph. infestans.

There seems to be only one principal difference between the parasitism
of Ph. infestans and that involving physiologically obligate parasites of
the Peroncsporales: Translocatory sinks which are established in plants
infected with cbligate parasites belonging to the Peroncsporacege and the
Albuginaceae (PERL et al. 1872, LEWIS 1974, THORNTON and COOKE 1974), do mnot
occur in host tissue infected with Ph. Znfestans. FARRELL (1971) has shown
that the accumulation of assimilatory products in infected potato leaves was
mainly due to an increased rate of photosynthesis at and around the infection
site and a retention of assimilates at this site rather than an influx of
products from uninfected adjacent tissue.

Studies on the metabolic capacity of obligate parasites quite often
have shown that their biosynthetic apparatus seems essentially intact. At
least in some groups, 4 continuous supply of low-molecular-weight substances
from the host seems the only prerequisite for good growth and sporulation of
the parasite (cf. SCOTT 1972). This led us to the assumption that, in scme
way, their intermediary metabolism is anomalous. A basic anomaly should
prevent a rapid interconversion of low-molecular-weight substances, thereby
limiting the metabolic capacity of the fungus as a whole. To provide
experimental evidence for this hypothesis, Fh. infestans seems to be a
convenient subject, since on one hand it shares many characteristics with
the obligately parasitic members of the Peronosporalss, and on the other
good growth is provided on media supplemented with certain plant extracts.
Furthermore, a direct comparison with related, less speclalized species, is
pessible. Apart from Ph. infestans we have inciuded two other representatives
of the Pythiaceae, Ph. erythroseptica and Pythiwn debaryarum which represent
other levels of physiolegical specialization and biolegical adaptation with-
in this family. Both fungi are scoil saprophytes, P. debaryarwm being able to
attack many plants, and Ph, erythroseptica having a smaller host range. In
contrast to Ph. imfestans which is a biotrophic parasite, Ph. erythrosepiica
and P. debaryawwn are necrotrophic when acting as parasites.

In a previcus study, some first evidence has been presented to
substantiate that the energy metabelism of Ph. {nfestans might be disordered
(FEHRMANN 1971a, b). In order to get more detailed information on this
subject, first of all it scemed necessary to develop a method for the
isclation of intact mitochondria. In this paper, results of such efforts are
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described for the isclation of mitochondria of P, debaryanum and Ph,
ihnfestans;, moreover, some basic characteristics of these organelles are com-
pared. In two subsequent publicaticns, scme more specific characteristics of
Ph. infestans, Ph. erythroseptica and P. debaryamsm mitochondria will be
compared to emphasize the exceptional position of Ph. tnfestans within the
Pythiaceqe, In a fourth paper, the anomalous energy metabolism of Fh,

tnfestans will be related to its nutritional requirements iz vitro.

MATERTALS AND METHODS
Organisms and culture conditions:

P. debaryanum was kindly provided by Dr. M.A. de Waard, Laboratory of
Phytopathology, Wageningen, The Netherlands. Ph. <nfestans was isolated from
petato tubers. For two reasons this strain (02) was chosen for the bio-
chemical experiments: i) its umiform growth on pea medium for many genera-
tions, and ii) its inability to grow on basal media with only cne or two
amino acids present. For the last reason, effects we were lcoking for might
be nore pronounced in this strain than in strains with less distinct
nutritional requirements. P. debaryaman was maintained on pea agar, Ph.
infestans was cultivated on potato callus tissue to ensure that its vitality
would remain unchanged. The callus tissue was generously supplied by Dr.

G. Wolf from this laboratory. Plates of pea juice agar, as described by
FEHRMANN {1971a), were inoculated at intervals of two weeks to provide the
inoculum for the liquid cultures.

For mass cultures, Erlemmeyer flasks (300 ml) with 80 ml of nutrient so-
lution each were inoculated and subsequently incubated at 20-22°C on a rotary
shaker at 100 rev./min. One litre of nutrient solution contained 10 g glucose,
1 g KHoPO4, 500 mg MgS04.7H0, 50 mg CaCl,.2H50, 5 mg FeClz.6H0, 0.1 mg
thiamine, and pea juice, prepared by boiling 75 g of deep-frozen peas in 11
of water for 15 min. and subsequent decanting. A fresh nutrient solution was
prepared every week and stored in the dark. These conditions proved to be
necessary for good growth of Ph. infestans, not for P. debaryamm {cf.
HOLLOMON 1966) . Mycelia of P. debaryamun and Ph. infestans were harvested
after 3 and 7 days, respectively, when still in the logarithmic phase.

Attempts to isolate protoplasi-iitke structures:
According to SIETSMA and DE BOER (1973), about 10 g of wet mycelium of
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P. debaryarnum was incubated for 3-4 hours at 22°C in 30 ml of a medium
containing 0.35 M KC1 or 0.65 M sucrose, 0.02 M MOPS-KOH buffer, 0.03 M
reduced glutathicne, 0.2-1% (w/v) Helicase from Helia pomatia, 0.2-1% (w/v)
cellulase from an Jxyporus spec., with a final pl of 6.5. In some experiments,

also 1% (w/v) protease from Streptomyces griseus was added to the medium.
Tsolation of mitochondria:

First, several methods used by other authors were compared, as described
under '"Results''. Finally, the following method was adapted for our purposes:
20-30 g of mycelium (wet weight) was washed with ice-cold water on a Biichner
funnel and homogenized for 15 sec. in a Waring blendor in a 10-fold volume
of isolation medium. The isolaticn medium contained 0.45 M sucrose, 1 mM
EDTA, 0.2% bovine serum albumin (BSA), and 0.02 M MOPS-KOH buffer, with a
final pH of 7.4. The hyphae were disrupted with a grind-mill, an apparatus
built in our laboratory after the original description of WEISS et al. (1970).
The brei was squeezed through four layers of Monyl 30 gauze (30 pym mesh,
Alphons Markert, Hannover, West Germany). The mitochondria were ccliected
by fractionated centrifugation between 600 x g for 5 min. and 6,000 x 5 for
15 min. The mitochondrial pellet was carefully washed with about 15 ml of
isolation medium to remove some fluffy material. The mitochondria were then
re-suspended in isolation medium to give a final concentration of 40-60 mg
of protein per ml,

The isolation procedure lasted for at the utmost 45 min., Subsequent
experiments were completed within 2 hours. All steps of the isolation proce-
dure were carried out in the cold (0—40(3), and the mitochondrial suspensions
were kept in an ice bath.

Analytical procedures:

Oxygen uptake was measured polarographically at 25°¢, using a Clark type
electrode (Y.S5.I., Chio, USA) in a medium containing 0.45 M sucrose, 2.5 md
MgS0,.7H,0, 10 mM KC1, 0.5 % BSA, 10 mM KH,PO,, and 15 mM MOPS-KOH buffer,
with a final pH of 7.4. Protein was determined with the micro-biuret method
according to ITZHAHI and GILL (1964), using BSA as standard.

Chemicale:

Cellulase (Merck, Darmstadt), Helicase (1'Industrie Biologigue Francaise)
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and protease (Sigma) were crude preparations containing several enzymes. All
other chemicals were of analytical grade. ADP, NADH, a-oxoglutarate,
pyruvate, and succinate were purchased from Boehringer, Mannheim; rotenone
from EGA Chemie; antimycin A from Serva; morpholino preopane sulphonic acid
(MOPS) from Sigmaz; carbonyl cyanide, M-chlorophenylhydrazone (CCCP) from

Calbiochem. All other chemicals were purchased from Merck, Darmstadt.
RESULTS
Degradation of the hyphal walls:

A successful isolation of mitochondria from microorganisms largely de-
pends on the method used for the disruption of the cell walls. Preliminary
experiments to dissclve the hyphal walls enzymatically were unsuccessful. The
cell walls of the Oomycetes consist of an outer layer of amorphous glucan
containing g-1,3 and 8-1,6 linkages, and an inner layer of cellulose micro-
fibrils amnd protein (NOVAES-LEDIEU et al. 1967, BARTNICKI-GARCIA 1969,
HUNSLEY and BURNETT 1970, SIETSMA et al. 1975). Protoplast-like structures
could be cbtained from different Pyth<im and Phytophthora species, using
extra-cellular enzyme preparations of Strepiomyces species (BARTNICKI-GARCIA
and LIPPMAN 1966, SIETSMA et al. 1967, JIMENEZ-MARTINEZ and NOVAES-LEDIEU
1969). A more promising approach was made by SIETSMA and DE BOER (1973), who
were able to cbtain "protoplasts" from Pythiwn PRL 2142 in a medium con-
taining commercially available Helicase and cellulase. However, for large
scale isclation of P. debaryamwm "protoplasts" this method proved to be un-
suitable. Whe a 4-h incubation of the hyphae in a medium containing
Helicase and .ellulase was followed by further mechanical disruption, mito-
chondrial preparations showed almest ne respiratory activity.

Subsequently, different mechanical devices were tested including a motor-
driven all-glass-homogenizer as used by WATSON and SMITH (1967), a roller
mill as described by KAWAKITA (1970), a French press, and a grind-mill as
desgined by WEISS et al. (1970). Of these instruments only the grind-mill
proved to work satisfactory, as it provided reascnable yields of mitochondria
which were only minimally damaged. Its only disadvantage was, that mito-
chondrial yield and quality varied much because of a fast abraiscn of the

grinding wheels.
Fractionation of the mitochondrial suspensions:

In comparison to Neurospeora crassa and Saccharomyces carlcbergensie
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mitochondria (WEISS et al. 1970 CARTLEDGE and LLOYD 1972), isolated

mitochondria of P. debaryanum and Ph. infestans were much larger (mean

diameter about 1 um) and less uniform in size and electron density. There-
fore, their separaticn {rom hyphal fragments and other large cell
constituents proved to be difficult. Commonly, these contaminations are
removed by centrifugation.at low gravities. In our case, however, even at a
force as low as 1,000 X g a considerable fraction of the mitochondria was
removed from the supernatant, whereas the supernatant still did contain some
hyphal fragments. An improvement was made by squeezing the brei through a
synthetic gauze beforehand, which was then followed by centrifugation at

600 x g for 5 min. The mitochondria were collected from the supernatant by
subsequent centrifugation at 6,000 x g for 15 min. In several experiments
this force proved to be sufficient since only a very small mitochondrial
activity (measured as succinate respiration) remained in the supernatant
fluid. The mitochondrial pellet was washed by dripping some isolation medium
on it to remove some fluffy material which presumably contained severely
damaged mitechondria. The mitochondrial fraction was suspended in a small
volume of isolation medium by gentle homogenization with a glass rod.

Composition of the ineubation mediuwm:

Most constituents of the incubation medium were as used by other authors
(cf. LLOYD 1974) with only minor medifications. The influence of pH on the
respiratory activity of P. debaryanwn mitochondria with succinate as
substrate is shown in Fig. 1. Maximal activity was attained at pl 7.4, which
then was always used for the incubation medium as well as for the isolation
medium. The influence of BSA in the incubation medium on the '‘respiratory
control ratios' of P. debaryamen mitochondria, again with succinate as sub-
strate, is demonstrated in Fig. 2. It turned out that somewhat higher
concentrations of BSA than described by other authors were necessary to
obtain optimal respifatory control ratios. In further experiments, 0,5% BSA
was added to the incubation medium.

Response of the mitochondria to ADP and the uncoupler CCCP:
Mitochondrial preparations of P. debaryanum and FPh, infegtans showed an
increase in respiration after addition of ADP; however, maximal rates were

dependent on the concentration of the chemical, and were reached only after

2 min. Purthermore, when using low concentrations of ADP (0.1-0.3 mM),
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Fig. 1. Relative activity of mitochondria of Pythium debaryanum at different
pH=-values. Succinate, at a final concentraticn of 5 mM, was used as
substrate. Activity at pH 7.0 was set at 100.
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Fig. 2. Respiratory control ratios of Pythium debaryamum mitochondria at
varying concentrations of bovine serum albumin (BSA). Succinate, at a final
concentration of 5 mM, was used as substrate. Respiratery control ratios
were determined as described in the text. The arrows indicate the standard
error of the mean, calculated from four experiments.
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respiration rates did not decrease when the ADP should have been exhausted,
or upon addition of oligomycin, an inhibitor of oxidative phosphorylation.
From these observations we must conclude that our mitochondrial preparaticns
did not show true respiratory control as defined by CHANCE and WILLIAMS
(1956) . As is shown in Fig. 3 maximal respiration rates of P. debaryaium
mitochondria with succinate as substrate were attained in the presence of

2 mM ADP. Respiration could alsc be stimulated by CCCP, an uncoupler of

relative activity

Fig. 3. Influence of the uncoupler CCCP on the relative activity of Pythium
debaryarum mitochondria at different concentrations of ADP. Succinate, at a
final concentration of 5 mM, was used as substrate. Activities were measured
in the absence (o-¢}, or presence of 20 UM CCCP (x~x). The control without

ADP and CCCP was set at 100.

oxidative phosphorylation, at 20 uM. In the presence of CCCP maximal
respiration rates were also reached when Z mM ADP was simultaneously added.
A response of the mitochondria to ADP and CCCP was only observed when the
mitochondria were carefully prepared in the presence of BSA (cf. Fig. 2).
From the above observations we must conclude that oxidative phosphorylation
was partially uncoupled from respitation; In other words, the mitochondria
were not functienally intact. Electron micrographs of mitochondrial
suspensions revealed that their structural integrity was largely preserved,
although some damage to the outer membranes had occurred. This was true for
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both P. debaryamen and Fh. infestans mitochondria,
Mitochondrial activity and sensitivity to respirvation itnhibitors:

The electron transport system and the sites of action of the respiratory
inhibitors used in this study are schematically represented in Fig. 4. This
Figure also shows a specific, TMPD-mediated by-pass of the antimycin A-

sensitive site (see below).

NAD" dependent
electron doners

\ Rotenone Antimycin A Cyanide

NAD\ u U
Flavoprotein—# CoQ—®cyt b—®cyt c—P cyt aaz—»0;

Flavoprotein TMPD
Succinate

Fig. 4. Schematic representation of the electron transport chain illustrating
the sites of action of the inhibitors used in this study and the TMPD-
mediated by-pass of the antimycin A-sensitive site.

The response of P. debaryanum mitochondria to varying concentrations of
the respiratory inhibitors antimycin A and cyanide is shown in Figures 5 and
6, respectively. The sensitivity of the succinate respiration to antimycin
A was comparable to that described for other organisms (SLATER 1967). Cyanide
could almost completely block the succinate as well as the NADH respiration,
although the concentrations which were necessary for maximal inhibition were
remarkably high. At 1 nM of the chemical, activities were still 15-20% of
the control.

Respiratory rates with different substrates, sensitivity of respiration
to the inhibitors rotenone, antimycin A and cyanide, and "respiratory comtrol
ratios' are presented in the Tables 1 and Z. Respiratory control is here
defined as the ratio of the respiratory rate in the presence of substrate
and ADP to that in the absence of the phosphate acceptor.

Respiration rates of P. debaryanum mitochondria were lower than described

for mitochondria of other fungi {cf. LLOYD 1974). Respiratiocn with pyruvate
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plus malate and with a-oxoglutarate, respectively, as substrates was

strongly inhibited by antimycin A and cyanide, but only about 60% by
rotenone. Respiration with succinate as substrate was almost insensitive to
rotenone, but sensitive to antimycin A and cyanide. Respiration with NATH

as substrate was almost completely inhibited by antimycin A and cyanide, but
only partially by rotenone. As compared with P. debaryanum, respiration

rates of Ph. infestans mitochondria - especially with succinate as substrate -
were much lower. Oxygen uptake with pyruvate plus malate and c-oxoglutarate,
respectively, as substrates was also sensitive to rotenone, antimycin A and
cyanide, that with succinate was sensitive to antimycin A and cyanide, but

insensitive tc rotenone. Respiration of NADH was sensitive to cyanide, but
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Table 1. Activity of Pythium debaryarim mitochondria and sensitivity of
respiration to various inhibitors; respiratory control ratios.

The mitochondrial suspension was added to the incubation medium to give a
final mitochondrial protein concentration of 1.5-2.5 mg/ml. After 3 min. of
incubation the reaction was started by the addition of pyruvate (5 mM) plus
malate (4 mM), c-oxoglutarate (5 wM), succinate (5 mM) or NADH (] mM), and
the oxygen uptake recorded. Subsequently, ADP (] wM) was added. Rotenone
(25 uM), antimycin A (2.5 uM) or cyanide (10 mM) were then added to the
cuvettes (final concentrations in parentheses). | uUg electron corresponds
with { imole of 0,.

Substrate Oxygen uptake, Ug electrons/min. g of protein Respiratory
+ + + control

Control Rotenone Antimycin A Cyanide ratio

Pyruvate +

Malate 32 14 <3 < 3 1.6

o~Oxogluta-

rate 28 7 <3 < 3 3.2

Succinate 82 68 <3 <3 1.4

NADH 138 64 18 < 3 1.1

Table 2, Activity of Phytophthora infestans mitochondria, and sensitivity of
respirations to various inhibitors; respiratory control ratios.

The mitochondrial suspension was added to the incubation medium to give a
final mitochondrial protein concentration of 1.5-3.5 mg/ml. Further
additions were as described under Table 1.

Oxygen uptake, Ug electrons/min., g of protein Respiratory

Substrate n - - contral
Control Rotenone Antimycin A Cyanide ratio

Pyruvate +

Malate 23 8 6 < 3 1.7
a-Oxogluta—

rate 18 4 <3 <3 2.6
Succinate 28 26 4 <3 1.3
NADH 76 70 66 < 3 1.0

- im contrast to P, debaryarum - almost insensitive to both rotenone and
antimycin A. This rotencne and antimycin A-insensitive respiration of Fh.
infestans mitochondria will be discussed more comprehensively in another
paper (SCHEEPENS and FEHRMANN 1977).

As demonstrated in Tables 1 and 2, the oxygen uptake of Ph. “nfestans
mitochondria was smaller than that of P. debaryamwn mitochondria, irre-
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spective of the substrate employed. This fact suggests that there is a
narrow-pass for the electren flux in the respiratory chain of Ph. infestans
as compared with P. debaryanum. Results from another experiment led to the
conclusion that this narrow-pass might be located at the cytochrome(s) b
level. Through addition of the artificial electron mediator, N,N,N',N'-
tetramethyl -p- phenylenediamine (TMPD) to the reaction mixture the second
site of phosphorylation - at the cytochrome b level - can be selectively
by-passed (LEE et al. 1967). Electrons are then taken up from cytochrome(s)
b by TMPD and from here directly transferred to cytochrome c, in this way
circumventing the antimycin A-sensitive site (cf. Fig. 4}. As is shown in

Table 3, TMPD greatly enhanced the respiration of succinate in the presence

Table 3. Respiration of succinate of Pythiwm debaryanwm and Phytophthora
infestans mitochondria in the presence or absence of antimycin A and TMPD.
Mitochondrial suspensions were added to the incubation medium containing

1 mM ADP to give a final mitochondrial protein concentration of 1.5-2.0
mg/ml. After 3 min. of incubation, succinate (5 mM), antimycin A (2.5 M),
and TMPD (0.3 mM) were successively added to the cuvettes; after addition of
each compeound oxygen uptake was recorded for some minutes (final concen—
trations in parentheses).

Oxygen uptake, ug electrons/min. mg of protein

Successively

added compound P. deboxyarum Fh. infestans
Succinate 82 28

+ Antimycin A 10 4

+ TMPD 107 67

of antimycin A with both P. debaryarum and Ph. infestans mitochondria. As
compared with the rates in the absence of antimycin A and TMPD, however,
respiration of succinate increased by only 30% in the case of P. debaryanunm,
but by 140% with Ph. <nfestans mitochondria. Thus, the narrow-pass in the
electron transport chain of FPh. <nfzstans seems to be located in the region
of cytochrome(s} b.

The relatively high respiration rate of Ph. infestans mitochondria with
NADH as substrate is possibly due to the presence of a special shunt which
enables the electrons from NADH to be transferred directly to cytochrome c,
thereby circumventing the narrow-pass in the main electron transport chain
(SCHEEPENS and FEHRMANN 1977).
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DISCUSSION

Mitochondrial preparations of Ph. infestans and P. debaryarusm did not
show true respiratory control as defined by CHANCE and WILLIAMS (1956):
Respiration did not return to the state 4 when added ADP should have been
exhausted. This might be due to the relatively high ATP-ase activity of the
mitochondrial preparations (SCHEEPENS, unpublished results). Moreover, the
uncoupler CCCP only slightly stimulated respiration in the absence of ADP.
The fact that a substantial part of added NADH was oxidized by mitochondria
of P. debaryanum via the rotenone-sensitive respiration system indicates
that the inner membrane system had become leaky upon isclation. However,
both electron micrographs of mitochondrial suspensiens, and the fact that
mitochendrial respiration was stimulated upon addition of ADP suggest that
the structural integrity of the mitochondria was mainly preserved, and that
the quality of the mitochondrial preparations of P. debaryanum and Ph.
tnfestans was throughout comparable.

The respiraticn rate ¢f succinate in Ph. ¢nfestans mitochondria was much
slower than in those of P. debaryamwn. Upon addition of the electron mediator
TMPD, succinate respiration of PA. infestans mitochondria was greatly
enhanced, whereas with P. debaryamem only a slight stimulation was observed.
These results indicate that, as compared with P. debaryamm, 4 narrow-pass
is present in the mitochondrial electron transport chain of Pr. infestans
which limits the electren flux, probably in the cytochrome c-directed,
antimycin A-sensitive region of cytochrome(s) b, which can be selectively
by-passed with TMPD, Respiration rates with pyruvate plus malate, and o-
oxoglutarate, respectively, were about the same as the respiration rate of
succinate with PA. infestaons mitochondria, indicating that they were limited
by the same narrow-pass. On the other hand, with P. debaryanwn mitochondria
respiration rates of pyruvate plus malate and a-oxoglutarate were much lower
than that of succinate.

Respiration of added NADH by P. debaryamem mitochondria was almost
completely inhibited upon addition of antimycin A, which was not the case
with Ph. infestans. As is indicated by the results presented in Table 2, and
is discussed more extensively in another paper (SCHEEPENS and FEHRMANN 1877},
in Ph. infestans mitochondria added NADH was mainly oxidized via a rotenone-
and antimycin A-insensitive shunt, thereby circumventing the postulated
narrow-pass in the main electron transport system. Energetically, the assumed
shunt is quite disadvantageous: Upon' oxidation of NADH, ADP could be oxida-
tively phospherylated at one site only.
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Cyanide completely inhibited respiration of all substrates used in P,
debaryanmm as well as in Ph. infestans mitochondria. Apparently, a cyanide-
insensitive, respiratory pathway as described for some higher plants, algae
and fungi (SHERALD and SISLER 1970, KAWAKITA 1971, LAMBOWITZ et al, 1972,
BAHR and BONNER 1973, GLEASON 1974, GRANT and HOMMERSAND 1974) is not present
in these species.

From the results presented in this paper one can conclude that an electron
transport system similar to that of other organisms is also present in P.
debaryamen and Ph. infestans. This view is supported by the work of GLEASON
and UNESTAM (1968), who measured the cytochrome content in representatives
of the Oomycetes including P. debaryamum. In contrast to other organisms,
however, only one type of cytochrome c could be detected. Cytochromes a and
b were absent in dormant vospores of Ph. capsict, whereas mycelium of this
fungus contained the usual set of cytochrames (RIBEIRC et al. 1975). Further-
more, the results scemed to confirm a previous postulation that the energy
metabolism of Ph. infestans is disordered at the level of cytochrome c or a
preceding step of the electron transport system (FEHRMANN 1971a, b). A
comparison of some specific characteristics of mitochondria and the possible
concequences of the limited electron flux for the synthetic capacity of Ph.
infestans will be presented in some following papers.

SUMMARY

A method was developed to isclate intact mitochendria of Pythium
debaryarum and Phytophthora infestans, and some general characteristics of
these organelles of both fungi were compared. The structural integrity of the
mitochondria was essentially preserved, although oxidative phosphorylation
was partially uncoupled.

Results from studies on the respiration of different substrates, and the
sensitivity of respiration to varicus inhibitors indicated that in P,
debaryamim as well as in Ph. infestans an electron transport system similar
to that described for other organisms was present. Cyanide-resistant
respiration, as described for some higher plants, algae and fungi, was
absent in the fungi tested.

In Ph. Infestans, respiration rates with the substrates pyruvate plus
malate, a-oxoglutarate, and especially that with succinate, were much lower
than in P. debaryanum. Evidence is presented that a narrow-pass, located in
the cytochrome(s) b regicn 1limits the electron flux in the electron transport
chain of Ph. infestans. Addition of the artificial electron mediator TMPD to

24




the reaction mixture enhanced respiration by about 140% in the case of Ph.
infestans, but only by 30% with P. debaryamm.

The experimental results indicate that an alternative pathway for the
oxidation of externally added NADH exists in mitechondria of Pi. infestans,
which circumvents the postulated narrcw-pass. Whereas NADH-oxidation was
blocked by cyanide in both species, this process was strongly inhibited by
antimycin A only in P. debaryanwm mitochondria, but not in those of Ph.
infestans. This fact suggests that NADH reduced cytochrome ¢ directly in the
latter fungus.

ZUSAMMENFASSUNG

Mitochondrialer Elektrconentransport in Peromosporales
I. Isolierung und Charakterisierung der Mitochondrien von

Pythium debaryanum und Phytophihora infestans

Es wurde eine Methode zur Isolierung intakter Mitochondrien aus Pythium
debaryanum und Phytophthora infestans entwickelt, und einige allgemeine
Charakteristika dieser Organellen beider Pilze wurden miteinander verglichen.
Die strukturelle Zusammensetzung der Mitochondrien war im wesentlichen er-
halten; allerdings war die cxydative Phosphorylierung meist teilentkoppelt.

Untersuchungsergebnisse zur Atnungsaktivitdt mit verschiedenen Substraten
und spezifischen Hemmstoffen deuteten daraufhin, dass sowohl in P.
debaryarain als auch in Ph. infestans eine Atmungskette vorhanden war wie sie
auch fir andere Organismen beschrieben wurde. Ein cyanid-unempfindlicher
Nebenweg der Atmung fehlt bei Ph. Infestans und P. debaryanum.

In Mitochondrien ven Ph. infestans war die Atmungsaktivitit bei Verwen-
dung von Pyruvat plus Malat, o-Ketoglutarat, vor allem aber von Succinat als
Substrat bedeutend niedriger als in solchen von P. debaryanum. Es ergaben
sich Hinweise dafiir, dass in der Atmungskette von Ph, {nfestans ein Engpass
fiir den Elektronenfluss im Bereich der Cytochrome b existiert. Zusatz von
TMPD zum Reaktionsgemisch beschleunigte die Atmung bei Ph. <nfestans 1um 140%,
dagegen bei F. debaryamum nur um 30%.

Die Resultate deuten fernmer daraufhin, dass zugefligtes NADH bei Ph.
infestans Uber einen alternativen Weg oxydiert werden kann, der den postu-
lierten Engpass im Cytochrom b-Bereich umgeht. Wiahrend die NADH-Oxydation
bei beiden Arten durch Cyanid blockiert wurde, wurde dieser Prozess nur bel
P. debaryanum stark durch Antimycin A gehemmt, nicht dagegen bei PA., infes—
tans, Diese Tatsache weist auf eine direkte Reduktion von Cytochrom c durch
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NATH bei Ph. infestans.

We wish to acknowledge the reliable technical assistance of Miss GABRIELE
BRAUNSCHWEIG. We are indebted to Prof.Dr. A, FUCHS for his critical comments
on the manuscript. Thanks are due to the Deutsche Forschungsgemeinschaft for
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INTRODUCTICN

In a preceding paper (SCHEEPENS and FEHRMANN 1978), the development of a
method for the isolation of structurally intact mitochondria from mycelium
of Pythiwn debaryarum and Phytophthora infestans was described, and some
general characteristics of these organelles of both species were compared.
It was shown that, as compared with P. debaryanum, the electron flux through
the main electron transport chain of Ph. infestans mitochondria is limited.
Evidence was presented that the bottle-neck in the electron transport chain
of Ph, infectans is located in the region of cytochrome({s) b.

In an earlier study it was shown that the oxidation of added NADH by
cell-free preparations of P. ultimem, Ph. infestans and other FPhytophthora
species can be influenced by adencsine phosphates, especially by ADP
(FEHRMANN 1971). The effect of ADP ranged from a strong inhibition in PA.
tnfestans to a stimulation in Ph. erythroseptica. From these results one
might conclude that - beyond its function in cxidative phospherylatien -
ADP could play an additiocnal role in the regulation of the electron trans-
port. Since the properties of submitochondrial particles, especially with
respect to their response to phesphate and phosphate acceptor, can differ
from those of intact mitochondria (cf. GREGG and LEHNINGER 1963, LENINGER
and GREGG 1963), the first aim of the present study was to reproduce the
observed effects of ADP with isclated mitochondria. Secondly, it was of
interest to look for the site(s} of action of ADP, and especially to see
whether the cytochrome b region - the location of the narrow-pass in the

electron transport chain of Pk, <nfestans - was involved.
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MATERIALS AND METHCDS

Culture conditions for P. debaryarwn and Ph. infestans were described
previcusly (SCHEEPENS and FEHRMANN 1978). Ph. erythroseptica was obtained
from the Centraalbureau voor Schimmelcultures, Baarn, The Netherlands.
Mycelium was grown under the same conditions as used for P. debaryanum and
Ph. infestans, and harvested after 4 days.

Isolation of mitochondria from mycelia was also described earlier
(SCHEEPENS and FEHRMANN 1978).

Oxygen uptake was recorded polarographically using a Clark type electrode.
A mitochondrial suspension containing 2.3-4.8 mg of protein was incubated in
a medium with a final pH of 7.4 containing 0.45 M sucrose, 2.5 mM MgSO4.7H20,
10 mM KC1, 10 mM KH2P04, 15 mM MOPS-KOH buffer (morpholinopropane sulphonic
acid), 0.5% (w/v) bovine serum albumin (BSA), and an amount of ADP as
indicated under each Figure, to give a final volume of 1.35 ml. After 3 min.
of incubation the reaction was started by addition of 15 ul of the substrate
concerned.

Cytochrome ¢ reduction was measured spectrophotometrically at 550 nm
with a Zeiss PM 6 spectrophotometer. Mitochondrial suspensions were incubated
in the medium described above, to give a final concentration of 0.3-1.0 mg
of mitochondrial protein per ml. After 3 min. of incubation, KCN (1.3 mM)
and cytochrome ¢ from horse heart (0.1% w/v) were supplied to the medium
(final concentrations in parentheses); subsequently, the reaction was started
by addition of the substrate concerned.

To measure the activity of succinate dehydrogenase, mitochondria (0.6 mg
of protein per ml} were incubated in the medium described above. After 3 min.,
KCN (10 mM), succinate (5 mM) and methylene blue (1 mM) were added to the
medium (final concentrations in parentheses). Oxygen consumption as the
result of spontaneous re-cxidation of the reduced carrier was measured
polarographically.

The results presented in the Figures are mean values of at least three
different mitochondrial preparations. Activities were expressed as percentage
of the controls without ADP. ADP-concentraticn of the stock solutions was
estimated spectrophotometrically at 260 mm, using a millimolar extinction
coefficient of 14.5 (PULLMAN 1967). Reduced coenzyme Qg was prepared
according to RIESKE (1967). All chemicals used for the biochemical experiments
were of analytical grade.
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RESULTS

Results on the influence of different concentrations of ADP cn the
succinate respiration of isolated mitochondria of Ph. infestane and P.
debaryanum are presented in Fig. 1.

% .| Ph.infestans A
140
120 o B
1404 P debaryanum
100 - 120
80+ 1004
804
60 ~
su.
40+
40+
20 2-
T T T 3 T T T T T T
4 8 12 16 20 mM ADP 4 8 12 16 20 mMADP
Fig. |. Effect of ADP on oxygen uptake by isolated mitochondria of

FPhytophthora infestans (A) and Pythium debaryawmnem (B), using suceinate (5 mM)
as substrate.

With both fumgi, respiration was stimulated by low concentrations of ADP.
For P. debaryamem this stimulation was demonstrated to be due to a coupling
of respiration to oxidative phosphorylation (SCHEEPENS and FEHRMANN 1978).
Maximal respiration rates were obtained at about Z mM ADP. At higher
concentrations of ADP respiration rates declined for hoth species, finally,
at 20 nM, being 30-40% of the maximal rates. This inhibition of respiration
with succinate as substrate is comparable to the inhibition of NADH-oxidation
by ADP in an earlier study (FEHRMANN 1571).

In subsequent experiments, the infiuence of ADP on the activities of
different segments of the respiratory chain was estimated in order to locate
the site(s) involved in the inhibition by ADP. In addition to Ph. infestane
and P. debaryanuwn, Ph. erythroseptica was included in this study. The
influence of ADP on the reduction rate of cytochrome ¢ with succinate as
substrate is shown in Fig. 2. For Ph. infestans and P. debaryawum, the

curves were very similar to those obtained with oxygen as electron acceptor,
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204 of Phytophthora infestans (4),
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. —_— and Pythium debaryanum (C), usiung
4 B t2 % 20 mMADP succinate {5 mM) as substrate.

indicating that the site of action of ADP is localized between succinate de-

hydrogenase and cytochrome ¢. The influence of ADP on cytochrome ¢ reduction

with succinate as substrate was approximately the same for the three tested

fungi. Former investigations have shown that in the case of Ph. erythrosep—

tioa NADH-oxidation by cell-free preparaticns is stimulated at fairly high

concentrations of ADP, the maximum rate being obtained at 8 mM of the latter
substance (FEHRMANN 1971). This finding is not paralleled by the results

demonstrated in Fig. 2 B.

The

influence of ADP on activity of succinate dehydrogenase of 7.
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debaryanum 1s presented in Fig. 3. The activity of this enzyme was only
slightly inhibited at high concentrations of ADP. Therefore, it is unlikely

Pdebaryanum

e

100‘>\\$—ﬁ_°

80

60

404 Fig. 3.

20 Effect of ADP on activity
of succinate dehydrogenase
in mitochondria of FPythium

4 6 2 16 2IOmMADP debaryarum, using succinate

(5 mM) as substrate.

that the site of action of ADP is localized on this enzyme. This view is
supported by the results presented in Fig. 4. Reduction rates of cytochrome
¢, using reduced coenzyme Q() as substrate, were slightly promoted at low

Ya ¥—x Ph.infestans
+—a& Ph_ erythroseptica
o—o0 P.debaryanum

100
80
60 Fig. 4.
Effect of ADP on reductiom
404 \( of cytochrome ¢ by isolated
mitechondria of Phytophthora
201 infestans {(x-x), Phytophtho—

ra erythroseptica (e-e), and
T T T T Pythium debaryanum (o-o),
4 8 12 1® 20mMADP using reduced coenzyme Q
(1 mM} as electron donor.

concentrations of ADP, but inhibited at higher concentrations. This inhibition
was most pronounced in the case of Ph. infestans, less with P. debaryamen,

and least with Ph. ewythroseptica. The activity of this segment of the
respiratory chain was inhibited to about the same extent as that of succinate
oxidase and succinate~cytochrome ¢ reductase.
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Cytochrome ¢ reducticn by NADH was also inhibited by ADP, as is shown
in Fig. 5. The extent of inhibition was approximately the same for the three
fungi tested. In a preceding paper (SCHEEPENS and FEHRMANN 1577) it was

% | Phinfestans A % | Ph. erythroseptica B
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80 so4 *
[=]
60 1 60
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404 40+
204 20~
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[ 8 12 |8 20 mM ADP 4 8 12 16 20 mM ACP
“l | Pdebaryanum C
1201
1004
804
601
Fig. 5.
401
Effect of ADP on cytochrome ¢ re-
20- duction by isolated mitochondria
of Phytophthora infestans (4},
Fhytophthora erythroseptica (B),
. M 2 1'6 20 M ADP and Pythium debaryanum (C), using

NADH (C.14 mM) as substrate.

shown that in mitochondria of Ph. infestans the major fraction of externally
added NADH is oxidized via an antimycin A-insensitive pathway which
apparently is connected with the main electron transport chain in the region
of cytochrome c. Thus, the inhibition of NADH-oxidation by ADP at high
concentrations of the chemical probably means that its site of action is
Iocated at or close to cytochrome c. This view is supported by the results
presented in Fig. 6, demonstrating the influence of ADP on the oxidaticn of
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characterize this narrow-pass and to elucidate its significance for the

intermediary metaholism.

Previously, it was speculated that an inhibition of respiraticn by ADP
might explain the limited growth rate of Ph. infestans (FEHRMANN 1971). This
view was supported by results from experiments with cell-free extracts., We
must conclude that this hypothesis is not tenable any more. In this paper
it was shown that the influence of ADP on mitochondrial respiration in fact
was very similar to that previously described for the influence of ADP on
NADH-oxidation by submitochondrial systems of Fh. infestans. However, with
isolated mitochondria of Ph. infestans, Ph. erythroseptica and P. debaryarm
the extent of inhibition was almost identical in all three fungi. Moreover,
for mitochendrial respiration of Ph. erythroseptica we were unable to
reproduce the pattern of stimulation by ADP which was demonstrated in the
earlier study on NADH-oxidation by cell-free extracts. Although mitochondrial
respiration of Pk, infestans, Fh. erythroseptica and P. debaryanwm was
inhibited by ADP, the concentration needed to produce a pronounced effect
was too high to be of any physiclegical significance.

Further resecarch is necessary to elucidate the fundamental metabeolic
disorder(s) which render obligately plant parasitic fungi unable teo grow and
reproduce apart from living host tissue. In this respect, the finding of a
narrow-pass for the electron transport in the respiratory chain of the

ecologically obligate parasite Ph. infestans may provide some new stimulus.

SUMMARY

The infiuence of ADP on mitochondrial respiration cf Phytophthora
infestans, Phytophthora erythrosepticq and Pythium debaryanwm was compared.
Respiration of succinate was stimulated by low concentrations of ADP in
the three fungi, which was due to the coupling of oxidative phosphorylation
to respiration. Higher concentrations of the chemical were inhibitory. The
extent of inhibition was about the same in the three species. By employing
specific inhibitors and different combinations of substrates and electron
acceptors, the site of inhibition by ADP could be localized in the cytechrome
¢ region of the respiratory chain. For several reasons, however, a
physiological significance of this inhibition by ADP seems doubtful:
1. Concentrations of ADP required for a significant inhibition of respiration
were relatively high,
2. Respiration of cysteine, a substance which stimulates growth of Fx.
infestans, was also inhibited by ADP.
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3. Respiration of Ph. erythroseptica and P. debaryanwm, which grow well on
basic nutrient media, was inhibited by ADP in the same way as that of

Fh. infestans.
ZUSAMMENFASSUNG

Mitochondrialer Elektronentransport in Percnosporales
II. Anomale Einwirkung ven ADP auf den Elektronentransport in
Phytophthora infestans, Dhytophthora evythroseptica
und Pythium debaryarum.

Der Einfluss von ADP auf die Atmung isolierter Mitochondrien von
Thytophthora infestans, Phytophthora erythroseptica und Pythium debaryanum
wurde verglichen.

Die Succinat-Atmung der drei Testpilze wurde bei relativ niedrigen ADP-
Konzentrationen stets in gewissem Ausmass stimuliert. Diese Fdrderung be-
ruht auf der Kopplung der oxydativen Phosphorylierung zur Atmungskette. Bei
hsheren ADP-Konzentrationen war die Atnung der drei Pilze stets und in ver-
gleichbarem Ausmass gehemmt. Durch Einsatz spezifischer Hemmstoffe und die
gezielte Kombination verschiedener Substrate und Elektronen-Akzeptoren komnte
der Ort der ADP-Hemmung eingegrenzt werden: Er befindet sich im Bereich des
Cytochrom c. Aus verschiedenen Grinden ist jedoch eine physiologische Be-
deutung dieser ADP-Hemmung fraglich:

1. Filr eine nermenswerte Atmmgshemmung waren relatif hohe ADP-Kenzentratio-
nen erforderlich.

2. Auch die Cystein-Atmung wurde durch ADP gehemmt; das Wachstum von Ph.
infeatans wird jedoch bei Gegenwart von Cystein in vollsynthetischen
Agarndhrbbden gefdrdert. )

3. Die hemmende Wirkung des ADP war bei den untersuchten Pilzen etwa gleich
gross; aus theoretischen Ueberlegungen milsste sie aber vor allem bei
Phytophthora infestans besonderes ausgepragt sein.

We are indebted to Miss GABRIELE BRAUNSCHWEIG for her untiring assistance,
and to Prof.Dr. A, FUCHS for critical reading.of the manuscript. Thanks are
due to the Deutsche Forschungsgemeinschaft for financial support.
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The mitochondrial electron transport in Phytophthora infestans was
compared with that of Phytophthora erythroseptica and Pythium debaryanum.
The three species represent increasing levels of biclogical specialization
and ecological adaptation within the FPeromosporales. The oxidation of
endomitochondrially generated NADH, and especially that of succinate in
mitochondria of Ph. infestans was much slower than in the other two
species; obviously, there exists & narrow pass in the main electron
transport chain, presumably in the region of cytochrome(s) b. However,
in Ph. infestans mitochondria an additional pathway was operating, which
permitted the oxidation of externally added NADE at a much higher rate.
In this case, the electrons from NADH were introduced directly into the
cytochrome c region of the main electron transport chain, thereby
circumventing the postulated narrow-pass. Until now, such a pathway was
not described for any other fungus. It was sensitive to cyanide, but
insensitive to rotencne and antimycin A. In P4. erythroseptica and P.
debarycnwn, this pathway was also present, but it did not contribute
much tc the oxidation of NADH.

From this study, a low energy yield and thereby a shortage of
precursors for important biosynthetic processes are proposed as the
cause for the inability of Ph. i{nfestans to grow om basic nutrient media
in vitro.

INTRODUCTION

The biochemical interactions between cbligately parasitic fungi and the
host tissue, once the parasite has established itself successfully, has
drawn much attention in recent phytopathological research. So far a number
of fungi hitherto considered to be obligate parasites have been cultured
axenically (29, 36).

The Peroncsporales within the Comycetes are known for their high
ecological and physiological variability (7, 13). On one hand, the Perono-
gporales include aquatic and soil-inhabiting species, which are strict
saprophytes or facultative parasites with a relatively large host range; cn
the other hand, this oder includes highly specialized obligate parasites.
The physiological variability is also reflected in biochemical characteris-
tics. For instance, the lipoamide dehydrogenase of Pythiwnm wltimum differs
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considerably from that of Phytophthora evythrossptica (10, 11].

For several reasons, Phytophthora infestans can be considered an
intermediate type between facultative parasites such as most Pyihfum and
Phytophthora species, on one hand, and physioclogically obligate parasites
such as the downy mildew fungi, on the other (37). According to BRIAN (3),
Ph. infestans 1s an ecologically obligate parasite: Due to its very low
saprophytic competitive ability, it cannot survive in soil under natural
conditions. For growth and reproduction it depends on living host tissue;
the parasitism is biotrophic (24, 25, 31, 32, 33). The host range is confined
to a few Solanum species. In defined culture media the growth rate is rather
limited. However, nutrient media supplemented with certain plant extracts
provide good growth of the fungus <n vitre.

The close relationships in the biclogy of Ph. infestans to physiclogically
obligate parasitism, its pronounced specialization and the limited growth of
the fungus on defined media led us to the assumption, that it in some way is
anomalous in metabolism. A fundamental anomaly then could act as a disorder,
limiting the metabolic capacity as a whole and causing its high dependency
on living host tissue. Previously, it was postulated that the energy meta-
bolism of Ph. infestans is disordered (8, 9). The present study is again
devoted te this problem. Certain characteristics of the electron transport
in isolated mitochondria of Ph. infestans are compared with those in
mitochondria of Pythium debaryanum and Ph, erythroseptica. Both fungi are
soil saprophytes, P. debaryanwm being able to attack many host plants,
whereas Ph. evythroseptica has a smalier host range.

The results are discussed with respect to the biotrophic character of

Ph. infestans.
MATERIALS AND METHODS
Organtsms and culture conditions

Ph. infestans was isolated from potato tubers. Ph., erythroseptica was
ocbtained from the Centraalbureau voor Schimmelcultures, Baarn, The Nether-
lands. P. debaryanum was kindly provided by Dr. M.A. de Waard, Laboratory of
Phytopathology, Wageningen, The Netherlands.

Ph. infestans was maintained on potato callus tissue to ensure its
vitality. The callus tissue was generously supplied by Dr. G. Wolf from this
laboratory. Plates with pea julce agar (8) were inoculated at intervals of
two weeks with mycelium from the tissue cultures to provide the inoculum for
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liquid cultures. Ph. erythroseptica and P. debaryearm were maintained on pea
juice agar. For mass cultures, Erlenmeyer flasks (300 ml) with 80 ml of
nutrient salution were inoculated and incubated at 20-22°C on a rotary shaker
at 100 rpm. One litre of nutrient sclution contained 10 g glucose, 1 g
KH2P04, 200 ng MgSO47H20, 50 mg CaClZ.ZHZO, 5 mg FeC13.6H20, 0.1 mg thiamine,
and pea juice (75 g of deep-frozen peas boiled in 1 1 of water for 15 min.
and stbsequently decanted). Mycelia of Ph. infestans, Ph. erythrosepiica and
P. debaryanum were harvested after 7, 4 and 3 days respectively, while still

growing in the logarithmic phase.
Isolation of mitochondria

The washed mycelia were homogenized in a Waring blender in a medium
containing 0.45 M saccharose, 1 mM EDTA, 0.2% bovine serum albumin and 0.02 M
MOPS buffer with a final pH of 7.4. The hyphal wails were disrupted with a
grind-mill, an apparatus described by WEISS et al. (35). After squeezing the
brei through four layers of a synthetic gauze (30 um mesh), the mitochondria
were collected by fractionated centrifugation between 600 g for 5 min. and
6,000 g for 15 min.

Analytical procedures

Oxygen consumption was measured polarographically, using a Clark type of
electrode (Y.S.I., Ohio, USA). Cytochrome c reduction was determined spectro-
photometrically at 550 rm with a Zeiss PM 6 spectrophotometer. The extinction
S e 1 (5).
Activities of acid phosphatase and glucose-6-phosphatase, respectively, were
measured with the methods described by BERGMEYER {2). The results presented
in the tables are mean values of at least four different mitochondrial

coefficient used for cytochrome ¢ (reduced-oxidized) was 18.5 x 10

preparations (+ S.E.M.}. Protein was determined according to ITZHAHI & GILL
(17), using bovine serum albumin as standard. All chemicals used for the

biochemical experiments were of analytical grade.

RESULTS

Electron micrographs of mitochondrial suspensions revealed that the
organelles of the three species were of globular shape after isolation (mean
diameter about 1 yum). The structural integrity seemed essentially to be
preserved, although some damage to the outer membranes was ncticed. The
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activities of acid phosphatase and glucose-b6-phosphatase, used as markers
for the presence of lysosomal and microsomal contaminations, respectively,
were very low in the mitochondrial preparaticns compared to the original
homogenates. However, respiratory control ratios were rather low, and
addition of the uncoupler carbonyl cyanide, m-chlorophenylhydrazone (CCCP)
only slightly stimulated respiration. These cbservations indicate that the
mitochondria were mostly uncoupled. More detailed information on their
properties will be presented elsewhere (28).

Respiratory inhibitors are useful tools in elucidating different
mitochondrial electron transport pathways. The sites of action of the

respiratory inhibitors rotenone, antimycin A and cyanide are shown in Fig. 1.

NAD dependent
electron donors

Rotenone Antimycin A Cyanide

S !

Flavoprotein—Co0—cyt b——cyt ¢ —cyt aa3—0,
Flavoprotein

Succinate

Fig. 1. Schematic presentation of the electron tramsport system illustrating
the sites of action of the inhibitors used in this study.

First the influence of rotenone and antimycin A on the reduction rate eof
cytochrome ¢ was investigated. Rotenone inhibits the oxidation of endo-
mitochondrial NADH without affecting the oxidation of succinate; antimycin A
blocks the electron transport between cytochromes b and ¢ (5). a-Oxoglutarate
and pyruvate which generate an endomitochondrial pool of NADH, and also free
NADIT and succinate were employed as substrates. The results are presented in
Table 1. As expected, in all cases the oxidation of succinate was insensitive
to rotenone but sensitive to antimycin A. The oxidation of a-oxoglutarate and
pyruvate plus malate was inhibited by rotenone and antimycin A in the three
fungi tested. With respect to the cxidation of added NADH, however, remark-
able differences in the influence of the inhibitors were chserved hetween
the three species. In P. debaryanwn and Ph. erythroseptica mitochondria, both
rotenone and antimycin A were able to inhibit the oxidation of NADH, but in
Ph. erythroseptica to a smaller extent than in P. debaryanwn. In Ph.
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Table 1. Influence of rotenone and antimycin A on the cytochrome ¢ reduction
of Ph. infestans, Ph. erythroseptica and P. debaryarum mitochondria.

Tc the reaction mixture (pH 7.4) containing 0.45 M saccharose, 2.5 mM

MgS0y. 7Hp0, 10 mM KC1, 0.5% BSA, 1 mM ADP, 10 mM phosphate, |5 mM MOPS buffer,
plus 25 UM rotenone or 2.5 LM antimycin A in methanol, respectively, mito-
chondrial suspension was added to give a final concentration of 0.3 to 1.0 mg
mitechondrial protein. Control cuvettes contained the same amount of metha-
nol. After 3 min. incubation time, KCN (1.3 mM) and cytochrome ¢ from horse
heart (0.1%Z) were supplied to the medium and subsequently the reaction was
started by the addition of a—-oxoglutarate (5 mM), pyruvate (5 mM) plus

malate (4 mM), succinate {5 mM) or NADH (0.5 mM) as the respective substrate
(final concentrations in parentheses). One ug electron corresponds with 1
umol of reduced cytochrome c.

Added substrate

a=0xo- Pyruvate
glutarate  + malate Succinate  NADH

Cytochrome ¢ reduced:
(pg electron/min/g protein)

Ph. infestans 3 6 9+1 3416
Ph. erythroseptica 541 6] 1141 2142
P. debaryanum 61 8%2 2743 2443

Residual activity after
addition of rotenomne {25 uM):

Ph. infestans < 1 2 9 32
Ph. erythroseptica < 1 2 12 11
P, debaryarum <2 4 22 6

Residual activity after
addition of antimycin A& (2.5 uM)

Ph. infestans <1 2 2 28
Ph. erythroseptica <1 <1 <1 18
P. debaryanum <1 <1 < ] 4

infestans, however, both substances were almost inactive in blocking the
oxidation of added NADH. From these results it became evident that in Pa.
infectans and in Ph. erythrosepiica an additional pathway for the oxidation
of NADH was present. Conclusions about the relative importance of this path-
way are only pessible when maximal oxidation rates are measured. These
requirements were not met with cytochrome c as electron acceptor, since
respiration rates were much higher {c.f. Table 2).

In table 2, respiration rates, and the influence of rotenone, antimycin
A and cyanide on respiration, are presented; succinate and NADH were employed
as substrates. It is assumed that, in this case, maximal respiratory
activities were measured. Activity of NADH-respiration in the presence of

antimycin A, presented as percentage of the control without inhibitors (given
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Table 2. Influence of rotenone, antimycin A and cyanide on the oxygen uptake
of Ph. infestane, Ph. erythroseptica and P, debarycmum mitochondria.
Mitochondrial suspension was added to the reaction medium described under
Table 1, initially without inhibitors, to give a final mitochondrial protein
concentration of 1.5 to 3.2 mg/ml. After the addition of NADH (1 mM} or
succinate (5 mM), the oxygen uptake was recorded. Rotenone (25 UM), antimycin
A (2.5 UM) or cyanide (10 mM) were then added to the same cuvettes to measure
the extent of inhibition (final concentrations in parentheses). One ug
electron corresponds with 0.25 pmol of 02.

ug Electrons/min/g protein 7 of control
With succinate with NADH with NADH
Oxygen uptake: control
Ph. infestans 2848 76£18
Ph. erythroseptica 5610 74412
P. debaryanum 8214 13818
+ Rotenone {25 pM):
Ph. infestans 26 70
b, debaryanum 68 64
+ Antimvein A (2.5 M)
EPh. infestans 4 66 (86)
FPh. erythroseptica 4 14 (20)
P. debaryanum 10 18 (13)
+ Cyanide (10 mM):
FPh. infestans <3 <3
Ph. erythroseptica <3 < 3
P. debaryarum < 3 < 3

in parentheses), thus indicates directly the magnitude of the rotenone- and
antimycin-resistant NADH-shunt. In P. debaryaren mitochondria, NADH-
respiration could be blocked almost completely by antimycin A, indicating
that the antimycin-resistant NADH shunt plays cnly a minor role in this
fungus. However, inhibition by rotenone was far from compiete. Therefore, a
rotenone-insensitive, antimycin-sensitive NADH shunt, as described for many
higher plants and other fumgi (12, 18, 19, 21, 34, 35), was probably also
present in P. debaryanwn. In Ph, erythroseptica mitochondria also, most of
the NADH was respired via the antimycin-sensitive electron transport system.
The extent of the rotenone-insensitive respiration of NADH was not determined
for this species. In Ph. infestans mitochondria, however, rotenone and anti-
mycin A were again almost inactive in blocking the NADH respiration. The
presence of an antimycin-sensitive site in this fungus was demenstrated with
succinate as substrate. Therefore, we can conclude, that NADH is mainly
oxidized via an abbreviated pathway, thereby circumventing the rotenone- and
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antimycin-sensitive sites.

Cyanide completely inhibited respiration in all three species, although
the required concentration for maximal inhibition was higher than described
for other organisms (5). Apparently, a cyanide~insensitive pathway as
described for some higher plants, algae and fungi (1, 14, 16, 20, 21, 22, 30

was not present in these species,
DISCUSSION

In animal mitochendria, the inner membrane system is impermeable to
NADH (4). Presumably, this is also the case with mitochondria from other
sources, as externally added NADH is predominantly oxidized via a rotenone-
insensitive pathway (23, 26). In P. debaryanwum and Ph. erythroseptica mito-
chondria, however, a substantial part of added NADH was oxidized via the
rotenone-sensitive electron transport system. This would mean that, in
these species, either an efficient substrate-linked shuttle system is present,
or the inner membrane system has become leaky upon isolation. In the latter
case, oxidation rates of pyruvate plus malate and ¢-oxoglutarate are probably
underestimated because of some leakage of cofactors of the respective de-
hydrogenases.

From the results presented in this paper one can conclude that in all
three species succinate and endomitochondrially generated NADH were oxidized
via an electron transport pathway similar to that described for other fumgi,
higher plants and animals. This view is supported by the work of GLEASON &
UNESTAM (15), who measured the cytochrome content in representatives of the
Oomyecetes including P. debaryarwn. In contrast to other organisms, however,
only one type of cytochrome ¢ could be detected. Furthermore, in Ph. capsict
the usual set of cytochromes was present (27). In Ph. infestans, however,
the activity of this main electron transpdrt system, as especially reflected
by the respiration of succinate, was much lower than in Pk, erythroseptica
and P. debaryanum. The dye tetramethyl-p-phenylene-diamine (TMPD) is able to
transfer electrons directly from cytochrome b to cytochrome ¢ in the presence
of antimycin A; the second phosphorylation site of the respiratory chain is
thereby circumvented (5). Succinate respiration in Ph. infestans mitochondria
is greatly enhanced upon addition of TMPD (28). Therefore, the narrow pass
in the electron transport chain is probably located in the cytochrome b
region. Externally added NADH was rapidly oxidized via an abbreviated electron
transport pathway in Ph. tnfestans. At least two facts indicate that this is
of mitechondrial origin and that it is associated with the main electron
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transport chain. First of all, it could be demonstrated with both cytochrome
¢ and oxygen as electron acceptors. Moreover, this pathway was sensitive to
cyanide, but not to antimycin A. For the last reason, it should be commected
with the main electron transpert chain in the cytechrome ¢ region. In mung
bean mitochondria as well, an antimycin A resistant NADH-cytochrome c
reductase was demonstrated {G). However, this is associated with the outer
mitochoendrial membrane and - in contrast to the one in Ph. Infestons - is
not comnected with the main electron transport chain itself. If the anti-
mycin A resistant respiration in Ph. infestans was due te an artefact of
isolation, a comparable magnitude of this pathway should be expected for

Ph. erythroseptica and P. debaryanum. However, although this pathway
obviously was present toc in these two species, here most of the added NADH
was respired via the antimycin-sensitive electron transport system.

A narrow pass in the respiratory chain of any organism could act as a
disorder when related to the metabolic requirements of this organism. Due to
the limited electron flux, only limited amounts of ATP can be oxidatively
phosphorylated from ADP. Furthermore, reactions coupled to the electron
transport chain, i.e. the interconversion of intermediates of the citric
acid cycle, should proceed only slowly. Under normal circumstances such a
disorder could be lethal for the organism involved. The experimental results
presented in this paper suggest that there exists such a narrow pass in the
electron transport chain of Ph. infestans. However, the presence of an
additional electron transport pathway in this fungus could to some extent
overcome this disorder. Although this pathway allows the synthesis of as a
maximum one mele of ATP per mole NATE[, metabolic interconversions could
proceed somewhat faster (c.f. ref. 18 and 26). Some specific factors from
peas, which promote growth of Ph. infestans in vitro (MIESKES & FEHRMANN,
to be published), have no or only slightly stimulatory effects on mitochen-
drial respiration. Their nature suggests that they are merely involved in the
intermediary metabclism of the fungus. By this means, on the basis of an
ancmaly in energy metabolism the capacity of the fungus for autoncmous growth
and reproduction iz vitro is limited and dependent on certain constituents
of the medium. In its parasitic phase, the fungus should be supplemented best
by biotrophic nutrition from the host cell. In cther weords: The alternative
pathway of NADH-oxidation and the narrow pass in the cytochrome b region of
the main electron transport chain should modify the intermediary metabolism
of the pathogen. Good growth can be guaranteed only when key substances are

supplied from the host in vive or added to the nutrient medium Zn vitro.
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INTRCDUCTION

Phytephthora infestans hardly grows on basal nutrient media; in a previous
study attempts were made to find the biochemical basis for this phenomenon
(SCHEEPENS and FEHRMANN 1977, 1978a, b). It was demonstrated that, as compared
with Ph. erythroseptica and Pythium debaryanwnm, the mitochondrial electron
transport system of Ph. Znfestans is anomalous. It was suggested that this
anomaly might be the primary cause of general metabolic discrders, thereby
limiting the synthetic capacity of the fungus as a whole.

In the present study, some specific nutriticnal requirements of Ph.
tnfestans were investigated in order to find out whether they could he re-
lated to its anomalous electron transport.

Until the beginning of this century, Ph. infestans was considered an
cbligate parasite. In 1908, CLINTON first succeeded in cultivating the fungus
axenically by employing a medium supplemented with lima-bean extract. Extracts
of other plants serve as well (cf. HENNINGER 1959). Many attempts have been
made to cultivate the fungus on chemically defined media. In course of time,
the nature of many growth-promoting factors has been elucidated.

Like other Phytophthora species, Ph., tnfestans depends on thiamine for
growth (PAYETTE and PERRAULT 1944, RONCADORI 1965). Sterols are necessary for
oospore induction in all members of the Pythiaceae (HENDRIX 1964, 1965, 1970).
They alsc stimilate vegetative growth to some extent, especially in liquid
cultures; for Fh. infestanms, the same phenomencn was established by LANGCAKE
(1874) . Growth of Ph. inmfestans is stimulated by phosphelipids as well, but
to a smaller extent than that of other Phytcphihora species (HOHL 1975). The
stimulating effect of phospholipids is probably due to their unsaturated
fatty acid moiety. Growth of Ph. dnfestans can also be stimulated to scme
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degree by reducing compounds such as ascorbate or cysteine (HOLLOMON 1066,
FEHRMANN 1971, CUPETT and LILLY 1973).

Much attention has been paid to the nitrogen sources. Nitrate proved to
be a poor nitrogen source, ammonium salts being somewhat better if added to
a properly buffered medium (RONCADORI 1965); however, organic nitrogen
sources are definitely better than any inorganic nitrogen source (HALL 1959,
HENNINGER 1959, FEHRMANN 1971} . llowever, to achieve growth rates comparable
to those on media supplemented with certain plant extracts, amino acid
mixtures have to be added to the medium (HOHL 1975).

The present study was mainly devoted to the nutrition of FPi. <nfestans,
using mixtures of several amino acids, the composition of which was based on
chemical analysis of growth-promoting substances from peas (MIESKES and
FEHRMANN, unpublished results}. Some attention was also paid to phospholipids.
In general, the results were in agreement with those of HCHL (1975).

MATERIALS AND METHODS
Microorganisms and cultural conditions:

Ph. infestans strains 02 and 04 were isolated from potato tubers. Strain
02 was the same one used for the biochemical experiments described elsewhere
(SCHEEPENS and FEHRMANN 1877, 1978a, b); it was maintained on potato callus
tissue. Strain 04 was kept on pea-juice agar slants under mineral oil.
Isolates of races 0 and 4 of Ph. Znfestans originating from the Biologische
Bundesanstalt, Braunschweig, Germany, were kindly provided by Dr. G. Wolf
from this laboratory. Fh. erythroseptica was obtained from the Centraalbureau
voor Schimmelcultures, Baarn, The Netherlands.

Incculum for growth experiments was derived from three- and six-day-old
cultures of Ph. erythroseptica and Ph. infestans, Trespectively, on pea juice
agar. Slices of agar medium with mycelium were punched out with a 5 mm cork
borer from the margin of the colenies and then placed with the mycelium
downwards on the surface of freshly prepared agar plates. The plates were
incubated in the dark at 20°C. Growth was expressed in mm as linear increase
in diameter of the colonies. Each figure represents the mean value of six
replicates.

Agar media and theilr constiiuents:
Pea juice agar was prepared by boiling 150 g of deep-frozen peas in 11
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of water for 15 min. and subsequent decanting. 5 g Glucose and 20 g agar were
then added to the pea-juice. Defined media always contained 20 g glucose,
1g KH2P04, 0.5 g Mgs0,;.7H,C, 0.1 g CaCl,.2H,0, 10 mg EDTA, di-sodium sait,
0.1 mg thiamine, 10 mg FeSO,, 1 ml of a stock solution of trace elements
(SCHROPP 1951}, and 20 g agar per litre, supplemented with varying sources of
rnitrogen. The final pH of the media was 6.5. In some experiments, 200 mg of
a mixture of soya-bean phospholipids (Sigma) was added per litre of nutrient
medium.
The following nitrogen sources were used:
a) Peptone, acid hydrolyzed (Evans), 1000 mg/1
b) A purified fraction from peas, containing several amino acids, 500 mg/1.
This fraction was hydrolyzed for 5 h in 6 N HCl at 110°C before use
c) Glutamine, 700 mg/1
d) Three mixtures of 13 different amino acids each, 1000 mg/1. Their
composition (cf. Table 1) was based on chemical amalysis of the fraction
mentioned under (b) (MIESKES and FEHRMANN, unpublished results); instead
of glutamic and aspartic acid which are present in peas, their respective
amides were used. In one experiment, single aminc acids or combinations
of certain amino acids were omitted from the medium. The total concen-
tration was always maintained at 1000 mg/1 by replenishing the amount of

omitted amino acids with the same amount of glutamine.

Table 1: Composition of amino acid mixtures (I, II, III) for the cultivation
of Phytophthora infestans. The mixtures were added to a defined agar medium
to give a final concentration of 1 g/l.

Concentration (mg/l):

Amine acid

1 II II1
Alanine (ala) 82 45 82
Glycine (gly) 8 37 8
Valine (val) 30 59 30
Leucine (leu) 9 65 g
Serine (ser) 18 52 18
Lysine (lys) 17 73 17
Threonine (thr) 90 60 90
Isoleucine (ile) 21 65 21
Histidine (his) 17 78 17
y-Amino butyric acid (aba) 102 51 102
Arginine (arg) 270 87 130
Asparagine (asn) 19 180 240
Glutamine (gln) 317 148 214

Unless stated otherwise, chemicals were purchased from Merck, Darmstadt,
Germany.
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RESULTS
Comparison of different nitrogen sources:

From the analysis of growth promoting substances from peas it became
evident that a fraction containing several amino acids, when added to the
basal nutrient medium, supported growth of strain 02 of Pa. infestans
approximately to the same extent as pea-juice (MIESKES and FEHRMANN, un-
published results). To provide further evidence for the assumption that only
amine acids were responsible for the stimulation of growth, this fraction
from peas was replaced by a defined mixture of amino acids. This mixture I
contained 13 amino acids which were present at approximately the same ratio
as in peas. After its addition to the medium, growth of four strains of Ph.
infestans was compared with that on pea-juice agar. The results are given in
Fig. 1. With the four strains of FPh. infestans the growth rates in the
logarithmic phase were about the same eon pea-juice agar and on the defined
medium with added amino acids. In all cases, however, the lag phase was
lenger on the defined medium, with strain R4 even much longer.
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In the same experiment, the effect of other nitrogen sources on the
growth of the four strains of Ph. “nfestans was tested. The linear growth
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rates of the four strains on these media, relative to that on control plates
(= 100%) with pea-juice agar after 9 days, are summarized in Table Z.

Tahle 2: Relative growth of four Phytophthora infestans strains on nutrieat
media with different nitrogen sources; growth compared with that on pea—juice
agar (= 100%Z). Plates were incubated for 9 days.

Relative growth rate, Z

Nitrogen source: Phytophthora infestans strain:
02 04 RO R4
*
Glutamine 5 64 40 6
Peptone I8 - 18 13
Hydrolyzed fraction from peas 9 54 15 -
Amino acid mixture I 69 95 74 26

#
very sparse mycelium

The strains reacted in a different way to the various nitrogen sources, but
the relative growth rate was always highest with strain 04, followed by
strains RO, 02 and R4, in that order. On the medium containing glutamine as
the only nitrogen source, the linear growth rate of strains 04 and RC was
still quite reasonable. With strain 04, however, the mycelial mat was very
thin. Strains 02 and R4 did hardly grow on this medium. In contract to the
mixture of amino acids, the hydrolyzed fraction from peas supported growth of
two strains only poorly; on this medium, only strain 04 grew moderately. This
observation indicates that the amides glutamine and asparagine which were
de-aminated during hydrolysis were necessary for two strains, and favourable
for the third one (strain RO was not tested). Peptone was included in this
study as it greatly enmhances growth of some rust fungi (G. WOLF, personal
communication). However, it proved to be a poor nitrogen source for the three
tested strains of Pi. “nfestans. Here, one should realize that the employed
Evans' peptone was acid-hydrolyzed and therefore deficient in the amides
mentioned (cf. FOUDIN and WYNN 1972). With trypsinized peptone the situation
might be different.

Effect of phospholipids on the growth of Ph. infestans:
Recently, it has been demonstrated that several species of Fhytophthora,
including Ph. <nfestans, show a remarkable response in growth upon addition

of phospholipids to the nutrient medium (HOHL 1975). With some species, but
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not with Ph. infestans, there also seemed tec be a kind of interaction between

the nitrogen source and the phospholipids: they grew well on nitrate nitrogen
provided that phospholipids were present in the medium. Therefore, before any
further effects of mixtures of amino acids were studied, the response in
growth of three strains of Ph. infestane to phospholipids was determined. Fer
comparison, Ph. erythroseptica was included in this study. The growth rate of
the fungi on pea-juice agar, on a defined medium containing amino acid
mixture I, and on the latter medium with added soya-bean phospholipids was
compared. The results are presented in Fig. 2. With Pk, erythrcseptica and
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the three tested strains of Ph. infestang phospholipids stimulated growth
when added to the medium with amino acids. Mostly, stimulation was highest in
the earlier growth phases and became less pronounced in the logarithmic phase.
With strain 02 of P4. infestans, the growth rate on the medium with added
phospholipids was even higher than that on pea-juice agar during the first &
days. Compared with the previous experiment (cf. Fig. 1), strain 04 showed a
somewhat higher growth rate on pea-juice agar; relative growth rates on the
defined media, therefore, were only seemingly much smaller in this experiment.

Comparison of different mixtures of amine actds:
Growth of three strains of Fh., dnfestans on basal medium supplemented
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with phospholipids and amino acid mixture I was compared with that on the
same wedium, but supplemented with the same amino acids, some of them at
other concentrations (aminc acid mixtures II and III, cf. Table 1). Mixture
I1 contained 0.5 mM of each amino acid except for asparagine and glutamine
which were present at concentrations higher than (0.5 miM. Mixture LIl was
composed like mixture I except for a higher concentration of asparagine and
lower concentrations of arginine and glutamine. The experiment was carried
out with strains 02, 04 and R4, and linear growth was measured after 10, 12
and 14 days, respectively. The results are prsented in Table 3. Mixtures II
and II1 did not differ significantly from each other with respect to their

Table 3: Growth of Phytophthora infestans on defined media containing
mixtures of 13 aminc acids at different concentrations.

Linear mycelium growth, mm:

Amino acid Strain 02 Strain 04 Strain R4
mixture: {10 days) (12 days) (14 days)
I 49*** 55** 48***
II 59 28 3t
11T 627 30" 3

*®, FROREE . significantly different from the mean growth rate on the medium

containing mixture 1 at P = < 0,05, 0,01 and 0,001 respectively (¢ test).

ability to support growth of the three strains of Ph. <nfestane. Differences
in growth between the medium containing amino acid mixture I on one hand,
and mixtures 11 and III on the other, were significant in all cases. With
strain 02, growth on the latter media was better than on the medium
containing mixture I, with strains 04 and R4 the opposite was true.

A problem remaining to be solved was, whether any of the amino acids in
the mixtures was an essential growth factor for any of the strains of Ph.
infestans. Therefore, growth of three strains of the fungus on basal medium
supplemented with amine acid mixture III and phospholipids was compared with
that on the same medium containing fewer amino acids. Accerding to their
suppesed pathways of biosynthesis, amino acids were omitted alone or to-
gether with others which have the same precursor (cf. MAHLER and CORDES 1971).
Linear growth was measured after 6, 12 and 14 days for strains 02, 04 and R4,
respectively. The results are presented in Table 4. With strain 02, a
significant reduction of growth occurred only in the absence of y-amino

butyric acid plus glutamine. Strain 04 showed a decreased growth in the
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absence of alanine, glycine, valine plus leucine, and in the absence of
y-amino butyric acid plus arginine. With strain R4, growth was decreased in

Table 4: Growth of Phytophthora infestanse on a medium containing a mixture of
amino acids and on the same medium with amino acids as indicated omitted (cf.
Table 1).

Linear mycelium growth, mm of strain:

Amino acids omitted 02 04 R4
from mixture III: (6 days) (12 days) (14 days)
None 31 30* 30*
aba, arg 31 43, 38
ala, gly, val, leu 29 43 26
his 32 31 18, .
ser 30 23 12
aba, gln 22M%¥ 28, 14:**
ile, lys, thr 31 T 1

® ¥ O®EE significantly different from the mean growth on the medium
containing the complete mixture III at P = < 0,05, 0.01 and 0.0001

respectively (¢ test).

the absence of serine, and in the absence of y-amino butyric acid plus
glutamine., Growth of this strain was enhanced when y-amino butyric acid plus
arginine were omitted from the medium,

From the results presented in Tables 3 and 4 it became evident that
maximal growth of Ph. infestans on defined nutrient media depended on the
presence of some specific amino acids in the medium, but also on their
concentration ratio. The optimal composition of the medium, however, was
different for the three strains tested.

DISCUSSION

Results from this study again substantiate that a successful cultivation
of Ph. <nfestans on defined nutrient media largely depends on appropriate
nitrogen sources. These requirements were met by addition of amino acid
mixtures to a basal medium containing glucose, some mineral salts, trace
elements and thiamine. On this medium, however, the initial growth rate of
the four strains of Ph. {nfestans was lower than on pea-juice agar. With one
of these strains, R4, it was demonstrated that an initial growth rate
comparable to that on pea-juice agar could only be achieved when in addition
several other fractions from peas were supplemented to the medium (MIESKES
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and FEHRMANN, unpublished results). One constituent of these fractions was
identified as ascorbic acid, which is probably important to provide a high
redox petential of the medium (cf. CUPPETT and LILLY 1973). HOHL (1975)
reported that in his experiments some strains of Ph. Zufestans were auxo-
trophic for some purine bases. Probably, these are also present in pea-juice,
and might stimulate growth of some of our strains. The initial growth rate
of our strains was also promoted by soya-bean phospholipids; in this way,

the growth rate of one strain (02) was even higher than on pea-juice agar.

A more detailed study on the requirements of Ph. infestans for amino
acids revealed that they zll are more or less dispensible. Evidently, to a
certain extent any amino acid is interchangeable by others, but apparently
this phenomenon depends on the tested strain. There was no indication for
any auxotrophy for a specific amino acid. This fact would mean that the fungus
is able to synthesize all amino acids by itself. In most organisms, inorganic
nitrogen - in the case of nitrate after several reduction steps - is primarily
incorporated into glutamic acid which in turn serves as the nitrogen source
for the other aminc acids (FOWDEN 1967, MAHLER and CORDES 1971, PATEMAN and
KINGHORN 1976, and many others). The carbon skeletons are supplied via the
common pathways of intermediary metabolism. Since Ph. {nfestans requires
several amino acids apart from glutamic acid or glutamine, this fact probably
means that the synthesis of thelr direct precursors proceeds only slowly.

It has been suggested that, as a consequence of the low respiratory
activity of Ph. infestans, reactions which depend very much on energy metabo-
lism should alse proceed slowly (SCHEEPENS and FEHRMANN 1977). Thus, they
should result in the synthesis of insufficient amounts of some amino acid
precursors. On this basis, it is plausible that the fungus depends on several
amino acids at a time which can be replaced by others to some extent.
Possibly, amine acids can also be replaced by other intermediary products that
are synthesized via the common pathways of intermediary metabolism. For
further confirmation of this hypothesis, however, more detailed investigations
on the intermediary metabolism of Pk, Infestans are necessary.

We acknowledge the skilful technical assistance of Miss GABRIELE
BRAUNSCHWEIG. We are indebted to Prof.Dr., A. FUCHS for his critical comments
on the manuscript, Thanks are due to the Deutsche Forschungsgemeinschaft for
financial support.

SUMMARY

Growth rates of four strains of Phytophthora infestans on a synthetic
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medium containing glucose, some mineral salts, thiamine and a mixture of 13
amino acids, were initially lower than those on pea-juice agar, but during
the subsequent logarithmic phase they became approximately the same on both
media. Addition of other nitrogen sources such as glutamine, acid-hydrolyzed
peptone, or a hydrolyzed fraction from peas to the basal medium resulted only
in limited growth of these strains.

The initial growth rate of three strains of Fh. Znfestans increased by
addition of soya-bean phospholipids to the hasal medium with amino acids;
with one strain it was even higher than on pea-juice agar.

No auxctrophy for any amino acid could be observed for any of the three
strains tested. Omitting certain amino acids from the medium hardly affected
growth, while omitting others reduced growth to a large extent. These effects
varied with different strains. The growth rates were also dependent on the
concentration ratio of the amino acids in the mixture. The results suggest
that it is not possible to divise a fully synthetic nutrient medium meeting
all requirements of every strain of Ph. infestans.

The high nutritional demands cf FPh. infestans are most likely due to a
limited activity of some pathways of intermediary metabolism, especially that
of the citric acid cycle. From this point of view, the limited acitvity of
the mitochondrial electron transport chain could be the primary cause of the
synthesis of only insufficient amounts of some amino acids, possibly also of
other low-molecular-weight compounds such as phospholipids.

ZUSAMMENFASSUNG

Wachstum von Phytophthora infestans
auf definierten Nihrmedien

Die Wachstumsraten von vier Stdmmen von Phytophthora infestans auf einem
Medium, das neben Glucose, einigen Mineralsalzen und Thiamin, ein Gemisch
von 13 Aminosduren enthielt, waren zunfichst geringer als jene auf Erbsensaft-
agar. Sie wurden wihrend der anschliessenden logarithmischen Phase letzteren
aber vergleichbar. Zusatz von Glutamin, s#urehydrolysiertem Pepton oder einer
hydrolysierten Fraktion aus Erbsen, die verschiedene Aminosiuren enthielt,
ermbglichte nur ein beschrédnktes Wachstum des Pilzes.

Die anfingliche Wachstumsrate der drei getesteten Stdmme von Ph. infestans
konnte durch die zus#tzliche Zugabe von Phospholipiden aus Sojabohnen noch
gesteigert werden. Bel einem Stamm war das Wachstum damn sogar besser als auf
Erbsensaftagar.
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Keine der getesteten Amincsiuren war flir Ph. infestans essentiell im
Simne einer spezifischen Auxotrophie. Das Fehlen gewisser Aminosduren im
Medium beeinflusste das Wachstum kaum, wdhrend das Fehlen anderer AminosHuren
das Wachstum stark beeintrichtigte. Diese Einwirkungen variierten je nach ge-
priiftem Stamm. Die Wachstumsraten waren auch von der relativen Koenzentration
der einzelnen Aminosfuren im Medium abhingig. Die Ergebnisse deuten daraufhin,
dass es nicht mbglich ist, ein fir diese Pilzart allgemeingiiltiges vollsyn-
thetisches Nihrmedium zu entwickeln, das die Emmihrungsanspriiche aller Stimme
gleichermassen voll erfiillt.

Die hohen Nihrstoffanforderungen von Ph. imfestans kénnen durch eine ge-
ringe Aktivitdt einiger Wege des Intermedilirstoffwechsels, speziell des
Zitronensdurezyklus, einleuchtend erklidrt werden. Die geringe Aktivitit der
mitochondrialen Atmungskette dlirfte die primire Ursache dafiir sein, dass be-
stimmte Aminosduren und womdglich auch andere Verbindungen wie Phospholipide
in unzureichendem Masse vom Pilz synthetisiert werden kinnen.
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GENERAL DISCUSSION

Obligate fungal parasites grow and reproduce only in association with
living host plants and camnot be cultured axenically. As is known from the
literature, they are able to synthesize nucleic acids, proteins and other
cellular constituents from low-molecular-weight precursors. However, their
synthetic capacity is only limited when compared with that of saprophytic
and facultatively parasitic fungi. From such observations some authors have
suggested that derepression of genes is necessary for continued growth of
the obligate parasite (BRIAN 1972, (HAKRAVORTY and SHAW 1977, and others).
Substances that act as derepressors should move from host to parasite. SCOIT
and MACLEAN (1969) suggested that the development of rust colenies from in-
dividual sporelings Znvitro is associated with a change in the expression of
the rust genome with consequent reorientation of rust metabolism. However,
no substantial proof of these hypotheses has been given; the nature of sub-
stances that could act as derepressors is still unknown. Alternatively, the
limited synthetic capacity of cbligate parasites might be explained on the
basis of an insufficiently operating intermediary metabolism, resulting in
the synthesis of insufficient amounts of essential precursors for bio-
synthetic processes. In the latter case, growth of obligate parasites is
supported by a supply of low-molecular-weight substances; synthesis of new
proteins is not absolutely required. In the present study, results are
presented to substantiate that this supposition might be true for the bio-
traophic fungus Phytophthora infestans.

FEHRMANN (1971a,b) found indications that the energy metabolism of Pi.
infeetans might be disordered. For that reason, this study was focussed on
mitochondrial electron transport. FPh. erythroseptica and Pythium debaryanum,
representing lower levels of specialization within the Peronosporales, were
included in this study.

A method was developed for the isolation of mitochondria from mycelium
of the three fungi. With this method the characteristic structure of these
organelles was preserved, although part of the outer membranes was damaged.
At least two facts indicate that their functional integrity was not fully
preserved: oxidative phosphorylation was partly uncoupled from respiration,
and the inner membrane system was permeable to NADH. Uncoupling of oxidative
phosphorylation was deduced from the observation that stimulation of re-
spiration upon addition of ADP was smaller than in mitochondria of other
fungi (cf. LLOYD 1974), and that respiration rates did not decline when the
added ADP should have been exhausted. Furthermore, respiration was only
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slightly stimulated upon addition of the uncoupler CCCP. Permeability of the
mitochondrial inner membranes to NADH was suggested by the observation that
a substantial part of this compound was oxidized via the rotenone-sensitive
electron transport system in P. debaryorum and Ph. erythroseptica. Mito-
chendrial inner membranes of animals, plants and some fungi have been shown
to be impermeable to NADH (CEDERBAUM et al. 1973, LLOYD 1974, PAIMER 1976).
Therefore, it is likely that mitochondria of P. debaryanum and Fh. erythro-
septica have become ''leaky'' upon isolaticn. It would be meaningless to com-
pare energy-dependent reactions of the three fumgi such as oxidative phos-
phorylation or oxidation-reduction kinetics of cytochromes. However, the
comparable quality of mitaochondrial preparations of the three fungi would
justify the study of cther characteristics such as measuring electron trans-
port rates and detemmining the presence of additicnal respiratory pathways.

As compared with mitochondria of P. debaryarum and Ph. erythroseptica,
those of Ph., <nfestans showed two exeptional features: a low activity of the
main electron transport system and the presence of an alternative pathway
for the oxidation of NADH. Mitochondrial respiration of Ph. infestane was
greatly enhanced upon addition of the artificial electron transport mediater
TMPD; in the presence of this chemical, electrons selectively bypass the
antimycin A-sensitive, cytochrome c-directed region of cytochrome(s) b. This
fact indicates that the narrow-pass in the respiratory chain is located in
the cytochrome b regicn which is circumvented upon addition of TMPD. On the
other hand, respiration of P. debaryamum mitochondria was only slightly
stimulated upon addition of this dye.

Exogenous NADH - in contrast to succinate and endomitochondrially
generated NADH - was rapidly oxidized by mitochondria of Fh. infestans.
Oxygen consumption and cytochrome ¢ reduction with NADH as substrate were
insensitive to rotenone and antimycin A; oxygen consumption with this sub-
strate was sensitive to cyanide. These facts indicate that exogenous NADH is
oxidized via an abbreviated electron transport pathway which is connected
with the cytochrome ¢ region of the main electron transport chain, thereby
circumventing the postulated narrow-pass. This NADH-shunt was found to be
also present in P. debaryamum and Fh, erythroseptica, but here it did not
contribute much to the cxidation of NADH. Thus far, it has not yet been de-
scribed for any other fungus. If its demonstration was due to an artifact of
isolation, a comparable order of magnitude should be expected in the two
other species.

As a consequence of the low respiratory activity reactions that are di-

rectly coupled to respiration should also proceed slowly, e.g. thase of
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oxidative phosphorylaticon and the citric acid cycle. Then, cnly limited
amounts of ATP could be synthesized from ADP, and enly small amounts of es-
sential precursors could be synthesized from the citric acid cycle. The
presence of the additional electron transport pathway in Ph. infestans could
to some extent overcome this disorder. Although this shunt allows the syn-
thesis of maximally 1 mole ATP per mole NADH, metabolic interconversions could
proceed somewhat faster than in its absence under certain conditions. One of
these conditions is, that mechanisms are present for the transpert of re-
ducing equivalents from the mitochondria to the cytoplasm. The presence of
such shuttle mechanisms has been demonstrated in animals, higher plants and
the yeast Saechavomyces carisbergensis (VON JAGOW and XLINGENBERG 1970,
CEDERBAUM et al. 1973, PALMER 1976). However, too little is lmown about the
intermediary metabolism of Ph. imfestans for definitive statements in this
direction. Only the presence of the abbreviated pathway in a fungus which
could need it (while a narrow-pass is present in the main electron transport
chain) suggests that it could play a functional role in a modified inter-
mediary metabolism. The possible role of abbreviated, non-phosphorylating
electron transport pathways in green plants has been discussed by PALMER
(1976). Since these organisms can derive ATP from photosynthesis, the most
important functicn of mitochondria in green tissues is probably not the con-
servation of energy, but the synthesis of carbon skeletens for biosynthetic
purposes. The same might be true for obligate parasites, and also for Fh.
infestans, which might derive energy-rich compounds from their host plants.
In a study of FERHMANN (1971h) it was shown that the oxidation of NADH by
cell-free preparations of P, ultimum, Ph. infestans and other Phytophtora
species can be influenced by adenosine phosphates, especially by ADP. The
effects of ADP on NADH-oxidation ranged from a strong inhibition in Fh.
tnfestans to a stimulation in PA. erythroseptica. From these results one
might conclude that ADP might play a role - beyond its function in oxidative
phosphorylation - in the regulation of electron transpert. In this respect,
it was of interest to look for the site(s) of action of ADP, especially to
see whether the cytochrome b region - localized as a narrow-pass in the
electron transport chain of Ph. infestans - was involved. .
Mitechondrial respiration of the three fungi tested with succinate as
substrate was stimulated by low concentrations of ADP. This stimulation was
demonstrated to be based on the coupling of oxidative phosphorylation to
respiraticn. High concentrations of the chemical were inhibitory. The
pattern of inhibition was almost the same for the three fungi. By employing
specific inhibitors and different combinations of substrates and electron

63



acceptors the site of inhibition by ADP could be localized in the cytochrome
¢ region of the respiratory chain. With each combination of electron donor
and acceptor inhibition was about the same for the three fumgi. Since Fh.
erythroseptica and P. debaryanum grow well on basal nutrient media, it is
highly improbable that this anomalous inhibition of respiration by ADP is
the cause of the reduced capacity of Ph. infestans to grow on these media.
Because of the relatively high concentrations of this chemical needed for a
significant inhibition, it is doubtful whether it has any physiological sig-
nificance at all.

In a physiological study, some specific mutritional requirements of Ph.
infestans were investigated in order to find out whether they could be re-
lated to the anomalous electron transport of this fungus.

Four strains of the fungus grew well on a defined nutrient medium con-
taining only low-molecular-weight substances: glucose, some mineral salts,
thiamine and a mixture of several amino acids. However, growth rates in the
lag phase were lower than those on a medium supplemented with pea juice.
Growth rates could be scmewhat improved when a mixture of phospholipids was
added to the medium containing aminc acids. It has been demonstrated by
other authors, that other substances such as sterols, ascorbate, and
cysteine, can also slightly stimulate growth of this fungus (HOLLOMON 1966,
FEHRMANN 1971a, CUPPETT and LILLY 1973, HOHL 1975 and others). In general,
growth stimulation by these compounds was more pronounced in the lag phase
than during the logarithmic phase.

A more detailed study on the requirement of FPA. Infestans for amino
acids revealed that they were all more or less dispensable. However, some of
them could be omitted from the medium without affecting growth, while omit-
ting others reduced growth to a large extent. In agreement with HOHL (1975)
we can conclude that it is more important that several amino acids are
present in the medium than some special ones. This fact would mean that the
fungus is able to synthesize all amino acids by itself, but rates of bio-
synthesis are low when no proper precursors are added to the mediun. Since
some amino acids can evidently act as precursors of others, it is likely that
the synthesis of their carbon skeletons is a growth-limiting factor when the
fungus is cultivated on basal nutrient media. Theoretically, it could also be
possible that transaminations are rate limiting in the synthesis of amino
acids, but in view of the fact that several of them are necessary for good
growth, this supposition is not likely.

The complex nutritional requirements of Ph. Znfestans can likely be ex-

plained on the basis of an anomalous electron transport. The narrow-pass in
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the main electron transport chain and the alternative pathway for NAIH-oxi-
dation should modify the intermediary metabolism of the pathogen. Good
growth can only be guaranteed when certain key substances (amino acids,
phosphclipids) are supplied by the host in vive or added to the nutrient
medium <n vitro. However, the results do not exclude the presence of other
growth-limiting steps in the metabolism of this fungus. For further confir-
mation more detailed investigations, especlally on the intermediary meta-
bolism of Ph. <nfestans, are necessary. Nevertheless, the results indicate
that it should be possible for Fh. infestans to grow ¢r vive and in vitro
without its metabolic machinery being drastically changed. In view of the
fact that some rust fungi - until recently considered to be obligate para-
sites -~ can now be cultivated on defined nutrient media, it is not unlikely
that this conception can also be true for these fungi and other obligate
parasites. For that reason, this work might stimulate studies on the nature

of obligate parasitism in the future.
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SUMMARY AND CONCLUSIONS

Phytophthora infestars, being an intermediate type between the faculta-
tive and obligate parasites among the Peroncsporgies (class Oomycetesg), was
used to study the factors which are responsible for the inability of obli-
gate parasites to grow axenically. In a comparative study on mitochondrial
electron transport of Ph. <infestans, Ph. erythroseptica and Pythiwn debary-
anum, three species representing decreasing levels of specialization within
the Peroncsporales, the exceptional position of Ph. <nfestans was emphasized
(papers I, IT and III). The anomalous electron transport of the fungus is
possibly the primary cause of general metabolic disorders, resulting in its
complex nutritional requirements as described in paper IV.

A method for the isolation of mitochondria from mycelium of P. debaryarim
and Ph. infestans was developed. With this method, the structural integrity
of the organelles of hoth species was essentially preserved; however, oxi-
dative phosphorylation was partially uncoupled, indicating that mito-
chondrial function was not fully intact.

Results from studies on respiration and cytochreme ¢ reduction, using
various substrates and specific inhibiters, indicate that in Phi. infestans
as well as in Ph. erythrosepiica and P. debaryamem mitochondria, an electron
transport system similar to that described for other crganisms was present.
Cyanide-resistant respiration, as described for some higher plants, algae and
fungi, was absent in these species.

In Ph. infestans mitochondria respiration rates with the substrates
prruvate plus malate, a-oxoglutarate, and especially succinate, were much
lower than in Ph. erythroeeptica and P. debaryanum. Evidence was presented
that a narrow-pass, located in the cytochrome(s) b region, limited the elec-
tron flux in the electron transport chain of Ph. Znfestans. Addition of the
artificial electron transport mediator N,N,N' N'-tetramethyl-p-phenylene-
diamine {TMPD) to the reaction mixture enhanced respiration by about 140% in
the case of Ph. Infestans, but only by 30% with P. debaryawmen.

In Ph. infestans an additional pathway was found to operate which per-
mitted the oxidation of externally added NADH at a much higher rate than
that of pyruvate plus malate, a-oxoglutarate and succinate. Its demonstration
with both cytochrome ¢ and oxygen as electron acceptors, its insensitivity to
rotenone and antimycin A, and its sensitivity to cyanide indicate that this
pathway is of mitochondrial origin, and connected with the main electron
transport chain in the cytochrome c region, bypassing the postulated narrow-

pass. This pathway was also found to be present in Ph. erythroseptica and
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P. debaryauen mitochondria, but it did not contribute much to the oxidation
of NADY in these species.

Respiration of Ph. infastans, Fh. erythroseptica and P. debaryarnem mito-
chondria with succinate as substrate was stimulated by low concentrations of
ADP. This stimuiation was due to the coupling of oxidative phosphorylation
to respiration. Higher concentrations of the chemical were inhibitory. The
extent of inhibition was about the same in the three species. By employing
specific inhibitors of mitochondrial respiration and different combinations
of substrates and electron acceptors, the influence of ADP on several seg-
ments of the electron transport chain of the three fungi was measured. In
this way, the site in inhibition by ADP was localized in the cytochrome c
region of the electron transport chain. Because of the relatively high con-
centrations of ADP that are necessary for a significant inhibition and the
similarity of the inhibition pattern in the three fungi tested, this anoma-
lous inhibition of respiration by ADP is not likely related to the inability
of Ph. infestans to grow on basal nutrient media.

Linear growth rates of four strains of Ph. <nfestans on a defined nu-
trient medium containing glucose, scme mineral salts, thiamine and a mixture
of 13 amino acids were initially lower than on pea-juice agar, but during
the subsequent logarithmic phase they became approximately the same on both
media. Addition of other nitrogen sources such as glutamine, acid-hydrolized
peptone, cor an hydrolyzed fraction from peas to the hasal nutrient medium
resulted only in limited growth of these strains.

The initial growth rate of three strains of Ph, infestans was increased
by addition of soya-bean phospholipids to the basal medium plus aminc acids;
with one strain it was even higher than on pea-juice agar.

No auxotrophy for any amino acid could be cbserved for any of the three
strains tested. Omitting certain amino acids from the medium hardly affected
growth, while omitting others reduced growth to a large extent. These effects
varied with different strains of the fungus. Growth rates were also dependent
on the concentration ratio of the amino acids. The results suggest that it is
not passible to devise a synthetic nutrient medium meeting all the require-
ments of every strain of Ph. infestans.

The demand of Ph. infestans for several amino aclds at a time which can
to some extent be replaced by others, is likely due to a limited activity of
some pathways of intermediary metabolism. From this point of view, the limit-
ed activity of the mitochondrial electron transport could be the primary
cause of the fungus' inability to synthesize sufficient amounts of some amino
acids, possibly also of other low-molecular-weight compounds such as phos-
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pholipids. Good growth of the fungus is only guaranteed when such substances

are provided from the host in vive or added to the nutrient medium Zn vitro.
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SAMENVATTING

Phytopthora infestans, die als een overgangsvorm tussen de facultatief
en obligaat parasitaire schimmels binnen de Peronosporales (klasse Oomycetes)
kan worden beschouwd, werd als toetsschimmel gebruikt om na te gaan, welke
faktoren een autonome groei van obligaat parasitaire schimmels Zn vitro ver-
hinderen. In een vergelijkende studie over het mitochondriale electronen-
transport van Ph. infestans, Ph. erythroseptica en Pythium debaryonuwm, die
in deze velgorde afnemende specialisatieniveaus binnen de Peronosporales
vertegenwoordigen, werd de uitzonderlijke positie van Fh. imfestans in deze
groep benadrukt (Pubiicaties I, II, en III). Het abnormale electronentrans-
port van de schimmel is mogelijk de primaire oorzaak van andere storingen in
zijn metabolisme, resulterend in de complexe voedingseisen, zoals die in
publicatie IV worden beschreven.

Er werd een methode ontwikkeld voor het isoleren van mitochondrien uit
mycelium van P. debaryanum en Ph. infestans. Met deze methode bleven de
structurele eigenschappen van deze organellen in hoofdzaak behouden; het ge-
deeltelijk ontkoppeld zijn van de oxydatieve fosforylering duidde er evenwel
op, dat hun functie gedeeltelijk gestoord was.

Resultaten van studies over de ademhaling en de cytochroom ¢ reductie bij
gebruikmaking van verschillende substraten wezen erop, dat zowel in mito-
chondrien van Ph. infestane als van Ph. erythroseptica en P. debaryanum een
electronentransport systeem aanwezig was, dat vergelijkbazar was met dat van
andere organismen. Cyanide-resistente ademhaling, zoals die bij enige hogere
planten, algen en schimmels is gevonden, ontbrak bij deze schimmels.

In mitochondrien van Pk, infestans waren de ademhalingsintensiteiten met
de subhstraten pyruvaat plus malaat, a-ketoglutaraat, maar vooral succinaat,
veel geringer dan in die van Ph. erythroseptica en P. debarycanum, Toevoeging
van N,N,N',N'-tetramethyl-p-phenyleendiamine (TMPD) - een stof, die de
electronen rechtstreeks van cytochroom b naar ¢ytochroom ¢ overdraagt - aan
het reactiemengsel verhoogde de mitochondriale ademhalingsintensiteit van
Ph. infestans met 140%, die van P. debaryanum slechts met 30%. Dit wijst er-
op, dat bij Ph. infestans, in vergelijking met F. debaryanum, het electronen-
transport ter hoogte van cytochro(o)m(en) b stagneert.

In Fi. infestans was een extra weg aanwezig voor de oxydatie van toege-
voegd NADH, hetgeen zowel met zuurstof als met cytochroom ¢ als electronen-
acceptor werd vastgesteld; hij was ongevoelig veor rotenon en antimycine A,
maar geveoelig voor cyanide, Deze feiten wijzen erop, dat deze weg van mito-

chondriale ocorsprong is en ter hoogte van cytochroom ¢ met de hoofdketen
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verbonden. De plaats in de hoofdketen, waar het electronentransport stagneert,
wordt hierbij vermeden. Deze weg was ook aanwezig in mitochondrien van Fh.
erythroseptica en P. debaryaruwm, maar droeg hier slechts in geringe mate bij
tot de oxydatie van NADM.

De ademhalingsintensiteit van mitochondrien van Ph. infestans, Ph. ery-
thoseptica en P. debaryamim met succinaat als substraat werd door lage ADP-
concertraties gestimuleerd. Deze stimulering was het gevolg van de koppeling
van de oxydatieve fosforylering aan het electrcnentransport. Hogere concen-
traties van deze stof remden de ademhaling. De mate van remming was bij de
drie getoetste schinmmels ongeveer hetzelfde. Door het gebruik van specifieke
remsteffen, en verschillende combinaties van substraten en electronenaccep-
toren werd de invlced van ADP op verschillende segmenten van de ademhalings-
keten nagegaan. Op deze wijze werd vastgesteld, dat de plaats waar ADP zijn
remnende werking uitoefent, ter hoogte van cytochroom ¢ was gelocaliseerd.
Ondat relatief hoge ADP-concentraties ncdig waren om een duidelijke remming
van de aderhaling te veroorzaken, en omdat het remmingspatroon van ADP bij
alle drie toetsschimmels ongeveer gelijk was, is het onwaarschijniijk, dat
deze ongewoonlijke remming door ADP verband houdt met het onvermogen van
Phu. infestans tot autonome groei op basale voedingsmedia,

De lineaire groeisnelheid van vier stammen van Pk, <nfestons Op een ge-
definiéerd voedingsmedium, dat naast glucose, enige minerale zouten en
thiamine cen mengsel van 132 aminozuren bevatte, was aanvankelijk geringer
dan op erwtesap-agar. Gedurende de logarithmische fase waren de groeisnel-
heden op de beide media ongeveer gelijk. Toevoeging van andere stikstof-
bronnen aan het medium, zoals glutamine, in zuur gehydrolyseerd pepton, of
een gehydrolyseerde fractie uit erwten, leidde slechts tot geringe groei van
deze stammen.

De initiZle groeisnelheid van drie stammen van Pk, infestans werd ver-
hoogd door toevoeging van fosfolipiden uit sojabonen aan het medium met
aminozuren; bij &&n stam was zij zelfs groter dan op erwtesap-agar.

In geen der getoetste stammen van Ph. infestans kon een auxotrofie voor
enig aminczuur werden vastgesteld. Het weglaten van sommige aminczuren uit
het medium beinvloedde de groei nauwelijks, terwijl het weglaten van andere
de groei in sterke mate reduceerde. De effecten varig€erden met de gebruikte
stam. De groeisnelheden waren ook afhankelijk van de verhouding, waarin de
aminozuren werden toegediend. De resuitaten wijzen erop, dat het niet moge-
lijk is een synthetisch voedingsmedium samen te stellen, waarop alle stammen
van Ph, infestans coptimaal groeien.

De gelijktijdige behoefte van Ph. infestans aan meerdere aminozuren, die
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tot op zekere hoogte door andere kunnen worden vervangen, wordt mogelijk ver-
corzaakt door een begrensde activiteit van enige wegen van het intermediair
metabolisme. Vanuit dit oogpunt zou de begrensde activiteit van het electro-
nentransport de primaire oorzaak kunnen zijn van het feit, dat de schimmel
niet in staat is bepaalde aminozuren, mogelijk ook andere laag-moleculaire
verbindingen zoals fosfolipiden, in voldoende hoeveelheden te synthetiseren.
Goede groei van de schimmel is alld&n mogelijk, als zulke stoffen in vivo
via de waardplant worden verkregen, of <n witro aan het voedingsmedium wor-

den toegediend.
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