
1 Introduction 

Root and foot rots are among the most harmful diseases in cereal growing. The 
take-all disease, caused by Ophiobolus graminis Sacc. (hereafter indicated as Oph- 
iobolus only), is one of the most serious of these root diseases. Though occurring all 
over the Netherlands, the ill repute of the disease in this country is connected with 
its occurrence in the newly drained polders. 

In 1930 the Wieringermeer Polder was drained. The salinity of the soil has been 
one of the problems in this polder. After the construction of the Impounding Dike 
in 1932 the water of the Ysselmeer gradually decreased in salinity. Therefore salt has 
not been an important factor in the reclamation of the North-East Polder and East 
Flevoland, which have been drained in 1942 and 1957, respectively. Yet the condition 
of the soil during the first years is such that only few crops can be grown profitably. 
These are mainly cereals and rape. They also fill the need for labour-saving crops, 
since their cultivation can be completely mechanized. In the Wieringermeer Polder 
two successive crops of cereals were frequently grown during the first years. Ophio. 
bolus proved to heavily attack a second susceptible crop (wheat or barley) (ANONY- 
MUS, 1955). Heavy losses due to Ophiobolus when susceptible cereals are grown in 
succession were also found during the first years of the North-East Polder (BosMA, 
1946) and East Flevoland (JONKER, personal communication). 

In the Wieringermeer Polder difficulties in the mechanical harvesting of rape caused 
cereals to be grown during the first two years whenever possible. The heavy losses 
from Ophiobolus came as a surprise. In the North-East Polder and East Flevoland 
the crop rotation had to be changed to prevent damage by Ophiobolus. A survey of 
land-use in East Flevoland during the first years, based on a mass of experience from 
the Wieringermeer and the North-East Polder, is as follows. 

Reed (Phragmites communis L.) is sown after draining. This has a double function: 
it completely covers the soil about two years after sowing, thus removing weeds 
already established and preventing the establishment of others; secondly it helps to 
dry the soil and improve its structure. The polder is reclaimed by removing the reed, 
draining and ploughing. The soil is divided into fields of 300 metres by 1000 metres 
surrounded by ditches. Each year about 4000 ha are reclaimed, working from East 
to West. Winter rape is nearly always sown as a first crop. Second crop is winter 
wheat and third barley, which is more tolerant of take-all than wheat, or flax. After 
that any crop can be grown. The first four or five years the land is cultivated by 
the Rijksdienst voor de IJsselmeerpolders (Ysselmeer Polders Development and 
Settlement Authority). Since the Authority has about 20,000 ha under cultivation 



labour-saving crops must be grown. The time of harvesting should be spread as much 
as possible. Fortunately rape, barley and wheat, the crops which grow very well 
during the first years, suit that need. During the fourth year of culture crops like beet 
and potatoes, which then grow very well, are excluded for technical reasons. After 
four or five years culture private farmers lease the land. 

Though Ophiobolus is checked by the crop rotation, its behaviour in the polders is 
still worth eonsideration, since an increase in the share of cereals is now economically 
profitable. The following questions should be especially considered: 
1. introduction and spread in the polder; 
2. the severe damage to a second susceptible cereal crop; 
3. the decrease in Ophiobolus attack with the continuous growing of susceptible 
cereals; this has been observed regularly on trial fields in the North-East Polder and 
East Flevoland. 

Since the paramount importance of microbial antagonism 1 to Ophiobolus is well 
known, the phenomenon put forward in the second question can presumably be 
ascribed to lack of activity of other micro-organisms during the initial years of 
cultivation. This can explain the big damage by Ophiobolus (BOSMA, 1962). It will not 
be discussed here. The introduction of Ophiobolus is a more difficult problem; in 
chapter 4 observations and experiments relating to it will be described. The decrease 
in Ophiobolus attack with continuous wheat or barley growing (decline) will be treated 
in chapters 5 to 8. Preceding the experimental part of this paper a brief description of 
the disease induced by Ophiobolus is given in chapter 2, whereas chapter 3 discusses 
materials and methods. 

1 In this paper antagonism is always used in its broadest sense, including antibiosis, competition 

and hyperparasitism. 



2 Take-all disease caused by Ophiobolus graminis 

2.1 The hosts 

Ophiobolus is a root parasite and attacks many cereals and other Gramineae; it 
occurs all over the world. Wheat and barley are highly susceptible and yields of these 
crops, especially wheat, may be severely reduced. Rye and maize can also be attacked 
(RoBrNsoN & LUCAS, 1967), whereas oats is only susceptible to a special strain of 
Ophiobolus (TURNER, 1940), which seems infrequent. 

In the literature many grasses are reported to be carriers of Ophiobolus (BANYER, 
1966; BROOKS, 1965b; G ~ T T ,  1941; GOTTLmB, 1957-8; KIRBY, 1922; VAN DE LAAR, 
1931; PADWICK, 1935; DU PLESSlS & NORTJt], 1952; ROBIlqSON & LUCAS, 1963). 
These grasses may be important in the epidemiology of Ophiobolus in arable land, 
although this view is partly disputed by others (ZOGG, 1963). More information about 
grasses as carriers can be found in BUTLEg'S excellent review (1961). 

Some of the grasses commonly found in the Ysselmeer Polders are Catabrosa 
aquatica P.B., Dactylis glomerata L., Festuca pratensis Huds., Loliurn perenne L., 
Poa annua L., and Puccinellia distans Pad. Their capacity to carry Ophiobolus, al- 
ready known from the literature for most of them, was confirmed during this study. 
Also reed (Phragmites communis L.), which covers the larger part of the polders for 
many years before reclamation, proved to be a carrier of Ophiobolus. 

2.2 Description of the disease 

Wheat is the most important crop attacked by Ophiobolus. Therefore the disease 
will be described on wheat. 

The fungus infects roots, partly growing superficially with dark-brown so called 
runner hyphae. As infection proceeds, the roots rot and turn brownish to black, and 
the plants become stunted and desiccated. At this stage the fungus also establishes 
itself at the stem-base where it forms a black mat below the leaf sheaths. In this mat 
perithecia may form; they protrude through the leaf sheaths. 

The disease may cause plants to die at any stage of development. But, in the field 
root deterioration usually is not fatal until a few weeks before healthy plants reach 
maturity. At this stage diseased plants die quickly; the leaves die and roll up from the 
base upwards and at last also the ear dies and becomes yellowish white. The name 
'whiteheads' is used to indicate this symptom. Whiteheads, however, may have many 
other causes. The 'take-all' symptom, death of wheat plants at an early stage of 



development, may occur in the field but is easily overlooked. In greenhouse experi- 
ments it is common, however, due to infection of young plants with a high dose of 
inoculum. Within a few weeks many plants may die. The surviving ones later seem to 
recover, but remain distinguishable from healthy plants by their retarded growth; 
after flowering they show the whitehead symptom. All this results in an uneven 
stand. 

The symptoms on the shoot are correlated with the development of the root 
system. The first weeks after sowing, the plant depends on its seedling roots for water 
supply. Attack by Ophiobolus at this stage may be disastrous. After that, there is 
a rapid increase in root mass during the growth stages 5 to 8 (Feekes scale; LA~6E, 
1954). The maximum root mass is reached at growth stages 10.1-10.5. After that 
root mass decreases (JONK~R, 1958), SO that whiteheads appear rapidly since no new 
roots can replace the roots destroyed by Ophiobolus. 

2.3 Life cycle of the causal fungus 

During the growing season Ophiobolus thrives on and in the roots of its hosts. 
It can continue to parasitize perennial grasses the year round. When a cereal crop is 
ripe the fungus can survive saprophytically on dead roots and stubble which it has 
previously parasitized. According to GARRETT (1956) the fungus has a low "competi- 
tive saprophytic ability", so it cannot colonize fresh organic material while the stubble 
and roots are decomposing. But WINTER (1947, 1950-1) says that Ophiobolus might 
have a higher saprophytic ability than is generally assumed. Yet certainly survival of 
Ophiobolus in arable land depends on the growing of susceptible crops at least once in 
two years or on the presence of grass weeds. 

Besides its hyphal structures Ophiobolus produces perithecia, with ascospores, and 
microconidia of uncertain function. Perhaps microconidia play a role in fertilization, 
since they are always found in combination with peritheeia (GINDRAT, 1966). At any 
rate, it is generally assumed that they do not cause infection of plants. The air-borne 
ascospores are forcibly ejected when the perithecia are wetted by rain. SAMUEL & 
GnRR~TT (1933) believed they were responsible for the spread of Ophiobolus to newly 
reclaimed land in Australia. Later GnRRZTT (1939) showed that they are only infec- 
tious under completely sterile conditions, so that air-borne spread of the disease 

seems doubtful. 
BROOKS (1964, 1965a), however, proved ascospores to be infectious on exposed 

roots of wheat seedlings germinating on the soil surface. Whether this fact will help 
to explain the spread of Ophiobolus in practice remains doubtful, since G~CoR'i" & 
HENDnN (1967) failed to infect wheat plants by growing seedlings with exposed roots 
in a box placed in a field with wheat stubble bearing sporulating perithecia. 

The facts mentioned support the view that antagonism of other soil micro-organisms 
is important in the survival and spread of Ophiobolus. During the saprophytic phase, 
when Ophiobolus is assumed to be more sensitive to antagonism than in the parasitic 
phase (GRoSSMArCN, 1954; SCH~DT, 1962), the mycelium only survives on material 



which has been already infected. Apparently the ascospores have very few opportuni- 
ties of establishing infection unless antagonism is eliminated. 

2.4 The effect of crop rotation 

During growth of a susceptible crop the inoculum of Ophiobolus in the soil increases 
sharply. After harvest the mycelium of Ophiobolus on stubble and remains of roots 
dies and decomposes within about a year, depending on the activity of antagonistic 
micro-organisms 2. Therefore, big losses from Ophiobolus can generally be prevented 
by growing a susceptible crop not more than once in two years. Since grasses may 
carry Ophiobolus the break-crop should be kept free from grasses. This will never be 
completely successful, especially at the borders of the field, so that grass weeds can 
be held responsible for the maintenance of Ophiobolus in a 'healthy' crop rotation. 
The effect of grassland as an interruption of cereal growing is disputed. This will be 
discussed in more detail later (5.4.3). 

Growing two or more cereal crops in succession will cause the build-up of a high 
inoculum level, leading to serious losses in the second or third crop. The fate of 
Ophiobolus with continuous cereal growing wiU be dealt with in chapter 5. 

2 This looks favourable when compared with the three years needed to eliminate eyespot (Cerco- 
sporella herpotrichoides Fron). 



3 Materials and methods as generally used in 
laboratory experiments 

Materials and methods used in field trials or in experiments of a special design are 
described in the pertinent paragraphs. 

3.10phiobolus inoculum 

A highly virulent single-spore isolate of Ophiobolus was used. It was kept and 
multiplied on PDA (potato dextrose agar) slants. Ophiobolus looses its virulence after 
prolonged culture on this medium, so a fresh virulent isolate was obtained about 
thrice yearly from perithecia-bearing wheat stubble kept in the refrigerator at 4~ 
This stubble originated from wheat grown in the field and inoculated with the original 
strain of Ophiobolus. At 4 ~ the ascospores remained viable for more than one year, 
so that the supply of virulent Ophiobolus was ensured by collecting stubble of artifici- 
ally inoculated wheat once a year. 

The medium used for soil infestation with Ophiobolus consists of: 
wheat grains (80~; dry weight) 
chopped wheat straw (20~o; dry weight) 
water 

The medium is prepared by cooking the straw with excess water for about 10 minutes. 
Then the straw is strained to remove surplus water. The straw imbibes and holds 
about 5 times its dry weight of water. Mixing the wet straw with the dry grains results 
in a suitable moisture content. The medium is put into wide-mouthed 1-1itre Erlen- 
meyer flasks, which are twice autoclaved at 120~ for one hour at an interval of 24 
hours. The flasks are inoculated with about 75 ml of a shake culture of Ophiobolus 
on potato dextrose broth. After 21/z-4 weeks of incubation at room temperature the 
inoculum is ready for use. Inoculum, 1~ by fresh weight, is added to the soil and 
mixed thoroughly with the top 7-10 cm. Since the amount of organic material added 
is not very high and since the C:N ratio (about 25) favours fermentation, the distur- 
bance of the microbial equilibrium of the soil is assumed to remain within reasonable 
limits. The treatment is indicated as LO (living Ophiobolus). As a check, a treatment 
is included with Ophiobolus prepared in the same way as described for LO but killed 
by application of chloropicrin two days before mixing with the soil. This treatment 
is called DO (dead Ophiobolus). A treatment without any additive to the soil (NO) 

serves as a second check. 



3.2 Growing the crop 

All trials were with one variety, namely Peko spring wheat. For some 6-1itre 
Mitscherlich pots were used, each containing about 5 kg soil. For others wooden 
boxes 23 cm • 23 cm • 13 cm each with about 6 kg soil were used. The pots were 
weighed three times a week to keep the soil moisture at 50% of the field capacity. 
Since the weight of the growing plants was not taken into consideration soil moisture 
decreased slightly when the plants grew older. In the wooden boxes moisture status 
was not controlled. They were watered according to apparent need. In the pots 15 
seeds were sown, in the wooden boxes 25. Shortly after germination the number of 
plants in the pots was reduced to 10. In a few experiments clay pots were used; if so 
the number of seeds was adapted to the size of the pots. The soil was kept free from 
weeds and the surface layer was loosened whenever necessary. 

The greenhouse trials lasted about 3 months. After this period the plants had 
reached about the flowering and after-flowering stages (10.5.1 to 10.5.4 of the Feekes 
scale (LA_g~E, 1954)) and stopped active growth. Then the shoots were cut off just 
above the ground, and after thoroughly loosening the soil and mixing the root systems 
through it, the pots were ready for a second crop. The same soil was used repeatedly, 
which is indicated as first cycle, second cycle, and so on. Fertilizer (NPK, 12-10-18) 
was applied from the second cycle on. The amount depended on the dry weight of the 
shoots harvested at the end of the previous cycle. Amounts of fertilizer added were 2, 
3.5 and 5 g, respectively, when the weights of shoots harvested were less than 2, 
2 to 10, and over 10 g per pot. 

3.3 The greenhouse 

When the trial began in 1964, Ophiobolus was still assumed to spread only by 
substrates bearing active mycelium (stubbles and roots); air-borne spread of inoculum 
in a greenhouse was thus excluded and all trials were in the same greenhouse with 
inoculated and uninoculated pots together (FELLOWS & FIcrd~, 1939; KIRBY, 1922). 
But later on outbreaks of whiteheads occurred on sterilized or semisterile soils in 
uninoeulated pots, suggesting air-borne infection. After that different greenhouse 
compartments were used whenever necessary. This will be indicated as separated 
greenhouse. In a separated greenhouse no crop which might harbour Ophiobolus, 
except the one under trial, was present. The greenhouse compartments used were 
controlled in temperature to 16~ but afternoon temperatures of 20~ were not 
uncommon through lack of the cooling capacity. On bright summer days the tem- 
perature could even rise to 23 ~ Relative humidity of the air fluctuated between 
50 on bright hot days and 80 or sometimes 100K during the night. From the end of 
May until mid September, the inside of the greenhouse was shielded with cheese- 
cloth, to cut down sunlight. From the end of November till the beginning of March 
from 06.00 h to 18.00 h light was supplemented by twelve 80-W, Bi-PIN, 4300~ 
fluorescent tubes, about 1 tube per sq. metre, at 75 cm above the soil or higher when 
necessary. 

7 



3.4 Soil 

Clay loam soils from East Flevoland were mostly used. Some data about the vari- 
ous soils are given in table 1. Each soil will be indicated by the number of the field in 
East Flevoland from which it comes, e.g. M 70. The Valthermond soil is the only one 
not from East Flevoland. The soil taken from Q 107 and T 71 was from below sand 
pumped onto those sites when the polder was still under water and dug away shortly 
before the time of sampling. Therefore no roots occurred in these soils. Contamina- 
tion with surface soil was prevented as much as possible. These soils are indicated as 
subsoil clay. After being cropped once with wheat they lost their original character 
and were indicated further with the number of their field of origin only. Soil antago- 
nizing Ophiobolus is called antagonistic soil. This will be explained in 5.2.3. 

3.5 Disease assessment 

The fungus can readily be isolated from not too old roots attacked by Ophiobolus, 
especially when surface-sterilizing the roots with 1 ~ AgNO3 before plating them out 
on PDA (DAVIES, 1935). Though Ophiobolus does not produce perithecia on normal 
agar media it can be easily recognized by its characteristic growth pattern with 
curving hyphae at the border of the colony. With a little experience the runner 
hyphae of Ophiobolus, growing along the root, can be identified with certainty, when 
roots washed free of soil are observed under a x50 binocular dissecting microscope. 
This was generally used as a routine test for the presence of Ophiobolus, unless this 
was already apparent from macroscopic observation. To assess the frequency of 

Table 1. Data about the soils used in the greenhouse trials. 

Origin Type Date of collection 

OFL 1, field M 70 clay loam April 1965 

OFL, Q 107 sandy loam May 1965 and 
February 1966 

OFL, S 6 clay loam April 1965 
OFL, T 69 clay loam August 1966 

OFL, T 71 clay loam March 1967 
OFL, U 43 clay loam August 1965 
Valthermond reclaimed peat March 1965 
(Province of Drente) soil, sandy, with 

15% humus 

Previous crops 

fallow 1958; Medicago lupttlina 1959; 
winter wheat 1960, barley 1961; flax 
1962; grass (seed) 1963; winter wheat 
1964; peas 1965. 
greyish virgin soil from the un- 
aerated sublayers; no roots or animal 
life; subsoil clay. 
reed until 1964; winter rape 1965. 
reed until 1964; winter rape 1965; 
winter wheat 1966. 
subsoil clay (explanation: see Q 107). 
reed until 1964; winter rape 1965. 
cultivated for many decades; pota- 
toes 1962; barley 1963; winter wheat 
1964. 

10FL = East Flevoland. 



Ophiobolus on the roots the following scale has been used: 
-- = no runner hyphae on the roots 
-t- = runner hyphae on roots of 0-20~ of the plants 

-t- q- = runner hyphae on roots of 20-50~o of the plants 
-]--k q- = runner hyphae on roots of 50-100~o of the plants. 

For disease rating the following characters are considered: 
1. overall condition of the plants, including length of plants and yellowing of the 
leaves; 
2. condition of the root system. 
Sometimes the dry weight of the shoots was measured. Since it rarely correlated well 
with the above two characters, it was of little value. 

1. The overall condition of the plants was assessed by an arbitrary scale based on 
comparison of the diseased plants with healthy controls. Controls were given the 
index 0, and dead plants the index 5. Such a scale is appropriate for many different 
characters of many diseases (e.g. BOCKMANN, 1963; YON KALBEN, 1956). An illus- 
tration of plants one month old with the indexes 0-5 is given in figure 1. 

2. Root attack was estimated according to the same scale. The indexes of roots 
and shoots were closely correlated. An index 2 for the roots (i.e. dense growth of 
Ophiobolus with some browning of the roots, but the root system about as large as the 
control) corresponds to an index 0.5 for the shoots; since a plant does not always 
need its full root capacity (HuLSHOFF, 1965), the shoots only show symptoms after 
root damage has passed a threshold value. Thus the scale 2-5 for the roots runs 
parallel with the scale 0.5-5 for the shoots. 

The overall condition of the shoots was chosen as the character for estimating the 
severity of the disease. It is indicated as disease index. Only with this character could 

\ 
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Fig. 1. Wheat plants, one month old, illustrating the disease indexes 0-5. 
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the severity of attack be estimated at different moments during the growth of the 
same plants. In experiments of more than one cycle, in which the same soil had to be 
used again, so that each loss of soil and roots had to be avoided, the roots were not 
examined, except at the end of the last cycle. Thus the index for the roots was only 
occasionally estimated as a check on the disease index. 

The time of assessment is very important in disease rating (TYNER & BROADFOOT, 
1943), because the disease index changes during the growing period. Therefore plants 
had to be assessed at least once in 3-4 weeks, in periods of rapid change even once a 
week. 

The first symptoms of the disease are dearly visible 3 weeks after inoculation and 
sowing. After that the plants yellow progressively. From 1 to 2 months after sowing 
changes are generally less, though many plants die during this period, when attack is 
severe. After 2 months some plants often seem to recover. These plants generally 
tiller and grow luxuriously, since death of most other plants leaves more space and 
nutrients for the surviving ones. This phenomenon makes disease assessment at 
3 months after sowing of little value. 

In the present paper, disease indexes are given per pot or box or as an average for 
all pots of the same treatment. They apply to the situation at about 2 months after 
sowing and are the average of the disease indexes of all plants, living and dead, unless 

otherwise stated. 
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4 Introduction of Ophiobolus into the new polders 

After drainage the polder offers a big area of virgin soil without terrestrial life. 
Winged animals enter shortly after drainage. Land vertebrates, such as mice, enter 
the polder over dikes and bridges. Many plants, including pioneer vegetation and 
grasses, are introduced by air-borne and water-borne seeds (PeEKES & BAKr-~R, 1954). 
Invertebrates, such as nematodes and mites, and also higher and lower plants are 
introduced inadvertently by man with soil particles adhering to machinery and roots 
of trees and shrubs planted in the polder. Spores of saprophytic or parasitic fungi may 
be borne by the air. 

How Ophiobolus is entering is disputed, since it is not seed-borne, and its spread by 
ascospores is uncertain. We must examine how the mycelium or spores could be spread. 

The mycelium of Ophiobolus can only be expected to be present on or in roots and 
stubble of cereals and grasses. Air-borne spread can be excluded; spread by man, 
animals or water is possible. Spread by man will be very restricted. Soil adhering to 
boots, machinery or planting material will seldom contain grass or stubble. Spread 
by waterfowl is possible, but unlikely to happen often. Spread by other animals is 
even less likely. Thus, Ophiobolus could only be expected at very few places in the 
polder. Spread by water would imply the spread of Ophiobolus-carrying grasses by 
water before draining of the polders. This hypothesis was suggested for instance by 
OGmvm & THORPn (1962). Grass or fragments could be carried by water into the 
Ysselmeer, and could remain on the land surface after it is drained. If Ophiobolus is 
present on their roots the fungus could be introduced into the polder. But grass has 
rarely been found floating in the Ysselmeer. Thus spread on floating grass also seems 
unlikely. Spread of the fungus by spores is mentioned in 2.3. If BROOKS (1964, 
1965a) is correct that aseospores infect exposed roots of wheat seedlings, this has 
implications for the time of appearance of Ophiobolus in the polders, as discussed 
by GARRETT (1966). Since exposed seedling roots will be specially present when seeds, 
shed at harvest, are germinating upon the soil surface (volunteer plants), infection by 
ascospores can first be expected after the first cereal crop has been harvested. 

Though BROOm (1965a) failed to infect grasses, it seems worthwhile not to exclude 
this possibility. 

A last possibility which cannot be completely excluded, is the presence of 
Ophiobolus in the soil already before the polder is drained. 

Summarizing, the theoretical possibilities give rise to four hypotheses: 
I. spread by infected stubble or roots of grasses taken into th e polder by man or 
animals; 
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2. spread by infected parts of grasses (alive or dead) floating in the water of the 
Ysselmeer and remaining after drainage; 
3. spread by air-borne ascospores; 
4. presence in the virgin soil before draining. 
To test these hypotheses the occurrence of Ophiobolus in different parts of East 
Flevoland and on the newly constructed artificial island Eemeiland was studied. 

4.1 Occurrence in different parts of East Flevoland 

East Flevoland was drained in 1957. When this study started in 1964, no newly 
drained soil was available, and Ophiobolus was already present everywhere in that 
part which had been cultivated for some years. However, this did not seem a serious 
disadvantage, since a large area was still covered with reed because of the stepwise 
reclamation of the polder. Distribution, at each stage after reclamation, of Ophiobolus 
on grasses along ditches and roads, and on wheat grown as a first and second crop 
after reed, should indicate the relevance of each hypothesis. 

4.1.10phiobolus on grasses 

At different sites in East Flevoland samples of grasses were collected. Generally 
10 clumps were sampled at each site. If other than 10 clumps the sample size is indi- 
cated (table 2). By a clump is meant a small group of grass plants growing together or 
a sod about 15 cm by 15 cm. Within 2 days of sampling some of the roots of each 
clump were examined for runner hyphae of Ophiobolus. Sometimes, especially if 
Ophiobolus had not been found, the clumps were put into boxes and covered with a 
thin layer of steamed river sand. The boxes were sown with 50 wheat seeds each and 
kept for about 11/2 month in a separate greenhouse. Then the wheat plants were 
uprooted and the roots screened for the presence of Ophiobolus (wheat seedling test). 
Owing to this procedure amounts of Ophiobolus, apparently so small that they were 
overlooked on grass roots, could be demonstrated. Data on the presence of 
Ophiobolus at a number of sites, the vegetation of these sites and the time of reclamation 
(clearance of reed) are given in table 2. The sites are indicated in figure 2, For compari- 
son three sites outside East Flevoland were also sampled. They too are recorded in 

table 2. 
This experiment shows that Ophiobolus occurs regularly on roots in a closed grass 

vegetation. When grasses are still growing in separate clumps, shortly after reclama- 
tion, Ophiobolus is rarely found. Since samples were rather small, this does not yet 
prove that Ophiobolus is really absent. Grasses growing along lakesides, washed 
ashore or possibly washed ashore, never carried Ophiobolus (last 5 sites of table 2). 

4.1.2 Ophiobolus in first wheat crops 

In East Flevoland wheat is normally grown as the second agricultural crop, directly 
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Table 2. Ophiobolus on grasses at various sites. 

Site Date No. of Vegetation Occurrence of 
years Ophiobolus 5 
since 
clear- visual wheat 
ance seedling 

of reed test 

Kampernieuwstad 1 Nov. '66 

NOP 2, Emmeloord May '67 
NOP, Vollenhove May '67 
OFL 3, Y 90 Oct. '66 

OFL, Y 90 Oct. '66 

OFL, R 26/27 Jan. '67 
OFL, R 26 Oct. '66 
OFL, X 15 Oct. '66 
OFL, T 20 Oct. '66 
OFL, S 6 nor th  Aug. '65 

OFL, U 67 south July '66 
OFL, U 67 south Aug. '66 

OFL, U 60 Jan. '67 
OFL, U 60 May '67 
OFL, B 20 May '67 
OFL, D 13 Aug. '66 

Lakeside of dike 
in OFL near: 
X 4 7  Oct. '66 

Y 90 Oct. '66 

Z 88 Oct. '66 

Z 88 Oct. '66 

X 32-Q 122 Nov. '66 

? permanent grassland bordering lake, + + 
sown about  6 years before 

>20  closed roadside grass mat  + + 
>20  closed roadside grass mat + + + + + 

9 closed grass mat, lakeside slope of q- + + 
dike 

9 closed grass matt, landside slope of + + + 
dike 

6 closed roadside grass mat + + + 
5 closed roadside grass mat + + + 
4 closed roadside grass mat + + 
3 closed roadside grass mat q- 
1 grasses on ditchsides, nearly closed + + + + + + 

grass mat, neighbouring roadsides 
sown with grass in 1961 

1 grasses in clumps on ditchsides + + + 
1 grasses in clumps on ditchsides and -k q- 

in wheat field 
1 grasses in clumps on ditchsides q- 
1 roadside; grass mat not  yet closed -- q- 
0 grasses in clumps at roadside 
0 20 small grass clumps along ditch 

and in dense reed field (reed still 
presen0 

4 grasses growing in dumps  on beach -- 
sand, possibly previously washed 
ashore 

* grasses growing between bricks at 
base of dike 
7 small clumps growing at base of 
dike, possibly washed ashore 
4 small clumps between rubbish at 
base of dike, certainly washed 
ashore (still alive) 

| 20 small clumps growing at base of -- 
dike, possibly washed ashore 

1 Village on old land near Kampen. 
2 NOP = North-East Polder. 
a OFL = East Flevoland. 
4 , = previously no reed. 

5 _ : no  Ophiobolus; + : Ophiobolus on < 20~o of plants; q - + :  on 20-50~ of  plants; 
+ + + :  on > 5 0 ~  of plants. 



following winter rape. In this first wheat crop Ophiobolus generally only occurs in a 
few scattered patches, mostly of a few wheat plants, especially at the borders of the 
field. In field trials whiteheads were used as the criterion for the occurrence of 
Ophiobolus. If  doubtful, the presence of Ophiobolus was proved by inspecting the 
roots. 

Some trials were on the distribution of Ophiobolus in first wheat crops. 
In 1965 a first crop of winter rape was grown on field S 6 after several years of reed. 

At the north side of this field strips 300 metres long and 2 metres wide were cleared in 
spring and sown with spring wheat as indicated in figure 3. Some weeks before 
ripening of the wheat about 2~o of the plants in the strip bordering the ditch had 
whiteheads. In the other strips not more than 0.1 ~ whiteheads occurred. But this 
number is still higher than usual in a first wheat crop after rape. 

In 1966 Ophiobolus was found in another field with wheat directly following reed 
(U 67). Part of the field was used as a trial field by the Ysselmeer Polders Development 
and Settlement Authority (for other purposes) and sown with wheat. The north-east 

YSSELMEER 

~AMPER- 

LEGEND 

- -  ROAD 
l ' ~  C A N A L  

~!~F,~'~, SECTION BORDER 

HARDERWUK 

0 9  ~ 

Fig. 2. Map o~ East Flevoland. Grass samples were taken at sites indicated with q-. Courtesy 

Rijksdienst voor de IJsselmeerpolders. 
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Fig. 3. Position of strips of  spring wheat in a rape field, S 6, in East Flevoland. 

of the field was sown with rape (fig. 4). In 1966 winter wheat contained many white- 
heads, not only at the border of the field near the ditch but also in the middle of the 
field, both up to about 5%. In 1967 winter wheat was grown on the north-east part of 
the field, following rape. In this crop Ophiobolus only occurred near the border of the 
field along the ditch (about 5 ~  whiteheads) and not inside the field (fig. 4). 

In 1967 the frequency of whiteheads along the roadside and inside the field was 
also assessed in other fields of wheat following reed or rape. Whiteheads were counted 
in equal lengths of the first three rows of wheat along the ditch and in three rows, 
3 metres inside the field (table 3). When wheat followed rape, many more patches of 
whiteheads were found along the border than inside the field. Such a difference was 

1966 

/ 

1967 

[ ]  OCCURRENCE OF OPHIOBOLUS 

Fig. 4. Occurrence of  Ophiobolus in wheat and barley in 1966 and 1967; East Flevoland, field U 67. 

15 



not found when wheat was grown directly after reed, in which case the number of 
patches in the fields recorded in table 3 was far smaller than in the fields S 6 and U 67. 

4.1.3 Discussion 

1. On fields U 67 and S 60phioboIus occurred more frequently on wheat as a 
first crop than as a second crop after rape. This strongly suggests the direct trans- 
mission of Ophiobolus from the reed roots left in the soil after reclamation. Support 
for this view comes from a chance observation. I uprooted a whiteheaded wheat plant 
in a field of wheat grown directly after reed and, entangled in its root system, was a 
piece of reed stolon. Both reed and wheat roots carried runner hyphae. 

When Ophiobolus is present on reed, rape will serve as a break-crop and the inoculum 
level of Ophiobolus decreases. Therefore a lower incidence of Ophiobolus on wheat 
after rape may be expected. On field S 6 the strips of wheat had been sown in spring 
after a soil cover of rape during winter only. This might explain why S 6 had less 
Ophiobolus than U 67 where wheat directly followed reed but more than where 
wheat is a second crop. The low incidence of Ophiobolus in wheat after reed on fields 
reported in table 3 is difficult to explain. It might be that the reed was less infected 
because of  soil conditions since the time of drainage, which would be important. 
But even on S 6 and to a lesser extent on U 67 there was less Ophiobolus than might 
have been expected, since reed had grown on these fields for many years. Apparently, 
reed is not a very good carrier and does not build up the inoculum level severely. 

2. The distribution of Ophiobolus in wheat grown after rape indicates a very clear 
border effect (U 67; S 6; table 3). Grasses, established directly after reclamation, 
usually along ditches and roads, can, like wheat, take over Ophiobolus from the reed. 
Ophiobolus was sometimes found within a year of reclamation on grasses growing as 

Table 3. Number of patches of whiteheads in wheat after reed or rape along the border and inside the 
field (in 100 m lengths of 3 rows). 

Site Wheat after reed Site Wheat after rape 

along border inside field along border inside field 

A 22 1 0 F 19 18 3 
B 12 0 0 F 37 13 0 
B 17 0 3 S 58 19 0 
B 18 0 0 U57 8 0 
B 20 0 4 U 571 0 0 
B 28 0 0 U 70 2 0 
B 69 0 U 701 0 0 

1 Along a ditch at right angles to road. 
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separate dumps (table 2). Later than one year after reclamation grasses form a dosed 
vegetation on the ditchsides and the verges of the roads, which is entirely infected by 
Ophiobolus (table 2). Thus Ophiobolus spreads much more extensively on grass than 
on reed. The preservation and expansion of Ophiobolus on ditchside grasses and the 
death of most Ophiobolus inside the field under rape are responsible for the border 
effect. It will be clear that such a border effect cannot occur in a first wheat crop 
directly after reed. 

The problem is therefore how Ophiobolus infects the reed. The observations do not 
provide much information about the four hypotheses on the introduction of 
Ophiobolus. Ophiobolus is too generally present too early to make incidental spread 
by man or animals likely. The very early occurrence on grass before wheat is sown 
also excludes the possibility that Ophiobolus is introduced by ascospore infection of 
wheat. This does not exclude the possibility that aseospores infect wheat; it only 
diminishes its possible importance since Ophiobolus is already present (cf. BROO~S, 
1965a). 

The opportunity then arose to investigate how reed becomes infected. 

4.2 Occurrence on Eemeiland 

In 1964-1965 the Dienst der Zuiderzeewerken (Board of Zuyder Sea Works) con- 
structed an artificial island (Eemeiland) for experiments. This island is situated in the 
lake south of the dike of South Flevoland and about 11/2 km from old land. On the 
old land opposite the island meadows predominate but some wheat is grown near the 
mouth of the River Eem. (I have not attempted to estimate the relative importance of 
grass or wheat as a possible source of Ophiobolus ascospores). The dike of the island 
was constructed in 1964. After that the island was made bypumping sludge (loam) from 
the bottom of the Ysselmeer into the space within the dike. This was finished late in 
the summer of 1965. The centre of the island was sown with reed and the dike with 
a mixture of grasses in April and May 1966, respectively. This island offered a good 
opportunity for investigating the first occurrence of Ophiobolus on virgin land, 
because: 
1. grasses in the centre of the island can only originate from seed, since it has not 
been flooded by water; 

2. man can only reach the island by boat thus making the introduction of grasses 
with Ophiobolus highly improbable; 
3. no wheat had been grown on the island. 

In winter 1967 the dike carried a dosed grass vegetation, the centre was mainly cov- 
ered with reed, but some open sites had separate clumps of grasses and weeds, 
mostly introduced by air-borne seeds. The grasses (except reed) have been sampled 
regularly from January 1967 onwards. The method used was the same as for East 
Flevoland (4.1.1). The results are listed in table 4. The numbers of the sites can be 
found on the map of the island (fig. 5). Table 4 dearly shows the presence of 
Ophiobolua all over Eemeiland and also on the dike of the future South Flevoland. With 
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the exception of the grass mat  2 years old on the dike and recreation turf  of  South 
Flevoland, Ophiobolus, though present nearly everywhere, was not abundant. I t  was 
never observed on the grass roots of  samples f rom the island, but was trapped several 
times by seedling tests. It  is remarkable that all sites already harboured Ophiobolus. 

However, the density is still low as shown by the -k (table 4) and by the fact that it is 
not always found on both sampling dates. 

In  spring 1967 small plots of  wheat were sown with spring wheat to further check 
the presence of Ophiobolus on Eemeiland. Each plot measured about  10 sq. metres. 

On 30 March plots were sown on sites 1 ,2  and 3 (on site 3, there were 2 plots close 

together: 3a and 3b). On 19 April plots were sown on sites 5, 6, 7 and 8. Plot 8 was 
on the top of the dike and the slope to the lakeside. Due to the dry weather the plots 

on sandy soil (1, 2, 5 and 8) suffered starvation and drought and were dead at the end 
of  July. Random samples were taken of the plants of all plots on 27 July and 17 

August. No symptoms were observed. Root-screening in the laboratory, however, 
showed that Ophiobolus was usually present in small amounts (table 5), thus con- 
firming the results of  the grass samples. Here too the density of  Ophiobolus seemed low. 

The observations and results of  trials so far yield the following information about  
the four hypotheses on the introduction of Ophiobolus into new areas. 

Table 4. Ophiobolus on grasses (except reed) on Eemeiland I and elsewhere. 

Site Situation First sampling Second sampling 
(January '67) (March-April '67) 

visual wheat visual wheat 
seedling seedling 
test test 

5 
6 
Several 
places 
Dike a 

end of sand-filling pipe, near dike, 
sandy soil with many shells 
lakeside, sandy slope of dike 
very wet loamy soil 
end of sand-ffillng pipe, near dike, 
sandy soil with many shells 
lakeside slope and top of dike 
lakeside slope of dike 
Floating grasses washed ashore, 
still alive 
grasses in clumps on dike of South 
Flevoland opposite Eemeiland 
dike of South Flevoland opposite 
Spakenburg 2 
recreation turf adjoining dike 
opposite Spakenburg 2 

- -  - 3  i -  - -  - -  

grasses 
i n  - -  + - -  - -  

s e p a r a t e  -- + -- --I- 
clumps -- -- -- + 

closed -- -- -- + 
grass mat - -  + - -  + 

closed 
grass mat 
s o w n  

in 1965 

+ + +  

+ + +  

+ + +  

+ + +  

1 Sown in May 1966. 
2 Village on old land (see figure 5). 
Key: see table 2. 
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Fig. 5. Map of  Eemeiland with sites o f  grass samples and wheat plots. Courtesy Rijksdienst voor 
de IJssetmeerpolders. 

Table 5. Ophiobolus on roots of  wheat from sites on Eemeiland. 

Site Sampling date 27 July 1967 Sampling date 17 August  1967 

number  of  occurrence of  number  of  occurrence of  

plants Ophiobolus plants Ophiobolus 

1 35 + 66 + 

2 56 --  84 --  

3a 7 --  60 --  

3b 7 -- 64 --  

5 31 --  69 + 

6 16 + 52 --  

7 27 + 47 - -  

8 35 - -  56 + 

Key: see table 2. 

Site: see fig. 5. 
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1. The widespread occurrence of Ophiobotus so soon after drainage or reclamation 
makes introduction by man or animals very unlikely. 
2. The Ophiobolus on grasses on Eemeiland could not have spread from infected 
grasses floating to it f rom old land, since the island is above water-level. Anyway 
Ophiobolus was never observed on grasses washed ashore or possibly washed ashore. 
3. Therefore spread of Ophiobolus by ascospores seems now the most likely expla- 
nation for the infection of grasses as observed in East Flevoland and on Eemeiland 8. 
4. Though the presence of Ophiobolus in virgin soil is very improbable, the oppor- 
tunity to test this hypothesis, which presented itself, was seized (4.3). 

Trials still to be described could not demonstrate Ophiobolus in virgin soil. But 
these trials strongly supported the assumption of infection by air-borne ascospores 
(4.3.1 and 4.3.2). 

4.3 Infection experiments with wheat and grasses growing 
in subsoil clay 

4.3.1 Experiments in the greenhouse 

Though absolute proof of the absence of Ophiobolus in subsoil clay would be 
difficult, evidence of its absence was sought in greenhouse trials. 

In a preliminary trial with live (LO), dead (DO) or no (NO) Ophiobolus (see 3.1), 
each in 3 Mitscheflich pots, at maturity wheat proved to be infected with Ophiobolus 
not only in LO, but also in the controls DO and NO. These quite unexpected results 
could have two meanings. 
1. Ophiobolus is present in the subsoil clay (owing to a highly improbable con- 
tamination with surface soil or to its natural occurrence). 
2. Infection with Ophiobolus takes place with ascospores from a source in the green- 

house. 
Therefore with a new soil sample a second experiment according to the following 

scheme was arranged in two duplicate series: 

Subsoil clay 

fresh 

autoclaved (2 h at 120 ~ 

LO (1 pot) 

NO (3 pots) 

LO (1 pot) 

NO (3 pots) 

Sand, autoclaved 

LO (1 poO 

NO (3 pots) 
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The first series of treatments including controls was kept in the greenhouse con- 
tinuously used for experiments with Ophiobolus (I). The LO treatments of  the second 
series were placed in a separate greenhouse (II), and the NO treatments of this series 
in another greenhouse (III). In the first crop aerial parts of  some wheat plants showed 
symptoms of Ophiobolus 31/2 months after sowing. (The roots were not examined.) 
The results are shown in table 6 A. Ophiobolus occurred in uninoculated pots only in 
greenhouse I. 

Since even the LO treatments showed only mild symptoms the same pots were 
treated the same again to get a better impression of the presence or absence of 
Ophiobolus. After 3 months roots were examined in the usual way (table 6 B). 

The pots of  treatment NO with fresh and autoclaved subsoil clay were resown with 
wheat for a third cycle and all put into greenhouse I. After 4 months the presence of 
Ophiobolus on the roots was determined (table 6 C). 

Two successive crops grown on subsoil clay in greenhouse III free from Ophiobolus 
remain healthy. It proves that Ophiobolus is not naturally present in this subsoil. 
Uninoculated wheat grown as a first crop on either fresh or autoclaved subsoil or 
sand in greenhouse I, where experiments with Ophiobolus were continuously carried 
out, may show symptoms of  Ophiobolus. This suggests spread of  Ophiobolus in the 
greenhouse by ascospores. 

To get more evidence a third experiment was set up. Pots were filled with subsoil 
clay and sown with wheat, Lolium perenne or Poa annua. After a week 50 ml glass 
beakers half ftfll of  moist sand were placed on the soil surface in the centre of half of 
the pots. Wheat stubble with ripe perithecia of Ophiobolus was stuck into the beakers 
so that part reached over the rim. Every time the plants were watered, the perithecia 
got wet. Half  the pots, with or without stubble, were placed in greenhouse I normally 
used for trials with Ophiobolus. From the other half the pots with stubble were put in 
separate greenhouse II, and those without into another separate greenhouse (III). 
Each treatment consisted of 2 pots. On spore traps (glass slides) exposed between the 
plants some ascospores of Ophiobolus were caught in the course of some weeks, only 
in greenhouse I and II and not in greenhouse III. Shoots and roots were screened for 
Ophiobolus 31/2 months after the trial began (table 7). Only a few roots per pot were 
examined, leaving the others in place. Seed of Poa annua germinated very poorly, 
leaving 4 pots empty (not included in the table) and 4 bearing only a few plants. 

After the observations, aerial parts of the plants were cut off just above the soil 
surface. The beakers with stubble were taken away. The soil and root systems were 
thoroughly mixed in each pot with L. perenne and P. annua, and with wheat from 
greenhouse III. Then wheat was sown and the pots were all put in separate greenhouse 
III, to see whether Ophiobolus appeared. Table 7 shows that wheat, L. perenne and 
P. annua, grown on subsoil clay, are easily infected by ascospores of  Ophiobolus. 

8 Observations on the occurrence of Ophiobolus on wheat in East Flevoland from 1958 on already led 
JONK~R (personal communication) to suppose infection by air-borne ascospores. 
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Table 7. Ascospore infection o f  wheat and grasses growing in subsoil clay. 

Green- Stubble with Crop Presence of Ophiobolus 

house perithecia (examined visually) 

COlTI- 
s h |  roots 

partment 
pot 1 pot 2 

I + wheat + + +  + + +  
Lolium ~ | 

I - -  wheat + + +  + + +  
Lolium | | 

Poa | | 

II + wheat + + + + + + 
Lolium | 

Boa | o 

III - wheat --  --  
Lolium | 

pot 1 pot 2 

+ + +  + + +  
| 1 7 4  

+ + +  + +  
|  

| 1 7 4  

+ + +  + + +  
| 1 7 4  

| 1 7 4  

| 1 7 4  

@ |  @ @  

Presence of 
Ophiobolus (wheat 
seedling tes01 

pot 1 pot 2 

+ + 

+ + 
+ + 

+ + +  + + +  
+ +  + +  

1 all tests in greenhouse III. 

| = Not recorded, because no symptoms were expected. 
. �9 = Roots not sampled. 

Key: see table 2. 

4.3.2 Infection of wheat in subsoil clay in the open air 

In East Flevoland field R 27 at the end of May 1965 a hole was dug 8 metres by 
2.5 metres, and 1 metre deep about 20 metres north-east of  a trial plot where 
Ophiobolus regularly occurred. Half  the hole was lined with plastic to stop grass roots 
entering it and it was all filled with subsoil clay from field Q 107. Around the lined 
half a zone 0.75 metre wide was kept clear of grass and weeds. At the end of October 
1965 winter wheat was sown in rows on the cloddy soil. An apparently healthy crop 
was harvested in 1966, but the roots were not examined. In October 1966 the soil 
was resown with winter wheat. Though a lot of plants died over winter the cause did 
not seem to be Ophiobolus. In spring larger gaps were resown with spring wheat. 
From 28 June 1967 some plants developed whiteheads. Blackened roots confirmed the 
presence of Ophiobolus. The occurrence of diseased plants all over the plot (fig. 6) 
is strong evidence, that Ophiobolus spread by spores rather than by root contact with 
surrounding grasses. 

4.4 Discussion and conclusions on the spread of |174 

Observations and trials on the occurrence of Ophiobolus in the first years after 
reclamation of a polder do not accord with any of the current theories in literature 
about the spread of Ophiobolus but confirm the course of events discussed by BROOKS 
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(1965a) as 'possibility'. Evidence has accumulated that air-borne ascospores have 
introduced Ophiobolus into the new polders. Unfortunately, trapping of ascospores 
in the polders was not practicable, but GREOORY & STEDMAN (1958) and SA~tJEL & 
GAgRETT (1933) have observed many ascospores in the air over some fields with 
perithecia-bearing wheat stubble. The crucial point is the easy infection of wheat and 
grasses when grown on semisterile soil. 

During the first years after drainage, the structure and moisture content of polder 
soil restrict the number of micro-organisms (VAN SCrmEVEN, 1962). Though GARREa'T 
(1939) found ascospores infective only under completely sterile conditions, FELLOWS 
& FICKE (1939) reported ascospore infection of wheat in sterilized soil which was not 
kept sterile. HI,ST (1965) even obtained infection in a loam-sand mixture which was 
not sterilized. My trials suggest the possibility of infection when few micro-organisms 
are active, as in the first years after drainage of the polders. Even after 6 months 
under two crops of wheat in the greenhouse, ascospore infection could occur (table 
6 C). Also, the frequent occurrence of Ophiobolus in untreated controls in trials still 
to be described, on normal soil, makes it doubtful whether in all these cases 
Ophiobolus was present in the soil used. When I applied a suspension of ascospores to 
the roots of wheat plants growing in root observation boxes (GERLAOrt, 1966) filled 
with subsoil clay or normal soil, germination hyphae of the ascospores differed in the 
amount of lysis, according to soil type. Infection was inversely correlated with lysis: 
lysis was least in boxes with subsoil clay, and most plants got infected; with normal 
soil only few plants got infected. 

Reclaimed land in the polders has, to some extent, matured under reed before 
wheat is sown. Before the reed covers the soil a vegetation of weeds, including many 
grasses, develops. The possibility of ascospore infection of grasses has been demon- 
strated (table 7). Thus reed may perpetuate Ophiobolus as it replaces the weeds. It is 
not known whether ascospores can directly infect reed but this is unlikely since reed 
seems to be a poorer carrier. Although I did not study whether ascospores infect the 
wheat crop grown after reed or rape, all observations can be explained without 

assuming it (see also 4.1.3). 
Under rape, as a first agricultural crop, much of the inoculum on the reed roots 

decomposes. Only grass on the verges of roads and ditchsides provides a good 

 Ogo o o |% oo 
o o o 

~% O o 0  oo / o o o  Oo 
~- oo o o oN 0 o 

4 
WEED-FREE AREA A 

. . . . . .  PLASTIC SHEET 
WHEAT PLANTS WITH WHITEHEADS 

Fig. 6. Distribution o f  Ophiobolus-infected wheat plants grown on subsoil clay in the open. 
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Fig. 7. Scheme of the introduction and spread of Ophiobolus in the Ysselmeer Polders. The top line 
represents a normal crop rotation; beneath is an experimental one (see text). 

opportunity for Ophiobohts to survive (fig. 7). The scarcity of Ophiobolus at particular 
sites (table 3: A and B section, U 57, U 70) may be related to special circumstances 
shortly after drainage. For instance, A and B section were too wet for germination 
of the reed sown in 1958, so that it had to be resown in 1959. There was then less 
grass than in other parts of the polder the year before. This might explain the fewer 
loci of Ophiobolus. 

In evolution the infectiousness of the ascospores to grasses would favour spread of 
the fungus to virgin soil, where weed grasses grow but cereals do not. Thus the world- 
wide distribution of Ophiobolus would be easier to explain. The rapid spread of 
Ophiobolus through grass in the polder shows the pioneer character of Ophiobolus. 

On the verges of roads in East Flevoland with a closed grass mat, almost all the 
grass carried Ophiobolus. SVRAGUE & LAWRENCE (1959) also showed that Ophiobolus 
specially pioneered deglaciated terrain, decreasing in importance the longer the soil 
had been free from ice. Ophiobolus was abundant on grasses sown on soil disinfected 
with methylbromide (Goss & GOULD, 1967) and on cut-away peat (O'RouRKE, 1967). 
Its pioneer character is also well known from Australia both at the beginning of this 
century and in recent times (ANONYMUS, 1966; GARRETT, 1933-4). The same is known 
from France (LEMAmE & JOUAN, 1966; PONCnET & COVWNET, 1957). Since 'newly 
reclaimed soils' has a different meaning in Australia and France from in the polders, 
Ophiobolus may have been present already on grasses before the soil was farmed, or 
may be transported with small soil particles by wind (OOILVlE & THORVE, 1962). But 
its general occurrence suggests that many infections were by ascospores. Perhaps a 
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developing and therefore 'incomplete' soil microflora, not yet adapted to new soil 
conditions, allows aseospore infections more often than assumed up to now. 
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5 'Decline' of Ophiobolus 

5.1 The decline phenomenon 

Growing the same crop for some years in succession usually causes sharp increases 
in certain soil pathogens and in the incidence of disease. When growing the same crop 
is continued, two situations can occur. First: the inoculum level of the parasite 
remains high, and every year the disease causes variably high losses, e.g. potato 
sickness caused by Heterodera rostochiensis. Second: the disease incidence is reduced 
after one or a few peak years, and the pathogen decreases considerably. This phenom- 
enon is indicated as decline. 

Decline is well known for Ophiobolus in wheat and barley. In 1934 FELLOWS & 
FICKE reported patches of wheat attacked by Ophiobolus to disperse from the centre 
in succeeding years, whereas the centre itself almost recovered. GLVNNE (1935) 
mentioned decline of Ophiobolus after attack of more than 35Yo of the wheat plants 
or more than 10~ of barley plants. BOS~L~, (1946, 1962) reported the sudden introduc- 
tion of Ophiobolus into the Dutch Ysselmeer Polders, followed by heavy attack on 
cereals in the second to fourth years of continuous cultivation, after which Ophiobolus 
declined. In recent years decline of take-all has become a regular paragraph in the 
Annual Reports of Rothamsted Experimental Station. 

KLAVP (1958) considers decline a normal phenomenon of soil diseases when mono- 
culture continues for a long time. A survey of literature confirms this statement. 
In 1931 MCNAMARa, HOOTON & PORTER reported patches of cotton heavily attacked 
by Phyrnatotrichum omnivorum to persist only for a few years, then to disappear, and 
to reappear some years later. MENZIES (1959) demonstrated a sharp decline of potato 
scab, caused by Streptomyces scabies, with continuous potato growing. WEINHOLD 
et aL (1964) found the same, though less pronounced. Data in the paper of MAURER & 
BAKER (1965) show decline also to occur with bean root rot, caused by Fusarium 
solani f. phaseoli. GLY~CZ (1965) mentioned a slight decline in Cercosporella her- 
potrichoides, causing eyespot of wheat. 

Decline of Ophiobolus is a usual occurrence on experimental fields in the Ysselmeer 
Polders. The phenomenon on these 'young' soils is pronounced, much more than for 
instance at Rothamsted Experimental Station (A. Reps Rothamsted exp. Stn since 
1958; SLOVE, 1967). 

Decline of Ophiobolus will now be demonstrated with data from field and greenhouse 
trials. Effects will be described of Ophiobolus in the initiation of decline, and of 
break-crops between crops of wheat and barley on the persistence of decline. There- 
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after an analysis of the backgrounds of the decline phenomenon will be presented. 
The term antagonistic soil will be used to indicate soil which can cause decline of 

Ophiobolus. 

5.2 Demonstration of decline 

5.2.1 Observations on decline in the North-East Polder 

In the North-East Polder, which was drained in 1942, a crop rotation experiment 
was started in 1944 on the Lovinkhoeve Experimental Farm. This farm is situated 
on a loam soil (20% < 2 #). OHNESORr~ (1966) gives some data about the experi- 

mental crop rotation. 
From 1944 to 1961 the rotations consisted of 3 groups, differing in the share of 

cereals in the rotation. Wheat, barley, oats and rye were each grown continuously 
(treatment a), twice in 3 years (treatment b), or once in 3 years (treatment c). From 
1962 on the design was different. Oats and rye were discontinued; their place was 
taken by wheat and barley, respectively. Also the share of cereals in the rotation was 
changed, so that there were four treatments: 

I continuous wheat or barley; 
II wheat or barley twice in 3 years; 

III wheat or barley once in 2 years (alternating); 
IV wheat or barley once in 4 years; oats with the same frequency (in alternating years). 
Since 1962 only the continuous cereal plots were situated on the same sites as before. 
The other treatments were allotted over the field independent of the previous rotation. 
For relevant treatments the rotation until and since 1961 is indicated in table 8. 

I observed the occurrence of Ophiobolus on wheat plots since 1964. No exact data 
from previous years were available (but see BOSMA, 1962). Little attention was paid 

to the barley plots. 
With one or more years' break between two susceptible crops (treatments III and 

IV) only a trace of whiteheads was ever found ( ~  1%). Data about the occurrence 
of Ophiobolus in treatments I and II are given in table 8. Only the data from treatment 

I will be discussed here. For  treatment II: see 5.4.1. 
Treatment I plot 4 clearly illustrates decline; no whiteheads are found. In treatment 

I, plot 6, oats had been grown before 1962. In 1964, the third year of continuous 
wheat growing, this plot was most severely attacked. The complete disappearance of 
Ophiobolus in 1965 shows that there too decline occurred to a high degree. 

5.2.2 Demonstration of decline in East Flevoland 

The Ysselmeer Polders Development and Settlement Authority planned crop 
rotation trial OFL 264 to learn about different crop sequences. The trial is on field 
R 26 on a clay loam (32% < 2 #). In its most extensive form the field consisted of 
280 different plots, the total field measuring 24 metres by 300 metres. In 1961, directly 
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after reclamation, the trial started with 7 different crops: spring rape, sugar-beet, 
potatoes, lucerne, spring barley, oats, and spring wheat. In later years flax and peas 

were included, spring wheat was replaced by winter wheat, and rape, lucerne, sugar- 
beet and oats were discontinued. In autumn 1965 and 1966 the whole field was sown 
with wheat so that the 1966 and 1967 crops were wheat only. The wheat was sown on 
two dates: a normal sowing date (from mid of October to first week of November) 
and a very early one (September). In spring 1967 half of the field was treated with 
(2-chloroethyl) t r imethylammonium chloride (CCC). 

Since 1964 the percentage whiteheads in each plot of  winter wheat has been esti- 
mated shortly before ripening. Plots were combined which had parallel histories on the 
one hand of susceptible cereal crops (wheat and barley) and on the other hand of 
other crops including oats (indicated as non-cereal) (see table 9). In group A all plots 
were arranged according to increasing number (1-7) of  successive wheat crops, 

preceded by non-cereal crops. Group  B is identical to A, except for spring barley 
being the first cereal crop. Groups C and E have a break of one non-cereal crop 

preceded by one or two successive wheat or barley crops. In group D all cases are 
recorded with a break of two non-cereal crops preceded by one cereal crop. Within 

groups C, D, and E the plots are also arranged according to increasing number of  
wheat crops after the break. 

When reading the table downwards for each group and for each year separately 
one can observe an increase in the percentage whiteheads to a maximum at the second 
and sometimes the third cereal crop. (The latter especially when barley is the first 

cereal crop (group B); clearly the influence of barley is midway between that of  wheat 
and a non-cereal crop). After that, attack by Ophiobolus usually drops to a low 
percentage. This demonstrates the general appearance of the decline phenomenon 

Table 8. Demonstration of the decline phenomenon (see text). 

Crop rotation Percentage whiteheads 

1944 to 1961 inclusive 1962 1963 1964 1965 1966 1967 

treatment I plot 4 continuous wheat ww sw 0 0 0 0 
plot 6 continuous oats ww sw 80 0 0 0 

treatment II plot 4 2 • wheat; 1 • various sug sw 1 pot 0 2 
crops (per 3 years) 

plot 6 1 • oats; 2 • various sug sw 20 pot + 30 
crops (per 3 years) 

+ = trace of whiteheads 
pot = potatoes 
sug = sugar-be~t 
sw = spring wheat 
ww = winter wheat 
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with Ophiobolus.  Many unpublished experiments of the Ysselmeer Polders Devel- 
opment and Settlement Authority confirm the results reported here (JONKER, personal 
communication). 

Table9. Average percentages whiteheads in wheat after different preceding crops (between brackets) 
from various numbers of plots (after oblique stroke). 

1964, 4th 1965, 5th 1966, 1967, 
cultivation cultivation 6th cultivation year 7th cultivation year 
year, year, 
sowing sowing sowing sowing sowing sowing 
29/10 22/10 22/10 7/9 3/11 1919 

A ( - - - )  0/43 ( - - - - )  0/24 ( . . . .  -)  0/3 7/3 
( - -w)  21/18 ( - - - w )  4/4I ( . . . .  w) 1[9 30/15 ( . . . . .  w) 14/6 
(-ww) 3/6 ( - -ww) 4/18 ( - - - w w )  0/22 26/19 ( . . . .  ww) 5 / 1 8  63/6 
(www) 5/1 (-www) 2/6 (--www) 1/10 17/8 ( - - -www)  1/26 21/15 

(wwww) (3/1 (-wwww) 0/4 15/2 ( -  -wwww) 1/11 12/7 
(wwwww) 5/1 (-wwwww) 0/3 7/3 

(wwwwww) 20/1 

B ( - - b )  2/5 ( - - - b )  2/2 
(-bw) 1 9 / 6  ( - - b w )  4/4 ( - - - b w )  2/1 60/1 
(bww) 1 0 / 1  (-bww) 2/6 ( - -bww)  5/1 22/3 ( - - - b w w )  1/2 

(bwww) 0/1 (-bwww) 0/4 10/2 (--bwww) 13/2 23/2 
(bwwww) 0/1 ( -  bwwww) 1/4 5/2 

(bwwwww) 1/1 

C ( - c - )  0/30 ( a - c - )  0/26 ( a a - c - )  0/6 3/4 
(c-w)  31/10 ( - c - w )  3/28 ( a - c - w )  5/11 19#5 ( a a - c - w )  12/6 40/4 

(c-ww) 4/9 ( - c -ww)  1/20 13/8 ( a - c - w w )  5/8 26118 
( c -www) 1/5 7/4 ( -  c-www) 1 / 1 6  13/12 

(c-wwww) 0/2 16/7 

D ( c - - )  0/20 ( - c - - )  0/33 ( a - c - - )  0/9 3/6 
( c - -w)  3/19 ( - c - -w)  5/24 21/9 

( c -  -ww) 1/9 12/10 
( a -  c - - w )  22/5 61/10 
( -  c- -ww) 11/15 37/18 
( c - -www) 4/6 20#3 

E ( c c - )  0/8 ( - c o - )  0/8 ( a - c o - )  0/2 2/2 
( ec -w)  2/18 ( - c c - w )  4/8 ( a - c e - w )  45/4 

( c c -ww) 0/4 9/4 ( -  c c-ww) 8/4 25/4 
( c e -www) 6/8 

w = wheat; b = barley; c = cereals (wheat or barley); a ----- any cereal or non-cereal crop; -- ----- 
non-cereal crops, including oats. E.g. c-ww means: previous crops were two other wheat crops, 
preceded by one non-cereal crop (which might have been oats, however) and one crop barley or 
wheat. 
To compare the same plots over successive years, the table should be read within groups diagonally 
from upper left to lower right (with few exceptions). 
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After very early sowing the percentage whiteheads is much higher than after sowing 
at a normal time. Yet, decline occurred there too. Insufficient breakdown of 
Ophiobolus on infested stubble and roots during the short fallow might be responsible 
for the severe attack. Further details will be dealt with in 8.2.1. 

In 1967 the percentages whiteheads are generally much higher than in previous 
years. This will be due to the excessive drought during ripening, leading to whiteheads 
even with mild infections of the roots. Even eyespot-attacked plants suffered from 
whiteheads that year, and complicated the estimation of percentage Ophiobolus white- 
heads. The CCC treatment also increased the percentage whiteheads, confirming the 
observations of CUYNINGI-~M (1967). 

The coincidence between percentages whiteheads in groups C and D proves a 
one-year break between two susceptible crops to be as effective as two years to clear 
foci of Ophiobolus. After a break, the build-up of Ophiobolus has to start again. 

5.2.3 Reproduction of decline in the greenhouse 

For a more exact study of decline, it was important to know if it could be reproduced 
under greenhouse conditions. Trials were carried out in which the growth cycle was 
curtailed to the most active period of plant growth, so that four crops per year could 
be grown in sequence. The next trial attempted to reproduce decline under such 
conditions. 

Scheme of the experiment Four soils were used, M 70, Q 107 (subsoil clay), S 6, 
and Valthermond (table 1). These soils were used for four cycles. In the first cycle 3 
Mitscherlich pots with each soil were given one of the six following treatments: 
LO, DO and NO; sown with wheat (indicated by w); 
LO, DO and NO; fallow (indicated by 1.). 
After each cycle one of the pots of each treatment was continued on treatment LOw, 
whereas the rest of the pots remained on the previous treatment. Sometimes another 
crop sequence was used. Thus the fourth cycle consisted exclusively of treatment 
LOw (see table 10). 

Results The results of the experiment, measured by the disease indexes at 4 and 
8 weeks after sowing, are given in table 10. Addition of Ophiobolus (LOw) for the 
first time always caused a severe attack. Addition of LO for the second time caused a 
milder attack. This time a difference between soils was observed. With M 70 and 
Valthermond soils, antagonism was fully established after one LO cycle; with S 6 
soil and Q 107 subsoil clay, two LO cycles are needed. The time needed to establish 
antagonism is correlated with the time the soils have been cropped. Many other 
trials confirmed that antagonism appeared within 3 to 6 months. During this time 
antagonism gradually increases. 

To learn more about the effect of previous LO, DO or NO treatments on the disease 
indexes of Ophiobolus-inoculated wheat the results for the different soils and rotations 
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Table 10. Effect of  various additives, and wheat growing or fallow on severity of  disease. Disease 
indexes assessed at 4 and 8 weeks after sowing (see text). 

Rotation 

cycle 
1st 2nd 3rd 4th 

Valthermond soil 

cycle 
1st 2nd 3rd 4th 

date of estimating disease index (weeks) 
4 8 4 8 4 8 4 8 

LOw LOw LOw LOw 4 4.5 0 0 0 0 0 0 
LOf LOw LOw LOw 0.5 0 0 0 0 0 
LOf LOf LOw LOw 0 0 0 0 
LOf LOf LOf LOw 0 0 

DOf LOw LOw LOw 1 3 0 0 0 0 
NOf LOw LOw LOw 2 3 0 0 0 0 
DOw LOw LOw LOw 0 0 0 1.5 0 0 0 0.5 
NOw LOw LOw LOw 0 0 1 3 0 0 0 0 

DOf DOf LOw LOw 0.5 3 0.5 0 
NOf NOf LOw LOw 2 3.5 0 0 
DOw DOw LOw LOw 0 0 0 0 0 0 0 0 
NOw NOw LOw LOw 0 0 0 0 1 2.5 0 0 

DOf DOf DOw LOw 0 0 0 1 
NOf NOf NOw LOw 0 0 0.5 1 
NOw NOw NOw LOw 0 0 0 0 0 0 0 1.5 

LOw DOw LOw LOw 4 4 0 0 0 0 0 0 
LOw NOw LOw LOw 4 4.5 0 0 0 0 0 0 
DOw LOw DOf LOw 0 0 0 1 0 0 

0 = healthy crop; 5 = dead crop. 
LO = Ophiobolus inoculum; DO = sterilized Ophiobolus inoculum; NO = control (no amendment). 
w = wheat; f = fallow. 
1 spontaneous infection. 

are combined  in table 11. A previous LO t rea tment  caused milder at tack than  previous 

D O  or N O  treatments,  whereas virtually no  difference could be found  between D O  

and  NO.  
Build-up of an tagonism was alike in  t reatments  LOw and  LOf. This means that  

Ophiobolus alone induces an tagonism irrespective of whether wheat  has been grown. 

For  D O  and  NO,  in  contrast  to LO, wheat differs f rom fallow. This is clearly illus- 

t rated when total l ing the disease indexes of relevant t reatments  of table 10 (table 12). 

For  a possible explanat ion,  see discussion (5.2.4). 

The higher disease index after a first LO addi t ion  in  the first cycle than  in  any 

other cycle is discussed in  5.2.4. The generally milder attacks in  the fourth cycle can 

be explained by partial  loss of  virulence of the Ophiobolus strain used. 
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Table 10. (continued) 

Rotation 

cycle 
1st 2nd 3rd 4th 

M 70 soil 

cycle 
1st 2nd 3rd 4th 

date of estimating disease index (weeks) 
4 8 4 8 4 8 4 8 

LOw LOw LOw LOw 4.5 5 0 0.5 0 0 0 0 
LOf LOw LOw LOw 1 0.5 1 0.5 0 0 
LOf LOf LOw LOw 0 0 0 0 
LOf LOf LOf LOw 0 0 

DOf LOw LOw LOw 3 4 1 1 1 0.5 
NOf LOw LOw LOw 2 4.5 0 0 0.5 0.5 
DOw LOw LOw LOw 0 0 1 2 0 0 1 1 
NOw LOw LOw LOw 0 0 2.5 2 1 1 0.5 0.5 

DOf DOf LOw LOw 1.5 3 0.5 1 
NOf NOf LOw LOw 2 4 1 3 
DOw DOw LOw LOw 0 0 0 0 0 0 0 2 
NOw NOw LOw LOw 0 0 0 0 1 1 0 1 

DOf DOf DOw LOw 0 0 2 3.5 
NOf NOf NOw LOw 0 0 2 3 
NOw NOw NOw LOw 0 0 0 0 0 0 1 1 

LOw DOw LOw LOw 4.5 5 0 0 0 0 0 0 
LOw NOw LOw LOw 4.5 5 0 0 0 0 0 0 
DOw LOw DOf LOw 0 0 0 2 0.5 2 

Wi th  Q 107 subsoi l  clay, spon taneous  infect ion occurred  in one p o t  in the th i rd  

cycle. The  influence o f  spon taneous  infections u p o n  results  o f  the  next  cycle would  be 

expected to  be small ,  since the  a m o u n t  o f  Ophiobolus in the soil t h rough  such an  in- 

fect ion is much  smal ler  t han  f rom a L O  t rea tment .  The  occurrence o f  spon taneous  

infect ion has  been  discussed in  4.4. 

M a n y  o ther  trials with different l oam and  clay l oam soils conf i rmed the results  o f  

this tr ial .  W i t h  two or  more  successive LO t rea tments ,  an tagonis t ic  soil was ob ta ined  

which could  be used for  fur ther  research.  

5.2.4 Discussion:  general  and  specific an tagon i sm 

The  results  o f  the greenhouse exper iments  accord  with observat ions  f rom the 

polders .  I t  is therefore  l ikely tha t  the  same process  is operat ing.  Since in the greenhouse  

four  cycles run  in one year  and  fresh L O  is a d d e d  each t ime, the  greenhouse-crea ted  
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Table 10. (continued) 

Rotation S 6 soil 

cycle cycle 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 

date of estimating disease index (weeks) 
4 8 4 8 4 8 4 

LOw LOw LOw LOw 4.5 5 3 2.5 0 0 0 0 
LOf LOw LOw LOw 1.5 2.5 0 0 0 0 
LOf LOf LOw LOw 0 0 0 0 
LOf LOf LOf LOw 1 0 

DOf  LOw LOw LOw 3 4 1.5 2.5 0 0.5 
NOf LOw LOw LOw 3 5 2.5 2 0 0.5 
DOw LOw LOw LOw 0 0 3 3.5 0.5 2 0 0 
NOw LOw LOw LOw 0 0 1.5 2.5 1 1 1 2 

DOf  DOf  LOw LOw 0.5 3.5 0 1.5 
NOf NOf LOw LOw 2 4.5 0 1 
DOw DOw LOw LOw 0 0 0 0 1.5 4 0 1 
NOw NOw LOw LOw 0 0 0 0 2 4.5 0 2.5 

DOf DOf  DOw LOw 0 0 1 3.5 
NOf NOf NOw LOw 0 0 2 4 
NOw NOw NOw LOw 0 0 0 0 0 0 1 1.5 

LOw DOw LOw LOw 4.5 5 0.5 0.5 0 0 0 0 
LOw NOw LOw LOw 4.5 5 0.5 0.5 0 0 0 0 
DOw LOw DOf  LOw 0 0 2 4 0 0.5 

Table 11. Effect of  different additives in previous cycles on severity of  disease in Ophiobolus-inoeulated 
wheat. Average disease indexes on four soils (derived from table 10). 

Previous treatment Cycle 

2nd 3rd 4th 

date of disease assessment (weeks) 
4 8 4 8 4 

LO 1.0 (6) 1.0 (6) 1.2 (16) 1.5 (16) 0.1 (16) 0.8 (16) 
LO/LO 0.4 (12) 0.3 (12) 0.3 (16) 0.4 (16) 
LO/LO]LO 0.1 (16) 0.0 (16) 
DO 1.4 (9) 2.8 (9) 1.0 ( 8 )  2.5 ( 8 )  1.1 ( 4 )  2.5 ( 4 )  
NO 2.0 (6) 3.3 (6) 2.0 ( 8 )  3.3 ( 8 )  1.2 ( 8 )  1.9 ( 8 )  

Figures in brackets indicate the number of pots. 
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Table 10. (continued) 

Rotation Q 107 subsoil clay 

cycle cycle 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 

date of estimating disease index (weeks) 
4 8 4 8 4 8 4 8 

LOw LOw LOw LOw 2.5 4.5 no 0.5 0.5 0 0 
LOf LOw LOw LOw data 2 1 0 0 
LOf LOf LOw LOw avail- 1 1 0.5 0 
LOf LOf LOf LOw able 0.5 0.5 

DOf LOw LOw LOw 3 4.5 1 0.5 
NOf LOw LOw LOw 4.5 5 0.5 0 
DOw LOw LOw LOw 0 0 2 3 0 0 
NOw LOw LOw LOw 0 0 2 2 0 0 

DOf DOf  LOw LOw 2 4 0 0 
NOr NOf  LOw LOw 4 4.5 0 0 
DOw DOw LOw LOw 0 0 2 2.5 0 0 
NOw NOw LOw LOw 0 0 2 2 0 0 

DOf  DOf  DOw LOw 0 0 1.5 2 
NOf NOr NOw LOw 0 0 2.5 2 
NOw NOw NOw LOw 0 0 0.5 i 1.5 i 0.5 1 

LOw DOw LOw LOw 2.5 4.5 1 1 0 0 
LOw NOw LOw LOw 2.5 4.5 2 1 0.5 0.5 
DOw LOw DOf  LOw 0 0 0.5 1 

Table 12. Effect of  wheat growing or fallow, combined with DO or NO, in the previous cycle on severity 
of disease in Ophiobolus-inoculated wheat. Average disease indexes on four soils (derived from table 10). 

Previous treatment Cycle 

2nd 3rd 4th t 

date of disease assessment (weeks) 
4 8 4 8 4 8 

wheat ( + D O  or NO) 1.2 (9) 2.4 (9) 1.2 (8) 2.1 (8) 0.6 (4) 1.3 (4) 
fallow ( + D O  or NO) 2.3 (6) 3.9 (6) 1.8 (8) 3.8 (8) 1.4 (8) 2.5 (8) 

Figures in brackets indicate the number of pots. 
1 In the fourth cycle the previous treatments have been wheat/wheat or fallow/wheat instead of 
wheat or fallow, respectively. 
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antagonism can be expected to be much more pronounced than the one occurring 
in the field. 

The presence of Ophiobolus in its saprophytic phase (LO) seems to induce an 
antagonism (also) active against Ophiobolus in its parasitic phase. Though the decline 
mechanism will be further evaluated later on (from chapter 6), it is already necessary 
to point to the role of micro-organisms in general as antagonists of OphioboIus. 
This fact is well known from literature. Several authors have found that fungi and 
bacteria generally reduce the severity of disease when they are introduced into the 
soil simultaneously with Ophiobolus (BROADrOOT, 1933a; BR6MMELHt~S, 1935; FLOCK, 
1955; LAg, 1939; SANFORD & BROADmO% 1931; SIEGLE, 1961; SLAQO & F~LLOWS, 
1947; ZOGG, 1950; ZOGG, 1951). GAggZTT (1933-4) found a negative correlation 
between the number of bacteria in soils and the severity of Ophiobolus attack, though 
there were exceptions(GAm~ET% 1936). Thus in a normal soil Ophiobolus will never 
show its full capacity. This type of antagonism to Ophiobolus is not specific. 

But in the greenhouse trial LO treatment induced an antagonism which was not 
induced by NO treatment or by adding organic material (DO), and which much better 
protected the plants against Ophiobolus than the antagonism normally present in 
each soil. This antagonism can, therefore, be considered specific. The slower build-up 
of specific antagonism in less ripe soils is strong evidence that micro-organisms may 
contribute to it. In this way it is like non-specific antagonism. The difference between 
the two types of antagonism can be illustrated with some of the phenomena observed 
in the experiment of 5.2.3. 

Disease indexes with first LO treatment are highest in the first cycle. This might be 
caused by decreased microbial activity in the soil at the start of the experiment, since 
the soil samples were collected at the end of the winter and stored at 4 ~ for some 
weeks. Higher microbial activity may explain why there is less disease with LO 
treatment after wheat with DO or NO treatments than after fallow. This effect is not 
apparent when the previous treatment is LO, since the specific antagonism induced by 
Ophiobolus will overshadow the general microbial activity. Moreover, most wheat 
plants are killed very early when LO is first introduced, so that the real difference 
between wheat growing and fallow is very small. 

Thus the disease is slightly moderated by the non-specific action of the general 
soil microflora and is sharply attenuated by the specific change in the microflora 
induced by the previous presence of Ophiobolus. This is illustrated in the as yet 
hypothetical scheme of figure 8. More evidence will be presented in later chapters. 
The term reduction will be used for the effect of the general soil microflora upon the 
severity of Ophiobolus attack. The reduction is caused by the general antagonism 
found in every normal soil. The term decline will be reserved for the specific attenua- 
tion in disease induced by previous presence of Ophiobolus. Decline is caused b y  
specific antagonism. Hereafter antagonism without further epithet will refer to the 
specific antagonism studied here. The non-specific antagonism will always be indicated 
as such ('general antagonism'). 

TYNBR (1940) grew wheat continuously in a greenhouse as in my trial, except that 
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he only inoculated at the start of the first cycle. His results agree with mine in that the 
disease was severe only in the first cycle. The other pathogens with which he worked, 
Fusarium culmorum and Helminthosporium sativum, behaved the same. Thus again 
decline is not limited to one pathogen. BRO~FOOT (1933a) also found unexpectedly 
healthy plants when wheat was grown after a previous heavily diseased crop. He 
explained it by assuming a decrease in virulence of Ophiobolus. ANGBLL (1945) 
related the alternating high and low disease indexes after inoculation at the start of 
the first cycle only to availability of plant nutrients. When wheat was heavily attacked 
little nutrients was used and next crop thus had plenty, resulting in healthy plants. 
Indeed ample fertilization does largely suppress disease caused by Ophiobolus (e.g. 
CLARK, 1942; CUNNI~GHgM, 1966), but my trials proved other factors to predominate. 

BOCK~NN (1955) and PONCHET & COPI'ENZT (1957) have repeatedly inoculated 
soil with Ophiobolus in successive cycles. Their figures show that antagonism to 
Ophiobolus approached a maximum within 2 to 4 cycles, according to soil. Even a 
soil, notorious for heavy attack of Ophiobolus could reach a high degree of antagonism. 
The Valthermond soil in my trial behaved in the same way. This type of soil, sandy, 
rich in humus, was known to suffer badly from Ophiobolus. Yet it proved to be very 
antagonistic after one or more LO treatments. Various types of soil differed only 
slightly in the development of antagonism. 

DISEASE SEVERITY 

A-B 

B-C 

NUMBER OF MICRO-ORGANISMS 

Fig. 8. Relation between the number of  micro-organisms per unit soil and severity o f  Ophiobolus 
attack; both on arbitrary scales. 
A-B = reduction of  severity with increased number of  micro-organisms. 
B-C = fall in severity with a qualitative change in the microflora (decline). 
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5.3 Specificity of Ophiobolus in inducing decline 

Large quantities of Ophiobolus inoeulum induce antagonism. The specificity of 
this relation needs study. The trial described in 5.2.3 already indicates that the medium 
does not interfere to any appreciable degree with the antagonism. I now studied 
whether an avirulent strain of Ophiobolus also induces antagonism and whether 
other fungi, introduced into the soil, induce antagonism to Ophiobotus. 

5.3.1 Does an avirulent strain of Ophiobolus induce antagonism? 

A strain of Ophiobolus cultured for a long time on PDA had lost most of its viru- 
lence. It was used to prepare inoculum in the usual way, indicated as LO(lv) (low 
virulence). Groups of 8 pots with T 69 soil, 4 of each sown with wheat and 4 kept 
fallow, were treated with LO, LO(lv), DO and NO. Only LO induced disease with 
an average disease index 3.1 2 months after sowing. In a second cycle all pots were 
inoculated with LO and sown with wheat. The average disease indexes of the 4 pots 
of each treatment are given in table 13. No difference exists between the disease 
indexes after LO(lv), DO or NO treatment; only LO induced antagonism. The 
Ophiobolus strain had to be virulent to initiate antagonism. 

The higher disease indexes after fallow in the first cycle, especially after LO treat- 
ment, than after wheat contradict the results of the experiment of 5.2.3, where LO 
treatment had the same effect after a wheat crop as after fallow. 

5.3.2 Do other fungi induce antagonism to Ophiobolus? 

Other soil fungi tested for their capacity to induce antagonism to Ophiobolus were 
ceUulolytic, thus similar in food preference to Ophiobolus: Helminthosporium sativum, 
a wheat pathogen isolated from barley seed, and Gliocladiurn roseum and Chaetomium 
sp., both saprophytes, isolated from the soil. Fusarium spp. were not tested because 
there is always so much of them under continuous cereal growing, apparently without 
inducing antagonism to Ophiobolus (5.2.3), that they can safely be assumed to be 
ineffective. 

Table 13. Effect of  virulence of Ophiobolus on the development of  decline. Disease indexes of  Ophiobolus- 
inoculated wheat after different treatments in the previous cycle. 

Wheat  Fallow 

LO 1.5 3.0 
LO (Iv) 1 4.1 4.8 
D O  4.3 4.6 
N O  4.2 5 

1 lv ----- low virulence. 
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Inoculum of these fungi was prepared in the same way as that of Ophiobolus. It 
is indicated as LH for H. sativum, LG for G. roseum, and LC for Chaetomium sp. 
The chloropicrin-killed material is called DH, D G  and DC, respectively. Wooden 
boxes were filled with U 43 soil sieved through a gauze of  1 cm mesh. After applying 
the various additives the soil was kept fallow for the first cycle of three months. 
In a second cycle two boxes from each group were treated as in the first cycle, while 
one was differently treated and sown with wheat. The two were treated differently 
and sown with wheat in the third cycle. The treatments and disease ratings of the 
wheat plants are shown in table 14. 

In the second cycle antagonism was not yet induced by LOf or by other treatments. 
In the third cycle antagonism is only found for LOf/LOf/LOw. This illustrates the 
highly specific induction of antagonism by Ophiobolus only. The disease rating of  the 
third cycle only refers to living plants, two months old. I f  plants killed by Ophiobolus 

be also included, the index for LOf/LOf/LOw increases to 1.9 and for all other, 
except the uninfectious treatments, to 4.8 to 5. Even then it is evident that only 
Ophiobolus induces antagonism. 

The treatment LHw in the second and third cycle had been included to ascertain 
that LH did not cause disease which could be mistaken for take-all. Under the prevail- 
ing conditions H. sativum was not pathogenic. 

The trial was repeated with fewer treatments and T 69 soil for three cycles. Wheat 

Table 14. Effect of  application of  different fungi in previous cycles on the establishment of  decline 
(see text). 

Treatment Disease index 

cycle cycle 

1st 2nd 3rd 2rid 3rd 

LOf LOw 4.5 (1) 
LCf, LGf, LHf LOw 3.7 (3) 
DCf, DGf, DHf, DOf, NOf LOw 3.9 (5) 
DOf LHw 0 (1) 
Nor NOw 0 (1) 
LOf LOf LOw 0.3 (2) 
LCf, LGf, LHf LCf, LGf, LHf LOw 4.5 (6) 
DCf, DGf, DHf, DOf, NOf DCf, DGf, DHf, DOf, NOf LOw 4.6 (10) 
DOf DOf LHw 0 (2) 
NOf NOr NOw 0 (2) 

C = Chaetomium 
G = Gliocladium 
I-I = Helminthosporium 
f = fallow 
w = wheat 
Figures in brackets indicate the number of boxes 
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was sown in each cycle. Of the five boxes per treatment three were treated alike in 
the first and second cycles and inoculated with LO in the third cycle; two were 
inoculated with LO in the second cycle. The results were the same as in the first 
trial, though no boxes were fallowed and another soil was used (table 15). For the 

Table 15. Effect o f  application o f  different fungi in previous cycles on the establishment o f  decline. 

Treatment 

cycle 

1st 2nd 3rd 

Disease index 

cycle 

1st 2rid 3rd 

LC, LG, LH LO 0 (6) 3.8 (6) 
DO, NO LO 0 (4) 3.9 (4) 
LO LO LO 5 (5) 1.3 (5) 0.2 (5) 
LC, LG, LI-I LC, LG, LH LO 0 (9) 0.31 (9) 1.7 (9) 
DO, NO DO, NO LO 0 (6) 0.31 (6) 1.5 (6) 

C = Chaetomium 
G = Gliocladium 
H = I-Ielminthosporium 
Figures in brackets indicate the number of boxes 
a spontaneous infection 

spontaneous occurrence of Ophiobolus in some boxes in the second cycle, ascospore 
infection has to be considered (see 4.4 and 5.2.3). In the third cycle the virulence of 
the inoculum was apparently lower than in the first and the second cycle; inoculation 
only caused slight infection. The small differences in disease index still showed that 
other fungi do not induce antagonism to Ophiobolus. In another trial with the same 
fungi and two cycles of fallow, wheat was sown and inoculated with LO in the third 
cycle. The results confirmed those of the earlier experiments. 

5.3.3 Discussion 

Antagonism is only induced by a large amount of living virulent Ophiobolus. 
Three other fungi and an avirulent strain of Ophiobolus were not able to induce 
antagonism to Ophiobolus. This demonstrates the high specificity of antagonism. 
Equally it is unlikely that soils antagonistic to Ophiobolus will be antagonistic to 
other fungi, but this has not been investigated. 

5.4 E l i m i n a t i n g  dec l ine  w i th  o t h e r  c r o p s  t h a n  w h e a t  a n d  
b a r l e y  

Since antagonism to Ophiobolus is induced by LO in the greenhouse and by growing 
wheat continuously in the field, the antagonism to Ophiobolus may be influenced by: 
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1. interruption of LO treatment (in greenhouse trials); 

2. interruption of LO treatment and the growing of  another crop than wheat (in 
greenhouse trials); interruption of continuous wheat or barley growing (in the field). 
The influence of  a break-crop might be more than a general action of the actual 
break; it might be specific for the crop grown. Such a specific influence of different 
break-crops upon disease severity in the next wheat crop could also be estimated by 
growing a number  of  crops as a first crop on fresh soil, before Ophiobolus-inoculated 

wheat. 

5.4.1 The effect of  interruption of LO treatment or continuous cereal 
growing on decline of  Ophiobolus 

Antagonism induced in the greenhouse can be considered an exaggeration of the 
one in the field. In greenhouse trials LO is added at the start of  each cycle, whereas 
in the field the amount  of  Ophiobolus is always low after the peak attack. In the 

field antagonism persists when wheat continues to be grown with so little Ophiobolus 

on its roots that symptoms hardly appear above ground, but in the greenhouse the 
effect of  a break of  LO treatment with continuous wheat growing is uncertain. In the 

greenhouse the lapse between sowings is three months, only a quarter of  that in 
nature. Allowing for the low activities of  chemical and biological systems in winter, 

the effect of  one cycle in the greenhouse may be equivalent to half a cycle in the field. 

The average disease indexes of  relevant treatments from table 10 (5.2.3) at eight 
weeks after sowing are given in table 16. Since only LO induces antagonism, DO and 

NO, and fallow and wheat growing are combined as much as possible. Thus in 

Table 16. Preservation of  decline with interruption of 1,0 treatment and wheat growing during one 
cycle. Disease indexes derived from table 10; 8 weeks after sowing. 

Treatment Soil 

Valthermond M 70 S 6 Q 107 average 

cycle cycle 

1st 2nd 3rd 4th 3rd 4th 3rd 4th 3rd 4th 3rd 4th 3rd 4th 

LO LO LO LO 0 0 0.2 0 0 0 0.8 0.1 0.3 (12) 0 (16) 
LO DN 1 LO LO 0 0 0 0 0 0 1.0 0.3 0.3 (8) 0.1 (8)  
DN LO LO LO 0 0.1 0.5 0.6 1.9 0.8 3.6 0.1 1.5 (16) 0.4 (16) 
DN DN LO LO 2.3 0 2.0 1.8 4.1 1.5 3.3 0 2.9 (16) 0.8 (16) 
DO LO DO 2 LO 0 2.0 0.5 1.0 0.9 (4) 
DN DN DN LO 1.2 2.5 3.0 1.7 2.1 (12) 

DN = DO and NO combined. 
Figures in brackets indicate the number of pots. 
1 wheat growing continued. 

wheat growing interrupted. 
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DN/LO/LO/LO, DN stands for DOf, NOr, DOw and NOw. In LO/DN/LO/LO, 
DN in the second cycle represents DO and NO combined with wheat growing since 
fallow was not applied in this series. In the third cycle of DO/LO/DO/LO, DO rep- 
resents a combination of DO with fallow since no wheat was grown here. Neither 
in LO/DN/LO/LO nor in DO/LO/DO/LO is the antagonism reduced by the inter- 
ruption of LO treatment. 

Results from the field trial described in 5.2.1 give some indication about decline 
in the field when wheat is grown twice in three years (table 8; treatment II). In 1964 
the second successive wheat crop had 1 and 20~ whiteheads on plot 4 and 6, res- 
pectively. In 1967 there were 2 and 30~. It is remarkable that percentage whiteheads 
is so much lower on plots cropped with wheat two years in three since 1944 than on 
plots where the cereal crop was oats grown one year in three from 1944 to 1961. 
With 2 wheat crops in 3 years antagonism had become established to a rather high 
degree, and the one-year break only slightly reduced it. Plot 6 illustrates that establish- 
ment of decline with this crop rotation takes longer than with continuous wheat 
growing, since in 1967 the percentages whiteheads are not yet lower than in 1964. 
The barley plots in the same field trial also showed decline with 2 cereal crops in 3 
years. 

The influence of interruption of wheat growing has also been the subject of a 
special trial. Mitscherlich pots were filled with U 43 soil sieved through a gauze of 
1 cm mesh. The trial comprised 12 rotations with three replications each. First, 
antagonism was induced by two cycles of LO treatment of wheat. In the second cycle, 
disease indexes for all pots still exceeded four. In the third cycle some other crops 
were grown. No Ophiobolus was added except for one series of three pots with wheat. 
In the fourth cycle part of the series was again treated with LO and sown with wheat, 
part was again sown with a break-crop without addition of LO (table 17). The 
antagonism proved to persist over the break of one cycle, irrespective of the crop 
(fallow included). Only after oats was there more disease, suggesting elimination of 
antagonism by this crop. In the fifth cycle the disease was less severe so that differen- 
ces were too small to be reliable. Yet the highest disease index occurs with NO/NO/ 
NO/NO/LO and the lowest with LO/LO/LO/LO/LO. All other treatments gave 
results between these two extremes, indicating that antagonism is only partially lost 
even with two break-crops in succession. 

5.4.2 Effect of the type of previous crop on severity of disease in wheat 

inoculated with Ophiobolus 

To further test possible specific effects of the crop used as a break-crop, different 
crops were grown as a first crop on U 43 and T 69 soils before LO-treated wheat. 
In this way, crops which would harm the soil condition, and possibly stimulate 

Ophiobolus, could be detected. 
Peas, flax, potatoes, oats, wheat and fallow were compared with LO-treated wheat, 

in five replications on each soil. LO-treated wheat grown after all treatments had 
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disease indexes above three, except after wheat inoculated with Ophiobolus, in which 
case the index was much lower. The results completely agree with findings of BOCK- 
MANN (1955). They show, for instance, that growing wheat does not in itself promote 
Ophiobolus attack of subsequent wheat. This unharmful effect of wheat itself could 
already be concluded from table 10 but does not agree with results obtained by 
WELTE & TROLLDENmR (1963) and ZO~G (1959) who found a decreased capacity to 
antagonize Ophiobolus in soils which had borne a high proportion of cereal crops. 

In the field trial described in 5.2.2 a remarkable prolonged after-effect of flax was 
observed. Where wheat had been grown for two or more years, percentage whiteheads 
in 1965-1967 was slightly but consistently higher three years after a crop of flax than 
after the other crops (table 18). These data show the complexity of the influence of 
specific crops. 

5.4.3 Discussion 

One of the interesting aspects of the experiments described is the tendency of the 
antagonism to persist partially over the growing of one break-crop in the field and 
even two in the greenhouse. Unfortunately, only few data are available about the 
effect of interruption of continuous wheat in practice. With wheat 2 years and oats 
1 year in 3 the second wheat crop always yields very poorly (ROUND, 1967). BULLEN 
(1963-5) even expects continuous winter wheat in Britain to be very risky because of 
Ophiobolus. This contrasts with continuous barley, which is common in Britain 

Table 17. Effect of interruption of continuous wheat growing on the preservation of decline. 

Rotation Disease index of wheat 

cycle cycle 

1st 2nd 3rd 4th 5th 3rd 4th 5th 

LO LO LO LO LO 2.3 1.5 0.5 
LO LO NO LO LO 0 1.2 1.1 
LO LO oats LO LO 3.2 1.6 
LO LO pot LO LO 1.5 1.0 
LO LO peas LO LO 1.0 1.0 
LO LO fall LO LO 0 1.4 
NO NO NO LO LO 0 4.3 1.6 
LO LO NO NO LO 0 0.9 1.3 
LO LO oats oats LO 1.5 
LO LO peas pot LO 1.3 
LO LO fall fall LO 1.0 
NO NO NO NO LO 0 1.81 2.5 

1 spontaneous infection 
pot = potatoes 
fall = fallow 
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Table 18. Increased incidence of Ophiobolus by growing flax three years before. 

Rotation Percentage whiteheads 

time before year of assessment (years) 

3 2 1 0 1965 1966 1967 

cereal any w w 2/42 10/42 20/28 
non-cereal any w w 2/42 12/42 23/28 
flax any w w 6/21 15/21 30/14 

Key: see table 9. 

(BOLAM, 1966). According to LESXER & SHIPTON (1967) antagonism to Ophiobolus 
generally occurs with continuous barley. Interruption of continuous barley growing 
with one break-crop is deprecated, because the second crop after the break will 
yield so little, owing to heavy attack by Ophiobolus, that this more than nullifies the 
good yield of the first (CoNNOLD, 1966; JONES, 1967; SLOPE, 1965; WALKER, 1967). 

Another interesting problem is the function of grass or grass-dover mixtures as a 
break-crop, mostly grown for more than one year. Here the views about them trans- 
mitting Ophiobolus and possibly preserving the antagonism are contradictory. Whereas 
some authors state the noteworthy low damage by Ophiobolus after grass (N.B. a 
carrier!) (BOCKMANN, 1965; BOCKMANN & HARTZ, 1965; HEARD, 1965; KOBLET, 1964; 
LEWIS, PROCTER & HOOD, 1960; OGILVIE • THORPE, 1962), others mention a high 
frequency of Ophiobolus in this situation (ADAM, 1951; BUTLER, 1959; CHAMBERS, 
1962; SIMS, 1958; TAYLOR, 1966; DE VOS, 1966), specially when lucerne and dover 
meadows have been overtaken by grasses after some time (GLYNNE, 1963; LOUW, 

1957). 
The induction or preservation of antagonism when grass is grown should not be 

excluded. ANGELL & MILLS (1951) found equally low root damage in wheat as a 
fourth crop after 3 years wheat, and after one year wheat plus two years grass, as 
opposed to wheat after one year wheat plus two years with non-carrier crops or 
fallow. This agrees with the low incidence of Ophiobolus in the meadow near Kamper- 

nieuwstad (table 2). 
Generally, continuous cereal cropping will not be advisable since, even without 

observable disease, yields will always be lower than with normal crop rotations. 
But economics or management sometimes make continuous cereals attractive. 

Finally the influence of one break-crop upon Ophiobolus, interesting as it may be, 
does not contribute greatly to practical decisions on wheat growing. In many European 
countries, including the Netherlands, the damage due to Cercosporella herpotrichoides 
in rotations dominated by cereals is larger than the damage caused by Ophiobolus. 
Therefore in planning crop rotations, C. herpotrichoides has to be considered more 

than Ophiobolus. 
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6 Indirect methods to establish the microbial origin of decline 

Different hypotheses can be developed to explain the decline of Ophiobolus: 
1. Ophiobotus induces a biological antagonism against itself; 
2. Ophiobolus poisons its own habitat by producing harmful chemicals (staling effect); 
3. Ophiobolus loses its virulence after a heavy attack; 
4. plentiful supply of nutrients after a bad harvest (caused by Ophiobolus) will enable 
next crop better to resist Ophiobolus; 
5. after a heavy attack plants die earlier than normal. So they leave less infected 
material (since plants remain smaller), which is exposed to competitive saprophytism 
longer than after a light attack. Thus next crop is exposed to a low inoculum level. 

The last three hypotheses, of which two were mentioned in 5.2.4, can be rejected 
immediately, since the design of the experiment described in 5.2.3, in which decline 
was clearly demonstrated , was such that the factors mentioned in hypotheses 3, 4 
and 5 could not operate. At the start of each cycle fresh virulent Ophiobolus inoculum 
was added (hypotheses 3 and 5). In soil which was kept fallow LO induced antagonism 
and DO did not (hypothesis 4); the amount of fertilizer applied to soil on which 
wheat had been grown was corrected for the weight of the crop harvested (hypo- 
thesis 4). 

Of the remaining two hypotheses the first seems to be most probable, since any 
staling products would be supposed to become degraded very quickly in a micro- 
biologically active medium, such as soil, and therefore to be of minor importance. 
Microbial antagonism to Ophiobolus might act in different ways, such as competition 
for nutrients, hyperparasitism, production of antibiotics. In the last case antagonism 
would have a chemical basis, just like staling. To obtain further information about 
the mechanism governing decline, a series of trials was set up. They are only partially 
suitable to discriminate between antagonism and staling. These trials include: 

Assessment of the effect of partial sterilization or sterilization of antagonistic soil 
by chemicals or heat (6.1); 

Assessment of the effect of dilution of antagonistic soil with fresh soil (6.2); 
Assessment of the antagonistic capacity of soil extracts (6.3). 
The conclusion that decline is caused by microbial antagonism is anticipated in the 

description of the trials to allow a more directed description. 
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6.1 Sterilization and partial sterilization of antagonistic 
soil by chemicals or heat 

For some decades soil disinfection with chemicals or steam has been common 
practice, especially in horticulture. Though the biocidal activity of many of the 
chemicals used is well known, the actual changes in the soil biota have not been 
studied in detail until recently. Some data about the change in soil microflora through 
destruction of a proportion of the micro-organisms can be found in many papers as 
of DOMSCH (1958, 1959, 1960a, 1960b, 1964b), KREUTZER (1963, 1965), REBER (1967a, 
1967b) and WnLVAERT (1962). 

Before starting to describe the trials some general remarks are made about the soil 
disinfectants used and their effect on soil microbiota. 

Among soil disinfectants chloropicrin (CP) is one of the most effective. It has a 
general activity and is considered a broad-spectrum biocide. Methylbromide (MB) 
has the same range of activity, but is slightly less effective. Dichloropropene-dichloro- 
propane mixture (DD) and sodium-N-methyl-dithiocarbamate (Vapam) are consider- 
ed to be mainly nematocides, but they also kill some of the other organisms, according 
to concentration. The effect of a heat treatment for two hours at 110~ is even more 
drastic than that of a CP treatment, killing all organisms. 

Not all organisms are equally sensitive to chemicals or to heat. There are clear 
differences between groups of organisms and between species within the groups. 
This alters the population and causes certain species or groups of organisms to flare 
up after treatment. The flare-up may result from disappearance of antagonistic 
organisms and from the increase in available organic material, derived from killed 
organisms. In the colonization of this organic material not only the surviving or- 
ganisms have to be considered, but also invaders. In general bacteria and actinomy- 
cetes resist to sterilization more than fungi and among fungi saprophytes are more 
tolerant than pathogens, at least in vitro (DoMSCrI, 1960b). Therefore, after partial 
soil sterilization bacteria and actinomycetes flare up and usually dominate during the 
first weeks or even months. Among the fungi Trichoderma viride is one of the power- 
ful recolonizers (e.g. BRU~HL, 1952). 

6.1.1 Materials and methods 

Trial 1. Antagonistic soil of various origins was used (M 70, S 6, Valthermond). 
The treatments were as follows: a) 2 hours autoclaving at 110~ b) CP at 0.3 ml/litre 
soil; c, d and e) DD at 0.2, 0.5 and 1.0 ml]litre soil, respectively; f) Vapam at 0.5 
ml/litre soil; g) control. The chemicals were applied after the soil was put into double 
plastic bags. Then the samples were stored for 7 days at 16-20~ To remove residues 
of the chemicals after this period, the soils were exposed to air for one day in flat 
layers. For each treatment 4 clay pots were filled with 2 kg soil each. Ophiobolus 
(1~ LO; fresh weight) was added to 3 pots per treatment, and the fourth served as a 
control (NO). After preparing the pots 10 grains wheat were sown per pot. 
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Trial 2. Antagonistic soils of various origins (M 70, U 43, Valthermond) were 
given the following treatments: a) 30 rain. at 50~ b) 30 min. at 60~ c) 2 hours 
autoclaving at 110~ d) CP at 0.2 ml/litre soil; e) MB at 1 ml/litre soil; f, g and h) 
Pimaricin, streptomycin and Terramycin, respectively, each at 100 p.p.m., added to 
the soil as a solution or suspension in water; i) control. The U 43 soil consisted of 
two portions, one being very wet when treated (U 43a) (about 80% of field capacity), 
the other 50% of field capacity (U 43b). The treatments c, d, e, g and i were also 
applied to fresh non-antagonistic T 69 soil. Each differently treated soil was tested in 
3 clay pots, each containing 1 kg soil, which were treated with LO. A fourth pot of the 
treatments c, d, g and i was treated with DO. 

Trial 3. Glass tubes 30 cm long and 1.7 cm wide were filled with antagonistic U 43 
soil to a height of about 10 cm. Soil moisture was adjusted to 60% of field capacity. 
The tubes were plugged with cotton and the lower half immersed for 30 min. in a 
waterbath kept at different temperatures between 20 ~ and 100~ Some tubes were 
also autoclaved for 30 min. at l l0~ Each treatment was applied to five tubes. 
Within 5 minutes of the start of treatment, an equal temperature was reached all 
over the soil in the tube. Before and after the heat treatment the upper part of the 
tube, which had not been in contact with the water, was flamed. Surface-sterilized 
and pregerminated wheat seeds of checked sterility were put into the tubes, one per 
tube. The tubes were inoculated with 3 disks, 6 mm diameter, of Ophiobolus grown 
on PDA. 

6.1.2 Results and discussion 

Trial 1. Table 19 shows the average disease indexes per 3 pots of each treatment. 
Each treatment of the antagonistic soil resulted in higher disease indexes than the 
control, indicating that antagonism is at least partly lost. The reduction in antagonism 
due to CP was not large. The dosage effect of DD was very marked: high concen- 
trations had a large effect; nematocidal doses (0.2 ml/litre soil) had little effect. The 
effect of the heat treatment was less than expected with complete sterilization. Most 
likely soil is very quickly recolonized so checking Ophiobolus to some degree (LUDWIG 
& HENRY, 1943). Valthermond soil reacts to the chemicals less than the clay soils. 

The high humus content may be responsible for adsorption of the chemicals (GoRxNO, 
1967). Such adsorption is well known to greatly influence the effect of CP and other 
chemicals. 

Trial 2. This experiment gives additional information on the elimination of the 
antagonism after treatment of the soil (table 20). First the ineffectiveness of the 
antibiotics is apparent. The antibiotics would be adsorbed on clay minerals and 
humus particles and biological degradation would take place. All other treatments 
were about equal in their capacity to eliminate the antagonism. The effect of the 

4 Many thanks to G. 2. Bollen who kindly let us use his steam/air apparatus to treat the soil beIow 
IO0~ 
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treatment at 50~ was rather astonishing since many micro-organisms can survive 

this temperature for 30 rain. After the treatments the plants growing in Valthermond 

soil were much less diseased than in the other soils. In this trial not only the effect of  
chemicals (as in trial 1), but also of  the other treatments was less. This might be 

caused by the high humus content of  the soil which protected the micro-organisms 

against adverse circumstances ("organic shielding"; KR~UTZ~R, 1963; KREUTZER, 

1965) and which at the same time benefited soil structure, thus stimulating the for- 

mation of new roots. The high disease index of  treatment i (control) of the non- 

antagonistic T 69 soil illustrates the high antagonism of the other soils. When a large 

inoculum is used the microflora of  a normal soil cannot prevent the wheat plants from 

being completely killed by Ophiobolus. 

In both the first and second experiment plants recovered little with time, so that 

there was clear negative correlation of the dry weight of the shoots with the disease 

index. This phenomenon is caused by cultivating the plants in small densely packed 

Table 19. Effect of  partial sterilization of  antagonistic soil on the severity o f  disease in Ophiobolus- 
inoculated wheat. 

Soil treatment Val thermond soil M 70 soil 

disease index dry weight of disease index dry weight of 
shoots (g) shoots (g) 

l m  z 2m 3m l m  2m 3m 

none 0.3 0.5 0.7 5.9 0.7 0.5 0.2 6.7 
110~ 0.7 2.0 4.0 1.9 1.0 1.3 2.5 3.9 
CP0.31 0.5 0.6 1.3 6.0 0.8 2.3 3.2 3.4 
DD0.21 1.0 1.0 1.5 5.7 1.2 1.5 1.0 5.7 
DD0.51 0.3 1.3 3.8 4.9 1.5 4.5 4.5 0.1 
DD1.01 0.3 1.4 4.3 2.9 0.8 4.7 5.0 0.0 
Vapam0.51 0.2 0.8 1.2 4.5 1.5 2.9 3.2 2.5 

none 
110 ~ 2 h 
CP 0.31 
DD 0.21 
DD 0.51 
DD 1.01 
Vapam 0.5 ~ 

S 6 soil Average 

disease index dry weight of disease index 
shoots (g) 

l m  2m 3m l m  2m 3m 

1.0 0.5 0.5 9.3 0.7 0.5 0.5 
2.3 2.3 3.3 3.3 1.3 1.9 3.3 
1.0 1.5 2.2 7.1 0.8 1.5 2.2 
2.2 1.8 1.0 7.7 1.5 1.4 1.2 
0.7 2.7 3.7 2.8 0.8 2.8 4.0 
0.2 4.4 5.0 0.1 0.4 3.5 4.8 
1.2 2.9 3.3 1.7 1.0 2.2 2.6 

1 ml/litre soil 
s m = month 
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Table 20. Effect of  partial sterilization of  antagonistic and non-antagonistic (T69) soil on the severity 
of  disease in Ophiobolus-inoculated wheat. 

Soil treatment Valthermond soil M 70 soil 

disease index dry weight of disease index dry weight of 
shoots (g) shoots (g) 

l m  ~ 2 m  2�89 l m  2 m  2�89 

none 1.5 0.7 0.7 2.1 
50 o, 30 min. 0.5 0.6 0.8 2.7 
60 o, 30 min. 0.8 1.0 1.3 1.7 
110 ~ 2 h 0.5 0.5 0.8 2.6 
CP 0.21 0.2 0.2 0.9 2.5 
MB 1.01 0.5 0.5 0.8 2.5 
Pimariein, 100 p.p.m. 1.2 0.5 0.8 1.9 
Streptomycin, 100 p.p.m. 0.5 0.2 0.7 3.3 
Terramycin, 100 p.p.m. 1.5 0.8 1.0 1.6 

U 43a soil 

disease index dry weight of 
shoots (g) 

l m  2 m  2�89 

none 0.7 0.5 0.5 3.6 
50 ~ 30 min. 3.0 4.3 3.6 0.4 
60 ~ 30 rain. 2.8 4.4 3.8 0.5 
110 ~ 2 h 3.8 4.4 3.5 0.6 
CP 0.21 3.7 4.2 3.2 0.5 
MB 1.01 4.0 4.7 4.5 0.1 
Pimariein, 100 p.p.m. 1.5 0.5 0.0 3.5 
Streptomycin, 100 p.p.m. 1.0 0.2 0.5 3.4 
Terramycin, 100 p.p.m. 0.3 0.2 0.2 4.1 

none 
50 ~ 30 rain. 
60 o, 30 rnin. 

ii0 ~ 2 h 4.3 
CP 0.2 i 4.5 
MB 1.01 4.7 
Pimaricin, 100 p.p.m. 
Streptomycin, i00 p.p.m. 3.3 
Terramycin, 100 p.p.m. 

T 69 soil 

disease index dry weight of 
shoots (g) 

l m 2 m  ~ m 

4.2 4.8 4.8 0.1 

4.5 3.2 0.5 
4.9 4.8 0.1 
4.8 4.8 0.1 

4.8 4.3 0.3 

2.3 1.5 1.3 1.9 
2.3 3.6 3.0 0.7 
3.0 4.0 3.7 0.8 
3.3 3.1 2.5 1.1 
3.2 4.7 4.4 0.1 
3.5 4.8 4.7 0.1 
1.5 0.7 0.9 2.3 
1.0 0.5 0.7 2.3 
1.5 0.5 0.5 2.2 

U 43b soil 

disease index 

l m  2 m  2�89 

dry weight of 
shoots (g) 

0.8 0.8 0.7 3.1 
3.5 4.7 4.1 0.3 
4.0 4.8 4.5 0.2 
3.9 4.0 3.2 0.6 
4.0 4.8 4.5 0.1 
4.3 4.9 4.9 0.0 
2.3 1.9 1.4 2.3 
0.5 0.3 0.5 3.7 
1.5 0.8 0.8 3.1 

Average (T 69 excluded) 

disease index 

l m  2 m  2�89 

1.3 0.9 0.8 
2.3 3.3 2.9 
2.7 3.6 3.3 
2.9 3.0 2.5 
2.8 3.5 3.3 
3.1 3.7 3.7 
1.6 0.9 0.8 
0.8 0.3 0.6 
1.2 0.6 0.6 

1 ml/litre soil 
s m = month 
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pots, so that lack of space, fight and food prevents luxurious tillering of the remaining 
plants. Also the soil structure in these small pots is more easily spoiled by watering 
than in the larger Mitscherlich pots, thus inhibiting root development. 

Trial 3. This experiment was repeated 6 times. Each tube contained one plant 
only. The variation between the 5 tubes of the same treatment was sometimes large. 
A graphical representation of the average disease indexes of the 6 consecutive trials 
shows the antagonism to disappear rather abruptly between 40 ~ and 60~ (fig. 9). 
The disease indexes plotted in the graphs are those assessed 21/2 weeks after putting 
the pregerminated seeds into the tubes. 

The 3 trials with partial or complete sterilization of antagonistic soil always show 
the elimination of antagonism. Both the general and the specific antagonism would be 
eliminated. The former may be rapidly restored by recolonization but no exact data 
about this are available. Therefore the elimination of the general antagonism will be 
ignored. 

The elimination of antagonism by quite different treatments makes it improbable 
that any stable antibiotic or staling product were involved. If so, the effect of all 
treatments would not be expected to be the same. However, very few chemicals are 
stable in soil, so that the activity of microbial metabolites is based upon their conti- 
nuous production. Therefore, death of the toxicant-producing organisms will result 
in elimination of the antagonism. 

Since the amount of Ophiobolus in antagonistic soil, both in the field and in the 
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Fig. 9. Effect of heat treatment of antagonistin soil for 30 min. at different temperatures on severity of 
disease in Ophiobolus-inoculated wheat. 
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greenhouse, is small, it would not be very likely that killing of Ophiobolus by the 
treatments applied would have such a big effect if staling products of Ophiobolus 
were involved. But if microbial antagonists be killed, the expected effect fits the 
data found. 

6.2 Dilution of antagonistic soil with fresh soil 

Dilution of antagonistic soil with increasing amounts of a fresh soil will decrease 
the antagonism. When small amounts of antagonistic soil are diluted with large 
amounts of fresh soil this may be considered as inoculation of the fresh soil with 
antagonistic micro-organisms. 

6.2.1 Materials and methods 

In all experiments 0, 1, 5, 10, 25, 50, 75 and 100% of antagonistic clay loam soils 
were thoroughly mixed with the complement of fresh soil. Per treatment 3 pots 
were filled with 3 kg soil each. The soil was inoculated with Ophiobolus and 10 wheat 
grains were sown in each pot. The various trials differed in detail. 

Experiment 1. Ophiobolus inoculum was applied at a rate of 1.5yo (fresh weight). 
As a control 3 pots with fresh soil were not inoculated (NO). 

Experiment 2. Half of the samples were inoculated with 1.5~ LO directly after 
mixing; the other half was stored at 20~ for three weeks before inoculation with 
1.5~ LO. In both cases wheat was sown directly after inoculation. As a control 
1.5Yo DO was applied to both unmixed fresh and antagonistic soil. 

Experiment 3. In this experiment an antagonistic soil (Q 107) and a fresh soil 
(T 69) were used. Part of them was sterilized with chloropicrin. The treated soils, 
indicated with Q 107 CP and T 69 CP, respectively, and fresh T 69 soil were mixed 
with antagonistic soil (Q 107) in different proportions, inoculated with lYo LO and 
sown with wheat. As a control 3 pots of Q 107 CP and T 69 were not inoculated (NO). 

6.2.2 Results 

The disease indexes and the dry weight of the shoots at harvest of experiments 1, 
2 and 3 are given in table 21, 22 and 23, respectively. For experiment 2 the percentages 
killed p/ants are also given. 

Experiment 1. (table 21). The disease indexes decreased progressively from nearly 
5 to 0 with increasing proportions of antagonistic soil. The addition of only 5Yo 
antagonistic soil already reduced the disease index from 4.8 to 2.5 when assessed 
after 2 months. The dry weight correlated well with the disease index. The dry weight 
of the control was lower than expected. This must probably be attributed to a poorer 
soil structure since no organic material was added. 

Experiment 2. (table 22). In this experiment the antagonistic soil used had an 
unexpectedly low antagonistic capacity, as can be seen from the rather high disease 
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Table 21. Effect of  dilution of antagonistic soil with fresh soil on the severity of  disease in Ophiobolus- 
inoculated wheat. 

Antagonistic soil Disease index Dry weight of 
(in ~ )  shoots (g) 

2 months 3 months 

0 4.8 4.1 0.5 
1 4.7 4.4 0,6 
5 2.5 1.0 4.8 

10 1.3 0.8 6.O 
25 0.6 0.2 8.9 

0.2 0 9.0 
75 0 0 8.6 

1 ~  0 0 11.8 

0, NO 0 0 4.0 

index with 100 K antagonist ic  soil. Yet the same tendency as in experiment  1 could be 

observed: a progressive increase of the disease index and  the percentage killed plants,  

and  a decrease in  dry weight with increase in  percentage flesh soil. Storage of the 

mixed soil for 3 weeks had very little or no effect on  the disease index, bu t  the percen- 

tage killed plants  after two months  was appreciable higher in the stored soil. After 

Table 22. Effect of  dilution of  antagonistic soil with fresh soil on the severity of  disease in Ophiobolus- 
inoculated wheat. Antagonistic soil of  a low antagonistic capacity. 

Antago- Inoculation and sowing immediately Inoculation and sowing 3 weeks after 
nistic mixing soil 
soil 
(in ~ )  date of assessment (months) date of assessment (months) 

2 4 2 4 

disease ~o killed disease ~/o killed dry wt disease ~/o killed disease ~o killed dry wt 
index plants index plants (g) index plants index plants (g) 

0 4.5 42 4.8 96 0.0 4,9 88 4.7 96 0.0 
1 4.5 41 4.5 86 0,2 4.9 88 4.7 94 0.0 
5 4.5 50 4.9 96 0.0 4.6 68 4.0 74 0.3 

10 4.2 26 4.2 78 0.3 4.7 56 3.9 64 0.3 
25 4.0 19 3.3 63 1.5 4.1 58 3.5 67 0.7 
50 3.8 22 3,6 59 1.3 4.3 52 3.3 56 0.7 
75 3.8 9 3.0 55 1,3 4.1 41 2.8 45 1.1 

100 3.7 12 1.9 36 2.7 3.9 35 2.9 48 0.9 

10o, DO 0 0 0 0 3.4 0 0 0 0 1.7 
0, DO 0 0 0 0 4.9 0 0 0 0 2.7 
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Table 23. Effect of dilution of antagonistic soil with differently treated soils. Q 107 is antagonistic 
soil; T 69 is fresh soil. 

Antagonistic soil Q 107 CP soil T 69 CP soil T 69 soil 
(in ~)  

disease dry weight disease dry weight disease dry weight 
index 1 (g)~ index t (g)2 index 1 (g)Z 

0 0.5 7.7 4.8 0.7 3.2 1.9 
1 0.5 10.1 3.3 2.8 2.2 3.2 
5 0.5 9.9 2.3 5.4 2.2 3.4 

10 0.5 10.6 1.0 5.6 1.8 4.5 
25 0.3 10.8 1.3 5.8 0.7 6.6 
50 0 11.2 0.5 7.1 1.0 7.3 
75 0 10.0 1.0 8.0 0.8 9.3 

1~ 0.4 8.2 0.4 8.2 0.4 8.2 

0, NO 0 7.9 0 6.0 

1 2 months after sowing. 
3 months after sowing. 

four months the difference had disappeared. As can be seen from both controls (DO), 
growth of the plants after storage was less, which might explain the earlier killing of  
the plants. 

Experiment 3. (table 23). Unexpectedly the CP treatment had little effect on the 
antagonism in the Q 107 soil, so that most of the antagonistic activity was still present. 
Therefore, after mixing with untreated Q 107, only a small decrease in disease index 
and a small increase in dry weight was found. Addition of  antagonistic Q 107 soil 
to T 69 and T 69 CP markedly reduced the disease indexes. This agrees with experi- 
ments 1 and 2. The difference between T 69 and T 69 CP was only apparent with 
0 and I X  antagonistic soil; there the disease index of T 69 CP was higher. 

6.2.3 Discussion 

The overall agreement of the 3 experiments can also be expressed in a graph 
(fig. 10), in which the disease indexes of  experiments 1 and 3 and the percentage 
killed plants of experiment 2 (always according to the situation 2 months after 
sowing) are plotted against logarithm percentage antagonistic soil. The data of  
experiment 3, Q 107 CP are not plotted. The points of each experiment form roughly 
a straight line. The same holds when the results are plotted on logarithmic probability 
paper. This picture is reminiscent of the action of toxicants in vitro. However, this 
similarity would not be expected at first sight, since soil strongly adsorbs many 
materials, as also hinted for the antibiotics used in experiment 2 of  6.1. Also, the 
lower the concentration of  a chemical compound, the higher the proportion adsorbed. 
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Therefore, if the antagonistic soil is effective owing to a chemical compound present 
in it, the effect will tend to be proportionally smaller or zero at low percentages 
antagonistic soil. No effect will be expected when the soil mixture contains for 
instance less than 10~ antagonistic soil. But the picture can be explained by allowing 
that antibiotics in soil may be continuously produced by micro-organisms, so that 
the effect of adsorption will be overcome, even with as little as 1 ~o antagonistic soil. 

The possibility that staling causes the antagonism is excluded by the results of 
these experiments. Dilution with large amounts of fresh soil would certainly have 
eliminated staling factors. 

The 'straight lines' of figure 10 also show that mixing antagonistic soil with non- 
antagonistic soil does not produce an effect bigger than could be ascribed to the amount 
of antagonistic soil present in the mixture. Thus, the antagonistic micro-organisms 
have not multiplied and become active in the fresh soil. This agrees well with prac- 
tical experience of inoculation of micro-organisms into soil. Since in principle every 
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micro-organism is everywhere, lack of particular organisms at a given site indicates 
the unsuitability of this site for these micro-organisms. Inoculation with micro- 
organisms will not lead to their multiplication. This also follows from the experiment 
with partially sterilized soil (experiment 3: T 69 CP). At the rate of 0 and 1Yo antago- 
nistic soil the disease index of T 69 CP is higher than of T 69. This can only be ex- 
plained by the greater activity of the microflora of T 69 than of T 69 CP; thus the 
antagonistic microflora has not even filled the vacuum of T 69 CP. In the mixture 
with 5 ~  antagonistic soil the difference has disappeared already, which indicates 
that at this small percentage the specific antagonism (decline) of the small amount of 
antagonistic soil already overshadows the difference in general antagonism (reduction) 
of T 69 CP and T 69. The lack of progress of the antagonistic soil microflora at the 
expense of the mieroflora of a fresh soil is also demonstrated in experiment 2: storage 
of the mixtures for 3 weeks does not increase the antagonistic effect. 

6.3 The antagonistic activity of soil extracts 

It is disputed whether any antibiotic activity of a sterilized soil extract may be 
expected. Most authors admit the presence of antibiotics in the soil but it is generally 
agreed that extraction of antibiotics is difficult if not impossible. BRIAN (1957) and 
PARK (1967) survey literature on this subject; it will not be repeated here but some 
general points should be stressed: 
1. In the soil adsorption and biological degradation of antibiotics occur. 
2. If sterile soils amended with organic material are inoculated with special organisms 
antibiotics can be demonstrated (e.g. Goa'a'LIEn, SI~NO~ & MARTIN, 1952; GREGORY 
et al., 1952; GROSSBARO, 1951). In sterile, unamended or non-sterile amended soils 
this is much more difficult, though sometimes possible (e.g. GOrrLIEB & SII~rNOFF, 
1952; HESSAVON, 1951; SYaTIt & ASHWORTn, 1965; WRIGHT, 1954). In unsterile 
unamended soil the presence of antibiotics has seldom been fully proved. The most 
convincing examples of antibiotic activity of extracts of such soils which had passed 
through bacterial filters are given by VAARTAJA & Aa~I-IOa'~a (1967) and WiN~rt 
(1940, I944). 
3. Antibiotics can readily be demonstrated in pieces of organic material in unsterile 
soil. But in the total soil mass antibiotics are too diluted (WRIGmr, 1956). 

The positive results of WINaxR (1940, 1944), who demonstrated an adverse effect 
of soil extracts upon the growth of Ophiobolus, were the incentive for experiments 
with extracts of antagonistic and non-antagonistic soil. 

6.3.1 Materials and methods 

Equal amounts (w/w; fresh weight) of antagonistic (LO) or non-antagonistic 
(DO or NO) soil (soil at about 50~o of field capacity) and tap water were shaken 
on a moving table for 2 hours. Before and during shaking the soil suspension was 
thoroughly stirred for a while. After shaking the suspension was centrifuged (15 min. 
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at 3000 r.p.m.) and a clear extract was obtained which was filtered to remove floating 
p,:eces of organic material and was subsequently concentrated 10 times in a vacuum 
evaporator at 35 ~ to 40~ Then the extract was again centrifuged at 3000 r.p.m, for 
15 min. and sterilized through a glass filter (P5). The extracts thus obtained were 
used for experiments of the following types: 
a. Equal amounts of double strength PDA or WA (water agar) and soil extract 
were poured into Petri dishes. The radial growth of colonies of Ophiobolus inoculated 
upon this medium was measured. 
b. Equal amounts of potato dextrose broth and soil extract (10 ml of each) in 100 ml 
Erlenmeyer flasks inoculated with Ophiobolus, were shaken on a moving table for 
7-10 days at room temperature. Then the dry weight of Ophiobolus was measured. 
c. In some cases antagonistic (LO) and non-antagonistic (DO) soils were directly 
used. In Petri dishes 30 g soil (fresh weight) was sterilized with ethyleneoxide or by 
autoclaving 30 rain. at ll0~ The soil was covered with PDA or WA. The radial 
growth of Ophiobolus inoculated upon it was measured. 
d. Wheat was grown in glass tubes (for instance culture tubes) with river sand under 
non-sterile conditions. Per tube three wheat grains (five in some experiments with 
bigger tubes) were sown and each inoculated with a disk, 6 mm diameter, of 
Ophiobolus grown on PDA placed under the seed. The plants were watered regularly 
with soil extracts or with tap water, the latter as a control. Each treatment was applied 
to at least 5 tubes. After 21/2-3 weeks the plants were taken out and the length of 
runner hyphae growing along the roots was measured under dissecting microscope. 
The disease index of the plants was also assessed; since the two characteristics 
correlated well, only the length of the runner hyphae was used for calculations. 

6.3.2 Results and discussion 

The techniques a, b and c to assess the activity of antibiotics in soil extracts or 
directly in the soil did not yield any valuable information. The results were very 
inconsistent and the differences in effect between LO and DO soil extracts were 
always small in relation to variation within treatment. 

Several repetitions of the type of experiment described under d, showed that the 
extract of LO soil caused markedly less growth of runner hyphae of Ophiobolus than 
extracts of DO and NO soil or tap water. Table 24 gives the figures of a representative 
experiment. This experiment clearly demonstrates the presence of an antibiotic in the 
soil extract. The antibiotic is partially fungistatic at the concentration used. Some- 
times differences between LO and the control extracts (including water) were less clear 

or even absent. 
The demonstration of an antibiotic disproves hyperparasitism as the cause (or at 

least as the major cause) of the antagonism. According to BOOSALXS (1964) the effect 
of hyperparasitism is normally too small to be effective. The very strong antagonism 
to Ophiobolus therefore had already been assumed not to be due to hyperparasitism. 

In another experiment of type d the effect of treating the soil for 30 min. at 60 ~ 
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Table 24. Effect of  extract of  antagonistic soil on growth of runner hyphae of Ophiobolus. 

Type of extract Length of runner hyphae (in mm) 

replication mean 

1 2 3 4 5 

LO 36 38 47 52 60 46.6 
DO 63 65 70 75 82 71.0 
NO 72 72 76 84 92 79.2 
H20 75 75 77 79 79 77.0 

S E m e a n = 3 . 4  

was examined by preparing a soil extract directly after the treatment of the soil. 
Also the influence of autoclaving a normal soil extract for 30 min. at 110 ~ instead 
of sterilizing it through a glass filter, was determined (table 25). It can be seen that the 
normal extract of LO soil, the extract of 60 ~ LO soil and the autoclaved 
extract of LO soil cause significantly less growth of runner hyphae of Ophiobolus 
than water or the same types of extracts of DO soil. From 6.1 it is known that treat- 
ment of LO soil at 60 ~ for 30 rain. completely eliminates the antagonism. Yet the 
extract prepared directly after the treatment is active. This supports the view that 
heat treatment does not destroy the antibiotic(s) but kills the antibiotic-producing 
micro-organism(s), so that production of new antibiotic is halted, whereas the anti- 
biotic present in the soil is gradually adsorbed or degraded biologically. The figures 
of table 25 show that the antibiotic(s) can even resist 110 ~ for 30 rnin. 

Table 25. Effect o f  extract o f  antagonistic soil on growth of  runner hyphae of  Ophiobolus. 

Type of extract Length of runner hyphae (in ram) 

replication mean 

1 2 3 4 5 

LO 18 50 53 53 59 46.6 
6 0 ~  29 33 39 53 67 44.2 
LO, 110 ~ 28 37 43 48 50 41.2 

DO 52 60 68 68 73 64.2 
6 0 ~  52 65 67 70 73 65.4 
DO, 110 ~ 48 60 66 75 86 67.0 

HzO 54 71 75 77 78 71.0 
SEmean = 5.4 

60 ~ LO = extract of 60 ~ antagonistic soil. 
LO, 110 ~ = extract of antagonistic soil; extract autoclaved. 
60 ~ DO and DO, 110~ see LO. 
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Isolation and identification of the antibiotic(s) was not possible, because the 
technique used to demonstrate activity is very laborious. Better techniques, yielding 
information about the activity of an extract more quickly and with less material, 
need first to be evolved. 

The trials of type d have shown the antibiotic activity of a sterile extract of a 
non-sterile soil which is slightly supplemented with organic material four times a 
year. The organic material itself is not essential, since LO soil is active and DO soil 
is not. Yet in most experiments growth of runner hyphae was slightly less with 
extract of DO soil than with tap water. But this reduction of growth was never 
significant and was much smaller than reported by WINneR (1940, 1944). 

6.4 Discussion 

The experiments described in this chapter clearly illustrate that the antagonism to 
Ophiobolus is microbial and that the antagonistic micro-organisms work by producing 
antibiotics. Whether there are also other mechanisms of antagonism has not been 
investigated. The possible role of competition for food and hyperparasitism as 
additional mechanisms should not be excluded. 

The antagonists still have to be specified. The experiment of 6.1 might give some 
information on this. It is remarkable that a temperature as low as 50 ~ for 30 min. 
in experiment 2, or even 45 ~ in experiment 3 reduces antagonism. 

Thus the organisms are very sensitive to temperature. Most bacteria and actinomy- 
cetes can very well stand such low temperatures for 30 min.; the same holds for many 
fungi. However, there are fungi which are clearly more sensitive. But it would be 
premature to conclude from this that a micro-organism, not capable of withstanding 
50 ~ or even 45 ~ for 30 min. and thus most likely a fungus, is responsible for the 
antagonism. Another possibility would be to postulate a balanced association of 
micro-organisms, which, as such, antagonizes Ophiobolus. Killing some members of 
this association would disturb the equilibrium and so change the circumstances for 
all organisms left, and this might prevent their antagonistic activity. Some points 
will be discussed to see whether they are in favour of one organism or of a balanced 
association with few to many micro-organisms. 
1. In the experiment of 5.2.3 it took some months to induce decline. When circum- 
stances are favourable, one organism might increase much faster, thus rapidly initiat- 
ing decline. It might take longer to establish a balanced association. However, the 
normal time for a parasite of a crop grown in monoculture to establish itself could be 
taken as evidence that build-up of one organism usually takes some months. 
2. In the experiment of 5.2.3 antagonism is established earlier in well equilibrated 
('old') soil than in virgin ('young') soil. It is evident that in the 'old' soil the microflora 
will be more complex than in the 'young'. From this it may be concluded that if one 
organism causes decline this organism will establish itself easier in the 'young' soil. 
But, as stated already, antagonism was established easier in the 'old' soil. 
3. The results of treatment at 50~ of the experiments 2 and 3 described in 6.1 do 
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not completely correspond. In experiment 2 antagonism strongly decreased at 50 ~ 
though always a bit less than at 60 ~ whereas in experiment 3 treatment at 50 ~ 
strongly decreased antagonism sometimes and only slightly or not at all otherwise. 
Fig. 9 gives the impression of a decrease in antagonism over a range of about 20 ~ 
Since the thermal death-point of a given structure of one organism is constricted to a 
range of only a few degrees (BOLLEN, personal communication) 5, this phenomenon 
might not be expected if one organism was involved. A balanced association, however, 
would be disturbed progressively as more of the micro-organisms are killed. This 
would explain the progressive decrease in antagonism with increasing temperature. 
4. Decline occurs with many different diseases (5.1). It cannot be expected that the 
pathogens involved all have just one or a very few specific antagonists. It is more 
likely that dominance of a pathogen is corrected by a reaction of a significant part of 
the soil microflora. 
5. Decline occurs in soils with largely different texture, mineral composition, humus 
content and pH (cf. 5.2.3). It can hardly be assumed that one or a few special organisms 
can effectively antagonize Ophiobolus under such widely different conditions. A 
balanced association of micro-organisms is more flexible. 
6. Decline is so specifically induced by only virulent Ophiobolus, that it might be 
assumed that one organism is effective. On the other hand it is not known whether 
decline depends on one or more antibiotics (cf. 6.3). Moreover, even if one anti- 
biotic comes into play, it might be produced by several organisms. 

The above points tend to favour the hypothesis of a balanced association of 
micro-organisms as the background of the antagonism. It should be stressed, how- 
ever, that the number of participating antagonists is not essential in the picture of the 
decline mechanism described in this paper. 

5 Most literature about the effect of temperature on killing the micro-organisms concerns variable 
periods at a fixed temperature; Bolten has tested the effect of various temperatures with a fixed period. 
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7 Search for the organism(s) antagonizing Ophiobolus 

Now that the microbial origin of decline is established, it is worthwhile tracing the 
organism(s). 

As discussed already (5.2.4) both antagonistic and non-antagonistic soils contain 
antagonists, responsible for decline and reduction, respectively. In the literature quite 
a number of antagonists are reported to occur in normal soil. Trichoderma viride, men- 
tioned by many authors in relation to several diseases, is also considered an antagonist 
of Ophiobolus (e.g. LAL, 1939; PONOMAR~VA, 1965; gKIVSNA, 1963); it might even be 
a hyperparasite (PoNcHET & COVVENET, 1962; SLA6C & FELLOWS, 1947). Numerous 
fungi found to be antagonistic to Ophiobolus in vitro were listed by MANGAN (1966, 
1967). Numerous fungi and bacteria are reported to be antagonistic in vitro as well 
as in vivo (BROADFOOT, 1933a; BR6MMELrltrEs, 1935; FLi3CK, 1955; LAL, 1939; 
SANFORD & BROADFOOT, 1931; SIEGLE, 1961; SLAGG & F~LLOWS, 1947; ZOGG, 1950; 
ZO6C, 1951). Other workers considered actinomycetes (EHLE, 1965; EHLE, 1966a; 
EHLE, 1966b; SCnM~DT, 1962). In contrast to that research my search for antagonists 
contrasted antagonistic soil and normal soil. 

Only fungi were considered in any detail when looking for antagonists. The 
difficulties in identification of bacteria and actinomycetes were largely responsible 
for this restriction. 

7.1 N u m b e r  a n d  an t agon i s t i c  ac t iv i ty  o f  m i c r o - o r g a n i s m s  
i so la ted  f r o m  soil 

Since in the experiment described in 5.2.3 a big difference in antagonistic activity 
was found between LO and DO-treated soil, whereas both soils received about the 
same amount of organic matter, it could be expected that the total number of micro- 
organisms, irrespective of species, has no influence upon the specific antagonism. 
This has also been expressed in figure 8. Indeed, when counting the numbers of fungi, 
bacteria and actinomycetes in LO, DO and NO soils with dilution plates and using 
different agar media, no differences could be detected. Neither was the humus 
content differently influenced by the amendments. Therefore the antagonism should 
be based upon one or another qualitative character. This contrasts with most cases of 
increased general antagonism after treatment of a soil reported in the literature, in 
which the number of micro-organisms is important (compare 8.1). Thus GROSSMANN 
(1954) and EHLE ( 1965, 1966b) found a higher degree of apparently general antagonism 
after green manuring through a rise in number of micro-organisms as a whole. 
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LOCHHEAD & LANDERKIN (1949), moreover, found higher percentages antagonistic 
actinomycetes, though to other pathogens than Ophiobolus, after green manuring 
with soya bean. 

With soil-dilution plates, Warcup's soil plates (JOHNSON et al., 1959) and HaRLey & 
WAID'S (1955) root-washing technique, an effort was made to estabfish quantitative 
differences in the fungal flora of LO, DO and NO soils or in the rhizospheres of 
plants growing in these soils. With identification up to genera only, except for a few 
important organisms, virtually no differences between the various soils were found. 
Only Glioeladium roseum tended to occur slightly more in antagonistic soil. In a 
small experiment the addition of spores of Glioeladium roseum both to natural and 
sterilized soils did not depress the disease index of Ophiobolus.inoculated wheat sown 
in these soils. This agreed with the results of the experiment of 5.3.2. 

When random isolates (fungi, bacteria and actinomycetes) from fresh and antagonis- 
tic soils were inoculated onto agar opposite Ophiobolus, no difference could be found 
in the percentage isolates antagonistic to Ophiobolus. (234 isolates were tested.) 

7.2 Fungi emerging from straws buried in soil 

Since the rather trivial approach of 7.1 completely failed, another approach has 
been tried. One could imagine for instance that different soil organisms differ charac- 
teristically in their affinity to pieces of organic material colonized by Ophiobolus or not. 

7.2.1 Materials and methods 

Wheat straws were split longitudinally and subsequently cut into 1 cm pieces. 
Portions consisting of 275 pieces in a 100 ml Erlenmeyer flask were moistened with 
7 ml potato dextrose broth, autoclaved at 120~ for 30 min. and inoculated with 
Ophiobolus. After 21/2 weeks Ophiobolus had sufficiently colonized the straws. Then 
half of the flasks was sterilized with chloropicrin; the other half was not treated. 
These straws are indicated as DO straw and LO straw, respectively. A control portion 
of straws was not inoculated with Ophiobolus at all (NO straw). Of differently treated 
clay loam soils, LO, DO and NO, of which only LO soil was antagonistic to 
Ophiobolus, portions of 100 g (dry weight) were adjusted to a moisture content of 35~ 
of the field capacity and put into 370 ml glass tumblers (12 tumblers per soil type). 
Per tumbler 45 pieces of straw of one of the 3 treatments at a time were thoroughly 
mixed through the soil. The tumblers were covered with a thin sheet of polythene to 
prevent evaporation while enabling CO2 exchange and incubated at 23 ~ for 3 and 
6 weeks, respectively. The straws were then recovered from the soil and washed with 
tap water. Subsequently they were surface-sterilized for 11/2 and 2 hours, respectively, 
with sodium hypochlorite solution (eau de Labarraque), which is not selective as a 
disinfectant (WhLr~R, 1941). Then they were rinsed in sterile water for two subsequent 
periods of 30 min. Half the straws were plated out on PDA with 50 p.p.m. Terramycin 
and half on cellulose agar with 50 p.p.m. Terramycin. The cellulose agar contained 
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Table 26. Counts of  fungi of  different genera on 20 pieces o f  straw after 3 or 6 weeks incubation in different soils. 

Treatment of straw Fusarium Pythium Mucoraceae Trichoderma 

soil straw agar disinfection 
time (h) 

31 61 3 6 3 6 3 6 

LO LO PDA 1�89 1 2 1 
2 6 4 2 2 

CA 1�89 3 1 1 
2 2 

DO PDA 1�89 7 1 2 16 2 1 
2 14 5 9 11 3 

CA 1�89 9 4 1 
2 16 12 1 1 

NO PDA 1�89 8 3 2 16 7 1 
2 12 10 9 13 1 

CA 1�89 8 8 1 1 
2 16 5 1 3 

DO LO PDA 1�89 3 1 1 6 1 1 
2 18 1 4 2 

CA 1�89 5 2 2 1 
2 13 5 1 1 

DO PDA 1�89 18 11 10 3 4 3 
2 11 10 1 3 4 7 1 

CA 1�89 13 16 2 1 2 3 
2 19 11 3 5 3 

NO PDA 1�89 17 5 9 7 3 4 4 
2 20 3 12 18 6 5 1 

CA 1�89 15 10 1 2 1 3 3 
2 19 13 4 4 2 

NO LO PDA 1�89 1 1 6 
2 5 2 4 9 

CA 1�89 1 
2 2 5 

DO PDA 1�89 22 10 2 10 3 5 2 3 
2 20 16 1 13 10 4 4 1 

CA 1�89 16 15 8 8 2 3 3 
2 21 12 8 7 7 1 3 1 

NO PDA 1�89 22 12 11 1 5 5 1 
2 17 13 2 11 13 4 2 

CA 1�89 12 12 7 4 3 1 2 
2 19 7 12 6 1 1 4 

Sum 429 238 66 175 124 35 67 41 

1 time of incubation of straws in soil (in weeks). 
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Chaetomium Stysanus + 
Trichurus 

3 6 3 6 3 

1 
1 

5 2 

1 
2 

19 2 

2 5 
5 2 

2 
1 

2 

3 
11 3 

6 2 2 
3 1 8 1 

9 2 2 1 
9 7 

73 21 50 8 

Petriella 

2 1 4 1 
10 1 1 

Gliocladium Ophiobolus Residue = 
unidentified 
+ infrequent 
genera 

6 3 6 3 6 

3 1 t0 1 
1 1 5 1 

1 
3 1 5 2 

5 1 1 
2 4 

4 
11 

1 
8 

Sum 

19 9 10 13 64 32 

3 6 

6 6 31 
6 7 36 
1 3 11 
2 2 25 

7 2 44 
3 45 

1 35 
1 54 

4 42 
4 49 

26 
1 41 

3 28 
1 44 

1 1 23 
51 

5 3 57 
7 1 45 

45 
1 50 

5 55 
65 

1 36 
1 1 48 

1 2 24 
6 1 38 
1 2 10 
1 6 17 

1 58 
5 3 77 
1 2 69 
1 1 76 

4 I 62 
1 63 

55 
1 1 68 

80 49 1603 (per 1440 straws) 
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20 g cellulose, 1 g (NH4)2504, 0.5 g MgSO4, 1 g CaCO3, 0.5 g NaC1, 0.5 g K~HPO4, 
and 15 g agar in 1 litre distilled water (WITKAMP, 1960). After 3 days, and 1 and 2 
weeks at 23 ~ the fungi growing out of the straws were examined. Genera were 
identified. A residue consisted of fungi of rare occurrence or difficult to identify. 
Per treatment 5 Petri dishes with 4 straws each were examined. 

7.2.2 Results 

The fungal genera and the numbers of colonies per genus found are presented in 
table 26 and figure 11. In the figure only the most interesting treatments are separated. 
The significance of the effects of differences in straw and soil and their interaction, 
as indicated in figure 11, was calculated by variance analysis (factorial design). Most 
effects were significant. Often the number of fungi on NO and DO straws was much 
higher than on LO straws. There was no difference between NO and DO straws. 
Most effects found to be significant in this experiment were also significant in a 
second experiment of the same design. But some of them were completely reversed. 
For example, in experiment I Pythium was found most frequently on DO and NO 
straws, in experiment II on LO straws. In both experiments the effects were highly 
significant. For comparison the significance of effects of both experiments is indicated 
in table 27, and the concordance of their tendencies is noted. Details are given in the 
discussion. 

2030 IlO ,,,PETRIELiA" hi ~162 

20" TRICHODERMA 

t , xK 

§  
10 oo 

80- 
70" 

60- 

50" 
/~0- 

30- 
20- 
i t ~ -  11 

rmlk 

GLIO CLADIUM OPHIOBOLUS 

I f ,  J i  . _ = _ ,,m ... 
CHAETOMIUM _ STYSANUS+TRICHURUS 

FUSARIUM PYTHIUM :r ~x 
+.1- § 

~176 t 
LO DO N0 - LO D0 NO LO DO NO LO DO NO LO DO NO 

LO DO NO LO DO 

MUCORACEAE 

LO DO N0 LO DO NO LO O0 NO LO DO NO STRAW 
NO LO DO NO SOIL 

~1 " FUNGI AFTER 3 WEEKS INCUBATION OF STRAW IN SOIL ~= ], EFFECT 0F S01L SIGNIFICANT AT P = ~ 16~ 
FUNGI AFTER 6 WEEKS INCUBATION OF STRAW IN SOiL +% ]' EFFECT OF STRAW SIGNIFICANT AT p =~. 5 % 

0 ~  .)INTE~CT'O" SOIL/STRAW SIGNIFICANT AT p =~, ~'~, 

Fig. 11. Counts of fungi of different genera on 80 straws kept for 3 or 6 weeks in different soils. 
Significance of effects indicated for the sum of the counts at 3 and 6 weeks. 
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7.2.3 Discussion 

If a particular fungus is involved in the antagonism, this fungus might be expected: 
1. to occur in antagonistic soil more frequently than in other soil (prerequisite); 
2. to colonize straws precolonized by Ophiobolus (LO straw) relatively more easily 
than other fungi (possibility). 
The first property is shown only by Gliocladium, Petriella and Stysanus + Trichurus 
in the first experiment. This is affirmed in the second experiment, whose figures are 
not represented, though Gliocladium also occurred very often in NO soil. The second 
property is shown by Chaetomium and Gliocladiurn in the first experiment. Though 
only Gliocladium occurs significantly more frequently on LO straws, both are at 
least much better colonizers of precolonized straws than the other fungi, which all 
colonize DO and NO straws significantly better than LO straws. In the second ex- 
periment this effect was not confirmed for Chaetomium, but Gliocladium, Petriella 
and Stysanus + Trichurus did occur more frequently on precolonized straws. Thus 
agreement only exists for Gliocladium. 

A positive reaction for the first property seems a prerequisite for a potential 
antagonist. Though it cannot be stated with certainty, it seems rather improbable 
that an antagonist would have as much difficulty in colonizing straw precolonized by 
Ophiobolus as a non-antagonistic fungus. Therefore Glioeladium, which shows both 

Table 27. Significance of the effects of soil type, treatment of straw, and their interaction on the number 
of fungi of different genera found on the straws after incubation in the soil for 3 or 6 weeks. Concordance 
of 2 experiments. 

Fungus Type of soil Type of  straw Interaction soil/straw 

Fusarium 
Pythium 
Mucoraceae 
Trichoderma 
Chaetomium 
Stysanus + 

Trichurus 
Petriella 
Gliocladium 
Ophiobolus 

exp .  I exp .  I I  c o n -  exp .  I exp .  I I  c o n -  exp .  I exp .  I I  con- 
cord- cord- cord- 
ante arle~ ano~ 

x x  x - -  x x  x x  + x N  x x  0 

X X  X X  X X  

x x  x x  + 

x x  x x  + x x  x + x x  

x x  x x  x x  

x x x  o x x x  

x x  x + x x  x x  

x x x  o x x x  o x 

x x  x x  + 

x = significant at 5 %  

• x = significant at 1 %  

+ = complete concordance 
- -  = no concordance 
o = almost concordant 
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properties in both experiments, is the only fungus for which antagonism could be 
expected with good reason. 

It should be realized that each technique has its limitations. With any method only 
part of the organisms present in the soil can be isolated. Thus, also the present 
experiment provided conditions only suitable for the isolation of a small part of the 
soil microflora. Moreover, the identification of fungi up to genera only is very rough. 
But the results of this experiment give the impression that a more precise determina- 
tion would not have given more useful results. The disagreement of many effects in 
both experiments suggests that differences in numbers of fungi between antagonistic 
and normal soil, even when statistically significant, have nothing to do with actual 
antagonism. Also, the preference of particular fungi for fresh or precolonized straws 
proved not to be consistent between experiments. The only effect which is dearly 
established as a result of this experiment is the well known poor colonization of 
precolonized material by other fungi. In general less fungi are found on LO than on 
DO and NO straws (BARTON, 1961; BRUEHL & LAI, 1966; LAI & BRUEHL, 1967). 

7.3 Infection of wheat with Ophiobolus inoculum to 
which other fungi have been added 

To test whether the results of the experiment just described (7.2) bear any relation 
to depression of Ophiobolus attacks on wheat, some of the fungi isolated were added 
to Ophiobolus inoculum some time before inoculating wheat. 

7.3.1 Materials and methods 

Erlenmeyer flasks (300 ml) were inoculated with Ophiobolus and incubated for 
17 days. Then 20 ml of a shake culture of each of the following fungi (one isolate 
per species or genus) on potato dextrose was added to 6 flasks each: Chaetomium sp., 
Didymella exitialis, Fusarium culmorum, Gliocladium cf. catenulatum, Mucor sp., 
Ophiobolus graminis, Petriella sordida and Stysanus sp. D. exitialis was not isolated 
from straws in the experiment of 7.2; a culture was received from the Centraal 
Bureau voor Schimmelcultures (CBS) (National Fungal Collection) at Baarn. This 
fungus was included since SIErLE (1961) described it as a hyperparasite of Ophiobolus. 
After a period of 9, 16 and 23 days of mixed culture, 4 wooden boxes with fresh T 69 
soil at each time were mixed with the contents of 2 flasks of each treatment. The 
time since superinoeulation is indicated by first, second and third series, respectively; 
the inoculum by the generic name of the superinoculated fungus. Gliocladium, 
Fusarium, Chaetomium, Mucor and Stysanus were able to establish themselves on the 
Ophiobolus inoculum but with decreasing ability in the given order. Petriella and 
Didymella did not grow visibly but their growth in shake culture was already very 
restricted. Through lack of greenhouse facilities an unconditioned greenhouse had to 
be used, in which temperature fluctuated widely; it was often rather low (10~ 
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7.3.2 Results 

The average disease indexes of  the 4 boxes of each treatment are given in table 28. 
Figure 12 is a graphical representation with 0.4 and 1.0 subtracted from the disease 
indexes of second and third series, respectively, to give a horizontal line for the disease 
index for Ophiobolus. In the first series the disease index after inoculation with 
Chaetomium is appreciably, though not significantly, higher than after inoculation 
with Ophiobolus. Fusarium and Mucor depress the disease index, the latter significantly 
(P ---- 5~) .  In the second series Fusarium and Mucor behave similarly, though the 
depression is not significant; Gliocladium also induces a considerable depression. In 
the third series Chaetomium, Gliocladiurn and Mucor depress the disease index 

significantly. 

7.3.3 Discussion 

The present experiment can be considered as a modification of experiments described 
by many workers (BROADFOOT, 1933a; BR6MVmLHU~S, 1935; FLt~CK, 1955; LAL, 1939; 
SANFORD & BROADFOOT, 1931; SINGLE, 1961; SLAO~ & FELLOWS, 1947; ZOGG, 1950; 
ZOGO, 1951). Most of  them studied the effect of mixing soil with Ophiobolus and one 
or more other fungi or bacteria simultaneously, or of inoculation of the soil with a 
mixed culture of Ophiobolus and another organism. The influence of  culture filtrates 
on severity of disease in Ophiobolus-inoculated wheat was also tested by many of 
these authors. The soil used generally had been sterilized before. SLAC_~ & FELLOWS 
(1947) inoculated fungiinto a medium on which Ophiobolus had already been establish- 
ed and sowed wheat on it 14 days later. Despite these differences in method the 
general conclusion has always been the same: some organisms reduce Ophiobolus 

Table 28. Effect of superinoculation of Ophiobolus inoculum with various other fungi on the severity 
of disease in wheat as measured by disease index. Superinoculation at 9, 16, and 23 days before inocu- 
lation of the wheat. 

Fungus Days before inoculation of the wheat 

9 16 23 

Ophiobolus 3.0 3.4 4.0 
Chaetomium 3.7 2.8 2.3 X 
Didymella 3.4 2.8 3.8 
Fusarium 2.1 2.3 4.0 
Gliocladium 3.1 2.6 2.5 x 
Mucor 1.8 x 2.5 2.1 x 
Petriella 3.2 3.0 3.6 
Stysanus 3.5 3.1 4.4 

x = significantly differing from Ophiobolus (P = 5~). Tested with the 'Studentized range' of PEAe, SON 
& I-IARa~EY (1943-6). 
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attack and some do not. But the fungi may behave quite different in the different ex- 
periments. The experiments do not give much information about the mechanism of 
the antagonism. This can be illustrated very well with examples from the experiment 
just described. The decrease in disease index caused by Glioeladium and Chaetomium, 
which is not found in the first series, seems to exist in the second, and is significant 
in the third, might be explained as the consequence of a progressive decomposition of 
Ophiobolus mycelium in the inoculum. As to Glioeladium this would be consistent 
with the results of 7.2. The effect of Mueor cannot be explained in this way, however. 
Mueoraeeae are not known as producers of antibiotics or as potent saprophytic 
competitors under normal soil conditions. However, they cart grow rapidly and 
frequently colonize roots of young cereals and grasses (~ATSKA, MACtmA & VAG- 
NEROV~, 1960; GAOG]L, 1965). Therefore it seems most likely that a very rapid 
expansion of Mucor on the wheat roots has prevented the development of Ophiobolus. 
In the literature, depression of Ophiobolus by Mucoraceae (~KIPSNA, 1963) but also 
the reverse (BR6M~LHtmS, 1935) is reported. Just like Mucoraceae, some Fusarium 
spp. are primary colonizers of young cereal roots (GADGm, 1965; P~raNSON, TAYLOR 
& PEARSON, 1963). Yusarium behaves like Mueor in the first and second series; no 

explanation can be offered for its inactivity in the third series. 
Such diverse mechanisms as discussed here might all lead to depression of 

Ophiobolus. Considering the results of 5.3.2 and 7.1, it is still doubtful whether any 
of the fungi studied are important in a specific antagonism to Ophiobolus. Only Glio- 
eladium spp. may be supposed with good reason to do so. 
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Fig. 12. Effect of  superinoculation of Ophiobolus inoculum with other fungi on severity of  disease in 
wheat. Superinoculation at 9, 15, or 23 days before inoculation of  the wheat. Adjusted to get a straight 

line for Ophiobolus alone. 
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7.4 Some remarks on soil ecology and the determination 
of the antagonistic microflora 

Two approaches might be followed to elucidate antagonism in soil: 
1. testing the antagonism of soil isolates; 
2. determining differences in the composition of the microflora of antagonistic and 
non-antagonistic soil. 
Both approaches are open to fundamental criticism through soil ecology. 

1. Testing of antagonism of isolates from soil is mostly performed on agar plates; 
sometimes the results are checked in vivo (on plants grown in soil) later. Often results 
then disagree. For instance, BROADFOOT (1933b) already reported the discrepancy 
between the results obtained on two agar media when testing the antagonism of 
fungi and bacteria to Ophiobolus. The agreement was even less when antagonism in 
vitro (on agar) was compared with that in vivo: no correlation existed. The same has 
been found by LAL (1939) and ZOGG (1951). HADDEN (1965-6), working with Pythium 
root rot of sugar-cane, failed to find a close correlation between the production of 
antibiotics by actinomycetes in vitro and disease suppression by these actinomycetes 
in the field. AuB~ (1967) found about the same for Verticillium wilt of lucerne. The 
importance of composition of the culture medium is also well known from the 
industrial production of antibiotics. Therefore not much value can be attached to 
testing of antagonistic activity in vitro (7.1), The discrepancy described may safely be 
regarded as a common feature of present techniques, though positive results occur. 
The necessity of caution in generalizing results obtained in vitro has been realized by 
many authors (Htmrg & WATSON, 1966; LOCrII-mAD & LANO~RICIN, 1949; MANGAN, 
1967; PARK, 1956; Scrmorn & HmDEBRAM), 1964; VIENNOT-BOLrRG~, 1964; WINTER, 
1940; WIWrER, 1944; WOOD & TV-EIT, 1955). 

Even testing of possible antagonists in vivo does not necessarily lead to con- 
clusions which also apply to field conditions. In all experiments of this type fungi 
are introduced into soil which is in special condition. If the fungus tested is not 
normally present in this soil, this a/ready indicates that conditions are not suitable 
for it. Thus, a fungus which is a strong antagonist in its own habitat might completely 
lack antagonistic activity in experimental conditions. Also, the addition of. organic 
matter simultaneously with inoculum, or the use of sterilized soil for the experiment, 
might result in antagonism which does not exist under normal conditions. 

2. Very little literature about differences in mieroflora between antagonistic and 
normal soil is present. However, many reports about the influence of different crop 
rotations on the microflora are known and these already give some indication about 
the problems which can be expected. (The accumulation of pathogens of a crop after 
growing this crop will not be considered). 

The microflora of a soil depends on the type of soil, the climate, the root exudates 
of the crop grown and the type of organic material left on and in the soil after harvest. 
Normally, rotation experiments are performed within a limited area, in which soil 
and climate are almost even. 
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Most literature mentions differences in microflora after different rotations (HEm% 
1957; JoosTE, 1966; KOMMEDAHL & BROCK, 1954; MENON & WILLIAMS, 1957; 
MISHUSTIN & TEPPER, 1963; PAHAmA, 1955-6), but sometimes differences are small or 
absent (CAssI~I, CASSlNI & MASSENOT, 1966; DOMSCH & GAMS, 1966; GAMS & 
DOMSCH, 1966; GAMS & DOMSCH, 1967). GAMS & DOMSCH (1966, 1967), who ex- 
plicitly stated that they looked at the same rotations on different sites, found the 
influence of the sites to be much more important than that of the crop rotation. 
This is not surprising, since the influence of root exudates and crop residues is 
limited. The composition of crop residues generally falls within a very restricted 
chemical range. GAMS (1967) reported that differences between varieties of the same 
cereal species in root exudates are sometimes larger than between species, oats 
excluded. Moreover, Mislw, a (1967) found highly significant differences in the rhizo- 
plane microflora of different plant species, but these differences were already smaller 
in the rhizosphere. Therefore root exudates cannot be supposed to greatly influence 
total soil microflora. 

Concluding, it can be said that no clear relation between crop, soil, and soil micro- 
flora has yet been established. Similar difficulties especially in the unknown influence 
of soil type can be expected when differences are sought between the composition of 
an antagonistic and a non-antagonistic microflora. 

But sometimes differences have been demonstrated. VAN EMDEN (1967) showed 
that the soil fungal flora of a field, in which potatoes were liable to Rhizoctonia 
disease, differed from that of a very similar field which, however, had protecting 
characteristics. These differences could even be related to antagonistic capacity of 
the fungi in vitro. Another example of success in this field is the bacterial balance 
index (W~sT & LOCNm~AD, 1940) which is reported to be very well correlated with the 
incidence of strawberry root rot. But SCHMIDT (1962), comparing healthy and diseased 
patches for the number of actinomycetes and their antagonism in vitro to Ophiobolus, 
got much less clear results; EHLE (1965) completely failed to find such differences. 
STUMBO, GAINEY & CLARK (1942) did not find differences in numbers of micro- 
organisms within physiological groups when comparing soil of healthy and diseased 

patches. 
The interesting experiments of VA~ E~mnN (1967) form one of the exceptional 

cases in which the results of tests in vitro, undertaken to examine the significance of 
differences found, agree with the observations in vivo. The method used by EHLE 
(1965) and SC~IDT (1962) suffers from the objections discussed under approach 1. 

Tracing the organisms responsible for the decline of Ophiobolus has failed. A n  
understanding of soil ecology makes clear that the techniques used so far are un- 
suitable for this purpose. At best an indication might be obtained of effective organisms 

in a special case. 
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8 Further analysis of decline 

The critical consideration of soil ecological problems (chapter 7) has revealed that 
estimation and explanation of the antagonism of a soil by determining its microflora 
is still out of reach. Another way of learning something about the mechanism of 
decline might be the use of laboratory techniques which measure properties correlated 
with decline. The value of such methods is also limited by soil ecological phenomena. 
This can be easily demonstrated by the results of an experiment in which a technique 
was used which was not at all related to natural conditions (8.1). Using techniques 
in better agreement with natural conditions (8.2), it is possible to get quantitative 
information on three important aspects of antagonism: 
1. antagonism to Ophiobolus during its saprophytic phase; 
2. antagonism to Ophiobolus during its parasitic phase; 
3. the influence of environmental temperature on antagonism. 
This information will contribute to the understanding of decline of Ophiobolus (8.3). 

8.1 Determination of the antagonism to Ophiobolus under 
artificial conditions 

If antagonism of a soil could be estimated by the competition between Ophiobolus 
and soil organisms as measured on agar media, this method would quickly and easily 
yield results. Therefore, despite the criticism of such methods, I tried to find a cor- 
relation between the known antagonism of a soil and the growth inhibition of 
Ophiobolus on agar induced by the soil microflora. Some of the standard methods 
based upon this principle were tried, namely: 
a. the method described by WASTm (1961) to assess the competitive saprophytic 
ability of a fungus; 
b. the method of PxEINMUTH • SEIDEL (1966); 
C. the three-layer method of HERR (1959) modified by EHLE (1965, 1966b). 

The first two methods are based upon the same principle: suppression of growth of 
a fungus growing upon cellophane overlying agar, when the agar has been inoculated 
with unsterilized soil before placing the cellophane on the agar. The third method 
has been devised to estimate the number of antagonistic actinomycetes in a soil and 
their respective degrees of antagonism to the test fungus. Trials with this method 
during the present investigations, were unsuccessful owing to the overgrowing of 
Ophiobolus by bacteria. The method of WASTm was most extensively used. Some of 
the results will be presented here. 
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8.1.1 Materials and methods 

Soil was placed on agar in a Petri dish as described by WASTIE (1961) at 4 points 
situated at the greatest possible distance from each other and from the rim of the 
dish. After various times of incubation (0-48 h) at a favourable temperature the agar 
was covered with a cellophane film 6 and the test fungus was inoculated upon the 
cellophane by means of agar disks just over the four points where soil had been 
placed. The growth of the fungus was compared with a control without soil. 

Since Ophiobolus is very easily suppressed by other micro-organisms, in the present 
experiment the cellophane and Ophiobolus disks were placed in position directly 
after application of the soil. 

Two experiments were performed with differently treated S 6 soil, namely LO soil 
in its first, second, fourth and seventh cycle and DO and NO soils in their first cycle, 
indicated as 1 • LO, 2 • LO, 4 • LO, 7 • LO, DO and NO, respectively. The 
first experiment was performed when the (last) treatment of the soil had occurred 
11/2 month ago, the second 1 month later. A control without soil was included. 
To gain information about the group of organisms involved, different agar media 
were used: PDA, PDA 4- 50 p.p.m. Terramycin (PDA q- T); broth agar (BA); 
cellulose agar (CA) according to WIT~r (1960); CA -k 50 p.p.m. Terramycin 
(CA + T); Conn agar (JOHNSON et al., 1959) and soil extract agar (SEA) according 
to LOCHI-mhD (JOHNSON et aL, 1959). The SEA had been slightly adapted by using 
equal amounts of soil extract and tap water. PDA and BA are excellent growth media 
for bacteria; PDA and PDA -k T support vigorous growth of fungi; the other media 
offer poor conditions for growth and are adapted to special groups of organisms: 
CA and CA + T to cellulose decomposers; ConnA to actinomycetes; SEA to bac- 
teria and actinomycetes. The Petri dishes, 5 per treatment, were incubated at 23 ~ 
After 3 to 7 days the diameters of the colonies of Ophiobolus were measured. The 
diameter of the inoculum disk (6 mm) was subtracted. 

In a third experiment 4 soils were compared: T 69 in its fourth LO cycle; T 69 in 
its fourth DO cycle; T 69 stored in the open air for 11/2 year, during which time it 
was kept free from plant growth; T 71 subsoil clay. These soils are indicated as LO, 
DO, T 69 and T 71, respectively. A non-inoculated control was also present. PDA, 
PDA + T, SEA and cherry agar (indicated as CHA) were used. The Petri dishes 
were incubated at 10 ~ 17 ~ and 23 ~ Measuring the diameters of Ophiobolus colonies 
took place after 3 and 5 days incubation at 17 ~ and 23 ~ and after a longer time, up to 
14 days, when incubated at 10~ The further design was equal to that of the first 
experiments. 

In a fourth experiment various fungi instead of soil were inoculated upon PDA 4- T. 

6 Cellophane was supplied by AKU. 
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8.1.2 Resu l t s  a n d  d i scuss ion  

F i r s t  a n d  second  e x p e r i m e n t :  T h e  ave rage  d i ame te r s  o f  the  Ophiobolus co lon ies  a re  

g iven  in  t ab le  29. A t  the  s econd  da te  o f  assessment ,  s o m e  dishes  were  t o o  o v e r g r o w n  to  

a l l ow  m e a s u r e m e n t  o f  Ophiobolus (see the  dashes  in  the  table) .  T h e  con t ro l s  s o m e t i m e s  

g o t  in fec ted  w i t h  a pe rs i s ten t  b a c t e r i a  wh ich  can  exp l a in  the  scan ty  g r o w t h  o f  

Table 29. lncrease in diameter (in mm) of colonies of Ophiobolus on cellophane overlying different 
agar media on which different soils had been placed. 

Soil Average 

~ . ..~.. NO DO I• 2• 4xLO 7• - ~  -'~o 

PDA I 4 12.4 6.7 3.9 5.1 0.3 0.7 2.6 4.5 3.2 
6 16.2 7.2 3.7 5.9 0.3 0.6 2.9 5.3 3.4 

II 3 10.9 9.3 7.4 7.8 2.5 2.9 3.4 6.3 5.6 
5 13.3 9.6 8.1 8.1 3.1 3.4 4.0 7.1 6.1 

PDAWT I 3 14.9 15.5 7.5 13.7 10.5 7.6 4.0 9.72 8.72 
6 33.5 -- 7.6 14.2 10.7 7.9 4.3 13.0 8.9 

II 4 32.8 25.2 16.3 15.9 15.4 19.4 11.7 19.5 17.3 
6 1> 44 25.2 20.4 18.2 16.7 25.1 11.9 23.1 19.6 

BA I 3 8.9 9.5 9.1 5.1 10.8 5.6 6.6 7.9 7.8 
6 8.6 9.7 9.2 5.6 10.8 5.6 6.7 8.0 7.9 

II 3 5.6 3.7 3.9 3.5 2.4 2.6 2.9 3.5 3.2 
6 6.2 4.3 4.0 3.3 2.6 2.9 3.2 3.8 3.4 

CA I 3 6.6 5.6 3.9 3.3 3.4 18.8 9.0 7.2 7.3 
6 5.4 10.1 8.4 6.9 6.4 22.8 14.5 10.6 11.5 

II 4 7.9 6.2 6.0 6.7 7.6 2.5 11.6 6.68 6.62 
7 -- 7.1 8.3 8.2 9.9 -- -- 8.4 8.4 

CAq-T I 4 10.9 13.4 17.6 9.8 14.7 20.7 12.8 14 .72  15.72 
7 12.8 -- 21.4 11.6 20.4 26.2 -- 18.5 19.9 

II 4 23.7 10.0 32.7 34.9 22.4 34.5 32.0 27.2 27.8 

ConnA I 4 4.3 5.2 11.7 7.0 13.2 6.3 8.3 7.82 8.72 
6 8.4 -- -- 16.3 20.7 14.0 15.1 14.9 16.5 

II 3 1.9 1.8 2.3 1.7 1.9 2.5 1.0 1.9 1.9 
6 4.8 5.7 6.5 4.6 5.9 9.1 3.8 5.8 5.9 

SEA I 4 13.8 7.0 5.7 2.6 5.5 13.2 3.7 7.4 6.3 
6 36.1 16.9 13.0 10.1 17.4 27.8 9.4 18.7 15.8 

II 3 7.1 4.8 7.0 8.8 10.4 9.3 10.4 8.3 8.5 
5 11.8 7.9 9.6 15.4 19.4 19.5 18.3 14.6 15.0 

A 
(for 
exp. 
I + I I )  

0.2 

0.6 

0.1 

1.0 

1.4 

2.6 

4.0 

1 Number of days between inoculation of Ophiobolus on the cellophane and measurement of colony 
diameter. 

Average of soils of which measurements are available at both dates. 
A Average daily increase in diameter between the two dates of measurement; calculated for both 
experiments combined; controls excluded. 
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Ophiobolus in some cases. Table  30 gives the  r a n k  order  o f  the growth  o f  Ophiobolus, 

1 being the best  g rowth  and  7 the least.  I t  can  be seen tha t  no clear cor re la t ion  between 

the an t agon i sm o f  the  soil  a n d  the r a n k  order  exists. O n  the r ich growth  med ia  

(PDA,  P D A  4- T, BA) the tendency  is for  decreasing co lony  size with increasing 

an tagon i sm of  the soil. On  the p o o r  media ,  however ,  jus t  the  reverse occurs:  

Ophiobolus grows least  wi th  the  cont ro l  and  with  N O  soil. In  this g roup  o f  med ia  results 

va ry  too  much  to yield va luable  in format ion .  Cons ider ing  the sum of  the r ank  orders  

in the g roup  o f  r ich med ia  it is appa ren t  tha t  li t t le or  no difference be tween D O  and  

LO soils is found.  Thus  this test  is no t  sensitive for  the  es t imat ion  o f  decline. How-  

ever, a big  difference is found  be tween N O  and  D O  soil. This will have been caused 

by  a larger  act ivi ty o f  the  soil  microf lora  as a whole  in  D O  soil. Therefore,  the test  

is sui table to es t imate  the  general  act ivi ty  o f  soil microf lora  ( reduct ion;  see 5.2.4). 

Table 30. Rank of increase in diameter of  Ophiobolus colonies of  table 29. Situation at second date 
of  measurement, unless series is incomplete at that date. 

Group Medium Number Soil 
of exp. control NO DO 1xLO 2xLO 4 x L O  7xLO 

(no soil) 

A (rich 
media) 

B (poor 
media) 

PDA I 1 2 4 3 7 6 5 
II 1 2 4 3 7 6 5 

PDAq-T I 2 1 6 3 4 5 7 
II 1 2 4 5 6 3 7 

BA I 4 2 3 7 1 6 5 
II 1 2 3 4 7 6 5 

Sum of 
group A I 7 5 13 13 t2 17 17 

II 3 6 11 12 20 15 17 
I + I I  10 11 24 25 32 32 34 

CA I 7 3 4 5 6 1 2 
II 2 5 6 4 3 7 1 

CA+T I 6 4 2 7 3 1 5 
II 5 7 3 1 6 2 4 

ConnA I 7 6 2 4 1 5 3 
II  5 4 2 6 3 1 7 

SEA I 1 4 5 6 3 2 7 
II 5 7 6 4 2 1 3 

Sum of 
group B I 21 17 13 22 13 9 17 

II 17 23 17 15 14 11 15 
I + I I  38 40 30 37 27 20 32 

1 = largest increase 
7 = smallest increase 
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Another important character, correlated with the difference between the two groups 
of growth media mentioned, is the increase in colony diameter of Ophiobolus between 
3-4 and 5-7 days after inoculation. This increase is small for the first group of media 
and large for the second group (A in table 29). Growth of bacteria especially seems 
to stop Ophiobolus. This again stresses the fact that in this test, growth of Ophiobolus 
is not primarily checked by the activity of specific antagonists. 

In the third experiment (table 31) growth of Ophiobolus on SEA and CHA was 
poor and this was again accompanied by big variations in diameter as in the foregoing 
experiments. Also, the differences in average diameter with different types of soil 
are much smaller on these media than on PDA and PDA + T, thus confirming that 
only on the latter media growth of Ophiobolus stops soon. The results with PDA and 
PDA + T confirm the supposition, discussed under experiments 1 and 2, that the 
general activity of the soil microflora is more important in this method than its 
specific antagonistic properties. DO and LO behaved alike in greatly suppressing 
growth of Ophiobolus. T 69 soil, which may be supposed to possess a microflora 
with reduced activity through 11/2 year fallow, limited the growth of Ophiobolus to 
a lesser extent. T 71 subsoil clay, which has a still lower microbial activity, had no 
effect. Temperature during incubation did not influence the reaction of Ophiobolus 
on different soils. 

Furthermore it was proved that the growth of Ophiobolus was the more suppressed, 

Table 31. Effect o f  inoculation of  different agar media with various soils (antagonistic soil, and non- 
antagonistic soils with different microbial activity) on growth of  Ophiobolus. Ophiobolus has been 
placed on cellophane overlying the agar media. Increase in diameter of  Ophiobolas colonies (in mm) 
measured after 5 days incubation at 17 o or 23 o C, and after 14 days at 10 o C. 

Medium Temperature Soil 

of  incubation 

P D A  

P D A + T  

SEA 

C H A  

LO D O  T 69 T 71 Control  

(no soil) 

10 ~ 11.0 10.5 19.7 33.4 33.9 

17 ~ 13.2 11.4 20.4 30.8 32.3 

23 ~ 11.0 11.8 20.7 28.5 40.0 

10 o 26.2 13.7 22.1 34.4 33.7 

17 ~ 14.1 12.6 20.3 26.2 25.6 
23 o 12.7 12.6 19.2 36.9 34.7 

10 o 21.4 21.9 20.6 27.8 27.0 

17 ~ 23.7 15.5 14.8 22.2 20.9 

23 ~ 24.5 27.0 29.6 26.9 32.6 

10 o 6.9 7.0 7.2 6.0 6.9 

17 o 13.0 9.2 11.9 14.5 12.0 

23 ~ 14.4 10.4 17.1 21.7 21.7 
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the faster the growth of fungi applied under the cellophane (table 32). 
Surveying the present results, the method of WASTIE can be stated to fail in dis- 

tinguishing antagonistic and non-antagonistic soil. Also the experiments do not give 
any indication of the group of micro-organisms responsible for the antagonism. The 
objection to the use of this method for the present purpose, the differentiation between 
soils differing in antagonistic properties, has already been discussed (7.4). 

8.2 Assessment of the antagonism with methods imitating 
natural conditions 

8.2.1 Antagonism to Ophiobolus during its saprophytic phase 

A very good approximation of the survival of Ophiobolus in its saprophytic stage 
in nature can be obtained by the seedling test (GARRETT, 1938). Therefore this method 
was used to assess the influence of antagonistic soil upon the rate of breakdown of 
Ophiobolus. 

Materials and methods. The method is described in detail by GAI~RETT (1938), there- 
fore only the modifications applied are recorded here. Potato dextrose broth (5 ml) 
and water (5 ml) were added to 55 pieces of straw in 100 ml Erlenmeyer flasks. The 
flasks were autoclaved twice for 30 min. at 120 ~ with one day interval. After inocu- 
lation with Ophiobolus they were incubated at 23 ~ for three weeks. Then the straws 
were mixed with different soils (200 g dry weight in 370 ml glass tumblers) and 
incubated for a varying number of weeks at 23 ~ Subsequently they were washed 
free of adhering soil and planted in sand after a wheat grain had been mounted in 
each straw. The boxes with the plants were kept in a greenhouse at about 16~ 
After 19-22 days, the roots of all plants were examined microscopically; the percentage 
plants with Ophiobolus was calculated and a numerical expression of the degree of 
root attack (see 3.5) was given. All treatments were duplicated. In a preliminary 

Table 32. Effect of inoculation of agar medium (PDA + 50 p.p.m. Terramycin) with various fungi on 
growth of Ophiobolus. Ophiobolus has been placed on cellophane overlying the agar medium. 

Fungus inoculated on agar Increase in diameter of Ophiobolus colony (in mm) 

4 days 6 days 

Control (no fungus) 19.8 30.0 
Didymella exitialis 22.9 34.0 
P etriella sordida 27.4 33.7 
Chaetomium sp. 12.0 13.1 
Gtiocladium cf. catenulatum 7.7 7.8 
Stysanus sp. 5.0 6.0 
Mucor sp. 4.3 4.3 
Fusarium culmorum 0.8 0.9 
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Table 33. Effect of soil type (antagonistic or not) in which straws colonized by Ophiobolus are in- 
cubated, on survival of  Ophlobolus (seedling test). Percentage seedlings with Ophiobolus after different 
times of incubation of the straws, and the average degree of root attack of infected plants (between 
brackets) are recorded. 

Soil Incubation (weeks) 

3 6 12 

NO 98 (1.9) 100 (2.8) 60 (1.2) 
l xLO 100 (2.2) 100 (3.0) 76 (1.9) 
4xLO 91 (1.3) 23 (1.5) 5 (1.0) 

experiment three different soils were used: S 6 in its first cycle as a control (NO); 
S 6 in its first LO cycle (1 x LO) and S 6 in its fourth LO cycle (4 • LO). The 

�9 experiment started three months after the last treatment of the soil. In a second 
experiment on a slightly larger scale, the soils used were S 6 NO, 1 x LO, 3 X LO 
and 5 x LO; there the last treatment had been given 11/2 month before. 

Results and discussion. The percentage seedlings carrying Ophiobolus and the average 
disease indexes of the roots of plants with Ophiobolus are given in tables 33 and 34. 
The experiments show that Ophiobolus on precolonized material is more quickly 
broken down in antagonistic than in normal soil. (Soil with more than one LO 
treatment can be considered antagonistic). In the present experiments 2-3 months 
are necessary for the complete breakdown of  Ophiobolus in antagonistic soil. 

The importance of  the decomposition of Ophiobolus in its saprophytic stage is 
demonstrated very well by the effect of  early sowing on the experimental field des- 
cribed in 5.2.2. It should be stressed that the quick breakdown of  Ophiobotus in 
antagonistic soil is independent of  the decay of  organic material in general. DOMSCrt 
(1964a) even found a slower decomposition of wheat roots when wheat was grown 
after wheat than when grown after peas or rape. Thus continuous cereal growing 
promotes selective breakdown of Ophiobolus, 

Table 34. Effect of  soil type (antagonistic or not) in which straws colonized by Ophiobolus are in- 
cubated, on survival of  Ophiobolus (seedling test}. Percentage seedlings with Ophiobolus after different 
times of  incubation of the straws, and the average degree of root attack of infected plants (between 
brackets) are recorded. 

Soil Incubation (weeks) 

2 4 8 11 15 

NO 100 (2.5) 100 (2.2) 90 (2.1) 41 (1.7) 3 
I•  81 (2.1) 69 (2.0) 65 (2.3) 13 (1.0) 0 
3• 66 (2.3) 14 (0.8) 39 (1.7) 0 0 
5• 74 (2.0) 20 (0.9) 9 (2.0) 0 0 

(I.0) 
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A seedling test performed by VAN OER WATT (1965, table 3) shows the same trend 
as the experiments just described. His sample 1 is the only one originating from a 
heavily diseased wheat field, in which antagonism may have been induced. And, 
indeed, this is the only sample which gives percentages straws with Ophiobolus 

considerably differing from 100 (after an incubation of 18 weeks or longer). 
A second phenomenon demonstrated in tables 33 and 34 is the close correlation 

between the percentage plants with Ophiobolus and the severity of root  attack. This 
correlation is independent of the type of soil in which the straws were incubated. 
A low percentage straws with Ophiobolus after a long period of incubation in NO 
soil, or after a short period in LO soil in both cases is accompanied by a low degree of 
root attack of the infected plants. Since the organisms inducing decline of Ophiobolus 

have had ample opportunity to colonize the straws in LO soil, this again supports 
the idea that the antagonistic organisms do not function except in their natural 
habitat. Otherwise a difference between LO and NO soil would have been expected. 

8.2.2 Antagonism to Ophiobolus in its parasitic phase 

During the present investigations decline has always been assessed by mixing 
Ophiobolus through the soil and by sowing wheat immediately thereafter. This 
technique was thought to enable the measurement of the antagonism to Ophiobolus 

in its parasitic phase. Some objections might be made to this method, since it will 
take about 5 days before the wheat has germinated and infection of roots by 
Ophiobolus can take place. In these few days a decrease in infectivity of the inoculum 
might have occurred, though the results of the seedling test (tables 33 and 34) show 
the decrease to be negligible even after 2 or 3 weeks. The following experiment was 

set up to remove all doubts in this respect. 

Table 35. Effect of sowing wheat immediately after mixing Ophiobolus inoculum through the soil 
(treatment A ) , or planting pregerminated wheat at that time (treatment B) or 6 days later (treatment 
C) on the severity of disease in wheat. Disease indexes of both replicates recorded. 

Soil 

antagonistic 

non-antagonistic 

non-antagonistic 

Treatment Date of assessment (days after start of the experiment) 

20 23 27 31 38 

LO, A 1 1 1 1.5 1.5 2.5 2 3 2.5 3.5 
LO, B 0 0.5 0.5 0.5 1.5 2.5 2.5 3 2.5 3 
LO, C 0 0 0.5 0.5 1 1.5 1.5 2 2.5 2.5 

LO, A 1 1 1 1.5 2 2.5 3.5 4 5 5 
LO, B 0.5 0.5 1 1 2 3 3.5 4 4.5 5 
LO, C 0 0 0.5 0.5 1.5 2 3.5 4 4.5 5 

NO, A 0 0 0 0 0 0 0 0 0 0 
NO, B 0 0 0 0 0 0 0 0 0 0 
NO, C 0 0 0 0 0 0 0 0 0 0 
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Ophiobolus was added to boxes with antagonistic or non-antagonistic U 43 soil. 
Controls did not receive Ophiobolus. In part of the boxes wheat was sown and in 
others pregerminated wheat was planted. These small plants, with shoots and roots 
about 2 cm long, had been germinating upon agar at room temperature for 4 days, 
which is equivalent to 6 days at greenhouse temperature. Other boxes were planted 
with pregerminated wheat 6 days later. The disease index of the plants was assessed 
regularly. The same type of experiment was repeated several times. The results of a 
representative duplicated experiment are given in table 35. When assessed very early, 
the pregerminated wheat had slight advantage over the wheat sown normally. For 
the pregerminated wheat planted at the same time as the other wheat was sown, 
this is contrary to expectation, since its roots came into contact with completely 
fresh inoculum. After a short time all differences disappeared. In contrast to the 
interpretation of an experiment by SEM~NIUK & H~NRY (1960), who do not recognize 
antagonism in the parasitic phase, our experiments indicate that the saprophytic 
decomposition of Ophiobolus in so few days as necessary for germination of wheat 
grains, is negligible. Therefore, the type of experiment generally apptied during the 
present investigation, in which the disease index of wheat, sown immediately after LO 
addition, was assessed, really gave a measure of the antagonism to Ophiobolus in 
its parasitic phase. 

8.2.3 The effect of temperature upon the antagonism to Ophiobolus 

From the investigations of HENRY (1932) the effect of temperature in influencing 
soil antagonism was known. Yet very little attention has been paid to this factor. 
In my work, for instance, the temperature of the greenhouse was adjusted to 16~ 
being the optimum temperature for infection under non-sterile conditions. But all 
experiments in the laboratory were incubated at room temperature or at 23~ 
BCR~ESS & GRIFFIN (1967) proved the competitive saprophytic ability of several 
fungi to be markedly influenced by temperature. WARD & HENRY (1961) showed 
that Ophiobolus was less checked in growth by low temperature (10~ than some 
other fungi. Furthermore Ot(h•OR (1966) reported a strongly reduced activity of 
actinomycetes, known as potent antagonists, at 10~ These publications stimulated 
investigations on the effect of temperature upon the antagonism to Ophiobolus. 

Some information about the effect of temperature upon antagonism to Ophiobolu~ 
in its parasitic phase is already known from the work of H E ~ y  (1932). Information 
about the influence of the temperature upon Ophiobohts in its saprophytic stage is 
still lacking. The Cambridge test (BUTLER, 1953) seemed appropriate to yield data 
about this point. If the Cambridge test would indicate a higher competitive saprophy- 
tic ability of Ophiobolus at lower temperatures, this would automatically imply a 
better saprophytic survival of Ophiobolus. 

Inoculum of Ophiobolus grown on a maizemeal and sand medium was mixed in 
different proportions with antagonistic and non-antagonistic U 43 soil (LO soil and 
DO soil respectively). Per glass tumbler, containing 200 g (dry weight) of the mixture, 
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55 straws, previously autoclaved at 120~ with 7 ml water, were applied. After 
incubation of the tumblers for 4 weeks at 10 ~ 17 ~ and 23 ~ respectively, seeds were 
put into the straws and the straws planted in the usual way. The roots were examined 
microscopically 3 weeks later and the average results of 2 replicates are illustrated 
in figure 13. At 10~ a temperature which is common in soil during autumn and 
spring, Ophiobolus competes much better saprophytically than at the higher tempera- 
tures. Thus, in practice the competitive saprophytic ability of Ophiobolus might be 
higher than normally assumed, though it should be considered that competition, as in 
this test, for fresh organic material does not occur in practice. COOK & BRtrEHL (1968) 
even found colonization by Fusarium roseum 'Culmorum' to be very restricted though 
this fungus is considered a saprophyte. It might be assumed that in the field fungi 
compete for precolonized material. Whether Ophiobolus can then establish itself is 
highly doubtful (compare 7.2). Thus, under field conditions the influence of tempera- 
ture will be smaller than that observed in the above laboratory experiment. 

Specific antagonism of the soil proves to reduce the competitive saprophytic ability 
of Ophiobolus. At high percentages Ophiobolus inoculum the curves in figure 13 are 
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Fig. 13.Effect of percentage Ophiobolus inoculum, type of soil (antagonistic or not) and temperature of 
incubation on the colonization of wheat straw by Ophiobolus (Cambridge test). 
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steeper for LO than for DO soil, thus demonstrating that a small amount of specific 
antagonists has a larger effect than of the normal population of a non-antagonistic 
soil. The difference between LO and DO soil is not influenced by temperature (compare 
8.1, experiment 3). 

8.3 Decline of Ophiobolus; discussion 

Non-specific antagonism to Ophiobolus has generally been ascribed to the action 
of competing micro-organisms which would be most important during the sapro- 
phytic stage of Ophiobolus (GROSS~tANN, 1954; SCHMIDT, 1962). This idea seems 
reasonable since the saprophytic stage is the weakest link in the life cycle of 
Ophiobolus. It might also apply to specific antagonism. Indeed, it would be possible to 
explain all field observations on decline by the higher rate of breakdown of Ophiobolus 
in its saprophytic stage only. LESTER & SHmTON (1967), for instance, assess the degree 
of antagonism of a soil primarily by the rate of breakdown of Ophiobolus inoculum. 

The method of assessment of the antagonism of a soil as used during the present 
investigations, measures the antagonism during the parasitic phase of Ophiobolus. 
This by itself could explain most of the field observations; however, the field experi- 
ment with different sowing dates (5.2.2) makes clear that antagonism is also very 
active during the saprophytic phase of Ophiobolus. 

The seedling test (8.2.1), performed with soil of which the capacity to antagonize 
Ophiobolus during its parasitic phase was known, showed that decline during the 
saprophytic and the parasitic phases of Ophiobolus runs parallel. This indicates that 
the same antibiotic substance(s) (6.3) inhibit(s) Ophiobolus during both phases. It 
cannot be stated that decline would be more important in either of the two phases. 
In the field exceptionally early sowing in antagonistic soil leads to severe attack by 
Ophiobolus, despite the antagonistic capacity of the soil (5.2.2). When winter wheat is 
sown year after year at normal times, no whiteheads will occur (5.2.1 and 5.2.2), 
despite the presence of Ophiobolus in small amounts. 

The specialized root parasite Ophiobolus, which needs its superficially growing 
runner hyphae for the progress of infection, is exposed to the adverse influences of 
antagonistic micro-organisms even during the most favourable part of its life cycle. 
Its 'fright into parasitism' does not give complete protection against adverse influences. 
This might explain the degree of decline obtained with continuous wheat growing. 
This decline is very pronounced in comparison with other examples of biological 
control. 
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Summary 

After a short introductory chapter on the occurrence of Ophiobolus graminis 
(take-all disease) in the polders, in chapter 2 the course of the disease and the biology 
of the fungus are described. The third chapter deals with materials and methods. 
The following chapters deal with investigations on two aspects of the disease: chapter 
4 on the introduction of Ophiobolus into the polders; chapters 5 to 8 on decline of 
Ophiobolus with continuous cereal growing and the backgrounds of this phenomenon. 

The reclamation of the Ysselmeer Polders after drainage follows a fixed pattern. 
In East Flevoland it was: 

reed as a soil cover, 
gradual reclamation, 
rape as a first and wheat as a second crop. 

In many fields Ophiobolus already patchily occurs in this wheat crop, mostly at the 
border of a field. But in field trials with wheat directly after reed, Ophiobolus was 
more widespread and evenly distributed over the field. Shortly after reclamation 
Ophiobolus was already present on grasses. The Ophiobolus infection of wheat grown 
directly after reed was suggested to originate from the reed roots, whereas on wheat 
grown after rape the grasses at the border of the field were primarily responsible. 

The occurrence of Ophiobolus on grasses on an artificial island, 11/2 year after its 
construction, suggested infection by air-borne ascospores. In the greenhouse, where 
perithecia-bearing wheat plants of other experiments were present, spontaneous in- 
fection of wheat by ascospores occurred regularly, if plants were grown on subsoil 
clay from East Flevoland. In experiments with wheat and grasses sterility or semiste- 
rility of the soil proved to be of paramount importance for successful infection by 
ascospores. Thus grasses, originating from seed and establishing themselves in the 
polder directly after drainage, are rapidly infected by Ophiobolus. Reed replacing the 
grasses picks up the infection, which in turn is passed to wheat after reclamation, and 
to grasses which establish themselves along roads and ditches. 

In the second or third year of continuous cereal growing there is a peak attack of 
Ophiobolus. Then the incidence of disease declines to a very low level. This could be 
clearly demonstrated on field trials in the North-East Polder and East Flevoland. In 
greenhouse trials decline was induced only by soil application of virulent Ophiobolus 
(1~ w/w; fresh weight). Wheat growing itself and application of avirulent Ophiobolus 
or some other fungi were ineffective. Ophiobolus-induced decline is governed by a 
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specific antagonism, as will be shown; by contrast, a non-specific action of the soil 
microflora is responsible for a less effective antagonism present in every soil. Hereafter 
antagonism refers to specific antagonism. 

By applying Ophiobolus in greenhouse trials once in three months antagonism 
reaches a maximum within 3-6 months. It is preserved by growing wheat or barley 
continuously (in the field) or by continued application of Ophiobolus (in the green- 
house). Interruption of continuous cereal growing with another crop for one season, 
or for two cycles of three months in the greenhouse, considerably decreases the 
antagonistic capacity of the soil. 

The antagonistic capacities of a soil are lost by heating (50 ~ or higher for 30 
min.) or application of chemical disinfectants. A mixture of antagonistic and non- 
antagonistic soil shows an antagonistic capacity in proportion to logarithm concen- 
tration of antagonistic soil. Growth of Ophiobolus in vivo is reduced by a sterilized 
water-extract of antagonistic soil. These three results show that antagonism is gov- 
erned by antibiotics from soil micro-organisms. (The reduction of growth by the water- 
extract was measured by the length of  runner hyphae on roots of wheat grown in sand. 
In vitro no effect could be demonstrated. Therefore isolation and identification of 
the active material had to be suspended). 

No differences could be found in the microflora of antagonistic and non-antago- 
nistic soil by isolating fungi by the dilution method and similar techniques, and by 
using precolonized or clean baits, followed by testing the antagonistic properties of 
the isolates in vitro and in vivo. None of the isolates could be demonstrated to be of 
paramount importance in decline. 

This failure can be explained as follows. Since antibiotic properties depend on the 
environment, the actual capacities of an organism cannot be measured in vitro. 
Conditions of trial even in vivo differ so much from natural conditions that results 
are not conclusive. 

WASTIE'S method did not demonstrate any correlation between the antagonism of a 
series of soils and their effect on growth of Ophiobolus in vitro. But there was a clear 
effect on survival and colonization in the seedling test and the Cambridge test, in 
which the wheat plant indicates the presence of Ophiobolus. 

The trials described show that antagonistic soil reduces the growth of Ophiobolus 
in its parasitic stage as well as its survival in the saprophytic stage. 
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Samenvatting 

lntroductie van Ophiobolus graminis in nieuwe polders 
en zijn teruggang bij continue graanteelt 

Na een kort inleidend hoofdstuk over bet optreden van Ophiobolus graminis 
(tarwehalmdoder) in de polders worden in hoofdstuk 2 bet ziekteverloop en de 
levenswijze van de sehimmel beschreven. Het derde hoofdstuk bevat een beschrijving 
van materiaal en methoden. Hierna volgen de experimentele hoofdstukken, die twee 
aspecten van de ziekte betreffen: hoofdstuk 4 handelt over de introductie van 
Ophiobolus in de polders; in hoofdstuk 5-8 worden de teruggang van Ophiobolus bij 
continue graanteelt en de achtergronden van dit verschijnsel behandeld. 

De ontginning van de IJsselmeerpolders na het droogvaUen verloopt volgens een 
bepaald patroon. Voor Oostelijk Flevoland was dit: 

riet als bodembedekker, 
geleidelijke ontginning, 
koolzaad als eerste en tarwe als tweede gewas. 

In vele velden komt reeds in dit tarwegewas Ophiobolus voor bij enkele groepjes 
planten, het meest aan de rand van een perceel (fig. 3 en 4; tabel 3). Op proefvelden, 
waarop tarwe direct na riet werd verbouwd, kwam Ophiobolus echter meer algemeen 
voor en regelmatig verspreid over het hele veld (fig. 4). Op grassen bleek Ophiobolus 
al snel na de ontginning algemeen aanwezig (tabel 2). Het kon aannemelijk worden 
gemaakt dat bij verbouw van tarwe direct na riet de Ophiobolus-infectie van de riet- 
wortels afkomstig is, terwijl bij verbouw na koolzaad de infectie vooral tot stand 
komt via de grassen aan de rand van het veld. 

Uit het voorkomen van Ophiobolus op grassen op een kunstmatig eiland, 11/~ jaar 
na zijff ontstaan (tabel 4), kon geconcludeerd worden dat de infectie door met de 
wind verspreide ascosporen moest hebben plaats gevonden. In de kas, waar tarwe- 
planten met peritheci~n voor andere proeven aanwezig waren, bleek spontane infectie 
van tarwe door middel van ascosporen veelvuldig op te treden indien de planten 
groeiden op uit de ondergrond van Oostelijk Flevoland opgedolven klei. Bij proeven 
met tarwe en grassen (tabel 6 en 7) bleek steriliteit of semi-steriliteit van de grond van 
het grootste belang voor deze wijze van infectie. De conclusie uit deze gang van zaken 
is, dat grassen die zich door middel van zaad direct na het droogvallen in de polder 
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vestigen snel geinfecteerd raken door Ophiobolus. Bij hun verdringing door riet neemt 
dit de infectie over. Het riet draagt de sehimmel weer over aan tarwe en aan grassen 
die zich na de ontginning vestigen langs wegen en sloten (fig. 7). 

Bij continue graanteelt bereikt de aantasting door Ophiobolus een top in het tweede 
of derde jaar. Daarna loopt de aantasting weer terug tot een zeer laag niveau. Dit 
verschijnsel staat bekend als 'decline'. Op proefvelden in de Noord-Oost Polder en 
Oostelijk Flevoland kon dit effect duidelijk worden gedemonstreerd (tabel 8 en 9). 
In potproeven in de kas kon decline uitsluitend women ge'induceerd door virulente 
Ophiobolus aan de grond toe te dienen (lYo inoculum op basis van versgewicht). 
Tarweteelt op ziehzelf, het toevoegen van avirulente Ophiobolus of her toevoegen van 
enige andere schimmels leidden niet tot decline (tabel 10, 11, 13, 14 en 15). De door 
Ophiobolus geinduceerde decline berust - zoals nader zal worden aangetoond - op 
een specifiek antagonisme; dit in tegenstelling tot het minder sterk werkende, nor- 
maal in elke grond aanwezige antagonisme, dat berust op een niet-specifieke werking 
van de bodem-microflora (fig. 8). Onder antagonisme wordt in het volgende bet 
specifieke antagonisme verstaan. 

Bij toediening van Ophiobolus elke drie maanden, in potproeven, bereikt bet 
antagonisme in 3 tot 6 maandert een maximum. Het blijft in stand bij continue teelt 
van tarwe of gerst (te velde) of bij voortgaande toediening van Ophiobolus (in de kas). 
Onderbreking van continue graanteelt met een ander gewas leidt reeds in 66n seizoen, 
of in twee cycli van drie maanden in de kas, tot een vrij sterke daling van het anta- 
gonistisch vermogen van de grond (tabel 8, 16 en 17). 

Een antagonistische grond verliest zijn antagonistische eigenschappen door ver- 
hitting (1/2 uur bij 50 ~ of hoger) of behandeling met chemische grondontsmettings- 
middelen (fig. 9; tabel 19 en 20). Mengen van antagonistische en niet-antagonistische 
grond verleent aan bet mengsel een antagonistisch vermogen evenredig met de 
logarithme van de concentratie van de antagonistische grond (fig. 10; tabel 21, 22 en 
23). Een gesteriliseerd water-extract van antagonistische grond remt de groei van 
Ophiobolus in vivo (tabe124 en 25). Deze drie gegevens leidden samen tot de conclusie 
dat het antagonisme berust op antibioticumproductie door miero-organismeu in de 
grond. (De remming door het water-extract werd gemeten aan de lengte van de 
'runner hyphae' op de wortels van tarwe gekweekt in zand. In vitro kon geen rernming 
worden aangetoond. Hierdoor moest voorlopig worden afgezien van bet isoleren en 
identificeren van de stof.) 

Isolatie van een aantal schimmels uit antagonistische en niet-antagonistische grond, 
zowel met de verdunningsmethode en andere vergelijkbare methodes, als met behulp 
van al dan niet tevoren door Ophiobolus gekoloniseerde 'baits', en toetsing van hun 
antagonistiseh vermogen in vitro en in vivo leidden niet tot resultaat: verschillen in de 
samenstelling van de microflora van antagonistische en niet-antagonistische grond 
werden op deze wijze niet gevonden. Van geen der geisoleerde organismen kan op grond 
van de experimenten worden verondersteld dat bet een essenti~le rol speelt bij her 
tot stand komen van decline. 

85 



Voor dit falen is de volgende verldaring te geven. Daar antibiotisehe eigenschappen 
sterk afhankelijk zijn van bet milieu waarin een micro-organisme zieh bevindt, is bet 
niet mogelijk in vitro een betrouwbaar beeld te krijgen van de werkelijke rol van zo'n 
organisme. Zelfs in vivo zijn de proefomstandigheden steeds zo verschillend van her 
natuurlijke milieu, dat conelusies moeilijk zijn te trekken. 

Pogingen een eorrelatie te vinden tussen de graad van antagonisme van een reeks 
gronden en de beinvloeding door deze gronden van de groei van Ophiobolus in vitro, 
met de methode WASTIE, bleven zonder resultaat (tabel 29, 30 en 31). Met de 'seed- 
ling test' (tabel 33 en 34) en de 'Cambridge test' (fig. 13), waarbij de tarweplant 
optreedt als indicator voor de aanwezigheid van Ophiobolus, werd w61 een duidelijke 
beinvloeding van het vermogen van Ophiobolus tot overleven, respectievelijk koloni- 
seren in bet saprofytische stadium gevonden. 

Uit de besehreven experimenten blijkt dat de groei van Ophiobolus in het parasitaire 
stadium en zijn overleven in het saprofytische stadium beide belemmerd worden in 
antagonistisehe grond. 
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