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“lts movements being so little reducible to rule,
experience and observation are at fault in endeavouring
to explain it, and hence conflicting ideas. This difference
perplexes the inquiry, whilst the rapid spread of the pest,
and the fear that it will every year encroach upon wider
tracts of country, render closc observation and study a
duty of the utmost importance.”—Report of South: Aus-
tralian Commission on the Take-all Disease of Wheat,
1868.
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PREFACE

The root-infecting fungi, as an ecological group, afford a wealt}
of material to the student of evolution; to the plant pathologist, the:
offer a series of intricate problems in applied biology. In text-book.
of plant pathology, these and other parasitic fungi are usually grouped
for comvenience, taxomomically—an arrangement which tends tc
obscure the ecological relationship between the fungus and its habitat
I have written this book in order to emphasise the relationship betweer
one such group of plant parasites and its habitat, the soil,

Over the surface of the globe, the soil environment of micro:
organisms and plants varies less widely than the above-ground en-
vironment; especially is this true of cultivated soils. The problem.
of root disease conirol in tropical crops are the same in all essentia
respects as those encountered amongst the crops of temperate regions
Methods of root discase control thercfore vary not so much regionally
as with the type of cultivation, viz. field, plantation, or glasshous:
cropping.

This book is not intended to be a text-book, and no attempt ha.
been wmade to deal comprehensively either with all root-infecting
fungi, or with the diseases that they cause. Instead, I have focussec
attention on a comparatively small number of well-known fungi, caus
ing diseases of notable economic importance. In Chapters 2-8,
have discussed the behaviour of the root-infecting fungi, and attemptec
to demonstrate certain trends in the subterranean evolution of thi
parasitic habit. In Chapters 9-15, I have dealt with the principle.
of root disease control under different types of cultivation.

It is difficult to exaggerate my debt to the Editor and Staff of the
“Review of Applied Mycology” for their excellent abstracts, whic
have added much to the scope of this undertaking.

Finally, I desire especially to thank wmy colleague, Mr. F. C
BAWDEN, for his most generous help in reading and criticising th
whole of the manuscript.

Autumn 1944 RoTHAMSTED EXPERIMENTAL STATIO!
HARPENDEN, HERTS
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Chapter 1
INTRODUCTION

The history of root disease investigation falls into a series of well-
marked though overlapping phases, and may be considered to have
started with the second half of the nineteenth century. During these
fifty years, the economic importance of root diseases was increasingly
appreciated by growers and professional botanists alike, but many and
varied were the hypotheses put forward in explanation of such dis-
eases; as THAXTER (1891) remarked of potato scab: “It is a well-
known fact that the theories and explanations which have been ad-
vanced to account for certain diseased conditions of the surface of
potato tubers generally known as scab are nearly as numerous as the
experimenters who have studied the disease.” Especial weight was
given not only by farmers but also by 1en of Science io the non-living
factors of the environment as a probable calise of root diSease ; either
soil or season might be blamed, though insect pedts “fere sometimes
held responsible. Parasitic origin of disease is a commonplace to us
today, but to botanists of the nineteenth century, it was a novel and
even a startling idea ; it is not surprising, therefore, that farmers were
at first unwilling to abandon their former hypotheses of soil, climate
or insect pests as responsible for root disease in their crops, in favour
of hypotheses postulating a microscopic parasite, which they were
often unable even to see.

Rules of proof were formulated by Kocit (1882), through the
application of which the connection between a bacterial parasite and
the disease which it caused in man or animal might experimentally be
established. These rules are: (1) constant association of the organ-
ism with the disease, (2) isolation of the organisin in pure culture,
(3) reproduction of the disease by inoculation with the pure culture
of the organism, (4) re-isolation of the organism from the inoculated :
diseased host, and identification of it with the original inoculant. Plant
pathologists have generally accepted Kocu’s postulates as binding on
them, too, though with obligate parasites such as Plasmoaiuphora
brassicae, which cannot be cultured on artificial media, the procedure
cannot be followed in full. Nevertheless, strict compliatice with these
rules of proof was by no means universal amongst the early investi-
gators of root diseases. The first rule was always followed, but the
second and third rules were not, naturally-infected host tissues often
being substituted for pure cultures in inoculation experiments; as re-
marked above, this procedure was unavoidable where an obligate
parasite was concerned. The fourth rule was most commonly neg-
lected of all. Fortune favoured many of the earlier investigators, in-

. asmuch as they discovered the primary parasite responsible for a root
disease in spite of incomplete compliance with KocH’s postulates.
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This combination of good fortune with intuition, as a supplement to
scientific method, has been rewarded by the fame always attaching to
discovery, however made!

One of the first soil-borne diseases to be correctly attributed to the
activity of a parasitic fungus was gtem canker and tuber scurf of
Dpotatoes, which Ktan (1858) in Getinany showed to be due to in-
fection by Rhizoctonia solani. Not long afterwards, REINKE and
BertHOLD (1879) showed that a wilt of potatoes in the same country
was due to infection by another fungus, Verticillium albo-atrum. Just
before REINKE and BERTHOLD's discovery, HARTIG (1873), the well-
known German forest pathologist, had shown Armillaria mellea to
cause a serious root disease in forest tre>s. These early discoveries by
German investigators reflect the well-ki. ~n pre-eminence of Germany
at that time in the sciences of botany and plant pathology. Then,
however, the famous Russian mycologist, WoronIN (1878), published
his discovery of Plasimodiophora brassicae as the cause of clubroot in
crucifers, a widespread disease which had been only too well-known
all over Europe for many years previously. Then PrILLIEUX and
DeLacrorx (1890) correctly proclaimed that O phiobolus graminis was
at least one of the parasites causing foot rot or “piétin” of wheat in
France; not long afterwards, MCALPINE (1904) declared that the two
diseases familiar to Australian farmers as “take-all” and “whiteheads”
were in reality different phases of the same disease, due to infection by
Ophiobolus graminis, the cause of the “piétin” in France. In the
U. S. A, PamuMeL (1890) was the first investigator to assign the
cause of Texas root rot of cotton to infection by Ozontum auricomum ;
the validity of PAMMEL’s discovery was not affected by SHEAR’S
(1907) transfer of the cotton root rot fungus to a new species,
O. omnivorum. With Duccar’s (1916) discovery of a sporing stage
of this fungus, the name was changed once more to Phywmatotrichum
ommivorum, by which the cotton root rot fungus is still known, 1At
about the same time, another American investigator, THAXTER (1891,
1892), demonstrated that Qospora scabies was the cause of potato
scab; this organism is now classified not with the Fungi, but with the
Actinomycetes, and its name has therefore been changed to Actino-
myces scabies. The cause of another soil-borne disease well-known
at that time in the U. S A., black root rot of tobacco, was discovered
not there but in Italy by PecLion (1897), who determined it (albeit
not quite correctly) as Thielavia basicola; the tobacco root rot fungus
is now known as Thielaviopsis basicola. Somewhat later, investi-
gators turned their attention to the root diseases of tropical crops;
RmLey (1904) determined Fomes semitostus (now corrected to
F. lignosus) as the cause of white root disease of rubber in Malaya,
whilst some twelve years later BELGRAVE (1916) ascribed red root
disease of the same plant to another hymenomycete (now known as
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Ganoderma pseudoferreum). Credit for discovering the parasite re-
sponsible for the widespread Panama disease of bananas should go to
the well-known American plant pathologist, Erwin F. Smita (1910),
who obtained pure cultures of a fungus which he named Fusariuim
cubense (now re-classified as F. oxysporum cubense) from tissues of
wilted banana plants sent from Cuba. He induced symptoms of dis-
ease by inoculation of this fungus into glasshouse-grown bananas at
Washington, D. C.  Most of the credit for establishing F. oxysporum
cubense as the cause of Panama disease has rightly gone, however, to
Branpes (1919), who in 1915, in ignorance of the report by E. F.
SMiTH, set up extensive inoculation experiments in Porto Rico: fo
determine whether this fungus was the responsible pathogen; in
BraNDES’ experiments, K¢ it’s rules of proof were rigidly followed
in every particular.

It is no matter for surprise that the parasitic crigin of most soil-
borne diseases, at first slow to gain recognition, should later have come
to be enthusiastically accepted by botanists and plant pathologists, to
the exclusion for some years of other considerations. The very name
of mycologist, by which some plant pathologists are still officially
known, is eloquent of this excessive preoccupation with the parasite.
Control measures were directed particularly towards elimination or in-
activation of the parasite, whether in the soil or in the tissues of the
host. This is not to say that plant pathologists during this period
entirely neglected the possibility of indirectly controlling soil-borne
diseases, through the influence of soil conditions. HaLstep (1900),
for instance, reported that the clubroot disease of crucifers was
favoured by acid soils, whereas potato scab was encouraged by alka-
line soils.

At length, however, investigators began to realise that the soil en-
vironment exercised a profound effect upon the development of most
soil-borne diseases, and that the suitability or not of the environment
for development of disease in the plant might be a factor as important
as the presence or absence of the parasite. The credit for bringing
about this change of view must go especially to the Wisconsin school
of investigators, led by L. R. JoNEs ; a summary of this work is given
by JonEs.et al. (1926) in their outstanding monograph on the relaticn
of soil temperature to plant disease. Particular attention was paid by
the Wisconsin workers to the effect of soil temperature upon soil-
borne diseases, and a technique for accurate control of soil tempera-
ture under experimental conditions was evolved. The American in-
vestigators took full advantage of the opportunity which climatic vari-
ations of continental extent in the U. S. A, afforded them, in correlat-
ing incidence of disease with soil and air temperatures in different
regions.
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Microbiological Equilibrium of the Soil: — The importance
of the non-living factors of the soil and aerial environment in their
effect upon the development of soil-borne disease became well estab-
lished by work at Wisconsin and elsewhere. In the late twenties of
the present century, another factor of the soil environment, of pro-
found importance, at last received recognition, when it came to be
realised that development of a soil-borne disease might be affected not
only by the behaviour of the particular parasite concerned, but also by
that of other micro-organisms as well. Commenting upon the control
of potato scab by green manuring with grass cuttings, reported by
Mirrarp (1921), Sanrorp (1926) was the first to suggest that such
control might be brought about through the antagonism to Actinomyces
scabies of saprophytic species of bacteria developing on the decompos-
ing green mantre, MILLARD and TAYLOR (1927) later showed that
Eﬁgﬁram ol scab on potatoes grown in sterilised soil inoculated
with 4. scabies could be reduced by simultaneous inoculation of the
soil with A. praecox, an obligate saprophyte of a more vigorous habit
of growth.

In nature, the host-parasite relationship must be affected by the
biotic as well as by the non-biotic factors of the environment. In in-
fected roots, the fungus causing the disease is rapidly followed into
‘he host tissues by other micro-organisms, with which it must there-
ifter be associated. The pure-culture method of experimentation, as
postulated by KocH, is essential for solution of the original problem,
i.e. determination of the primary parasite responsible for production
of disease in the host. Once this question has been settled, however,
experimentation should no longer be restricted to work with pure cul-
tures of the parasite introduced into sterilised soil ; some experiments,
at least, should be carried out in natural unsterilised soil, under con-
ditions permitting full play of the microbiological factor. A timely
warning concerning the false conclusions which might be derived from
such methods of pure culture experimentation was voiced by FAWCETT
(1931) in his Presidential Address to the American Phytopathological
Society ; FAWCETT suggested that experiments with cultures of single
micro-organisms should be supplemented by others in which known
mixtures of micro-organisms were employed.

Attention was also drawn to the importance of the microbiological
factor in the soil environment of the root-infecting fungi by the experi-
ments made with cereal root rot fungi by certain Canadian investi-
gators, to whom particular credit is due. For the purpose of making
pot and field experiments with one of these fungi, it was customary
to culture the organism upon some organic medium, such as cooked
wheat kernels, a mixture of oats and pearl barley, oat hulls, or a mix-
ture of soil or sand with cornmeal, etc. The infected material was
buried in the experimental soil, often in rather large quantities. Such
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inoculum did not prove very satisfactory, however, owing to its rapid
deterioration in virulence ; after a few months, inoculated soils often
proved completely harmless to cereal seedlings planted therein. Since
this deterioration was more rapid in field soil than in sterilised or
partially sterilised soil in pots, SANFORD and Broaproot (1931) sug-
gested that it was due to the operation of microbiological antagonism
upon the pathogenic inoculum.« They found that infection of wheat
seedlings by Ophiobolus graminis was completely suppiessed by the
intagonistic action 6f a humber of Tungi and bacleria, not oty by the
iving cultures, but also, in many ifstarices, by their culture fltrates as
wvell. Henry (1931) found that the growth of Helmunthosporium
sativum_upon sterilised soil in small flasks might e completely sup-
oressed by the additicni of Very small amounts of unsterilised soil, or
5y simulfaneocds inoculation with a number o 6ther fungi and bacteria,
10 that no infection resilteéd -when whdat seeds were “inocutated-with
he contents of the flasks in sttt pots.  Broaproot (1933a) showed
hat infection of wheat seedlings by Ophiobolus graminis, initially
nuch less in unsterilised than in sterilised soil, fell off markedly with
‘he progress of recolonisation of the sterilised soil by the returning
nicroflora. Morirz (1932) observed that the severity of the take-all
(O. graminis) discase of wheat on three German soils could be in-
versely correlated with the “protective” action of the general soil micro-
flora, which was estimated by comparing infection in the unsterilised
soil with that obtained in the sterilised soil. The interaction of micro-
biological antagonism with temperature was first demonstrated by
Hemry (1932) for wheat seedling infection by O. graminis. HENRY’S
findings were confirmed by GARreTT (1934a), and extended to other
cereal foot rot fungi (GARRETT, 1934D). Rising soil temperature was
found by these authors to increase microbiolcgical antagonism to the
parasitic fungus ; the fundamental effect of high soil temperature in ac-
celerating infection could be seen under sterile conditions, but it was
masked in the presence of other soil micro-organisms by their inacti-
vation of the pathogen inoculum, which increased with rising tempera-
ture. I'rom these and later experiments, it appeared that total exclu-
sion of the microbiological factor from all experiments on soil-borne
diseases was undesirable, as being too far removed {rom natural con-
ditions in the field; still further removed from natural conditions,
however, were those experiments in which this factor had been unduly
emphasised, i.e. by the use as inoculum of fungal cultures on rich
media containing unassimilated carbohydrates and other nutrients,
mixed in high proportion with the soil.

In sterilised soil, with or without supplementary carbohydrates or
other organic nutrients, a much simplified microflora in the presence of
relatively high nutrient concentrations is obtained. These conditions
approach those of experiments on plates of nutrient agar, in which two
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selected fungi or other micro-organisms are grown in juxtaposition.
In such plate cultures, striking demonstrations of antagonism have
been reported by many investigators, for an accéunt of which the re-
views of WaksmMaN (1937, 1941), Porrer and CarTer (1938),
WEINDLING (1938) and D’AeTH (1939) should be consulted. Not
merely antagonism, but even actual parasitism of one micro-organism
upon another has been demonstrated in such agar plate experiments.
A noteworthy example is the parasitism of Trichoderma lignorum
upon Rhizoctonia solani and other fungi ; the mechanism of this para-
sitism has been brilliantly elucidated by the researches of WEINDLING
and his collaborators (WEINDLING, 1932, 1934, 1937, 1941 ; WEIND-
LING and EMERsoN, 1938 ; WEINDLING and FAwcETT, 1936). 1In so
far as conditions in sterilised soil, viz. a much simplified microflora and
abnormally high nutrient concentration, repeat those of the agar plate,
similar results have been obtained ; witness HENrY’s (1931) demon-
stration that growth of Helminthosporium sativum on sterilised soil
might be completely suppressed by the addition of a mere pinch of un-
sterilised soil, and a similar demonstration by MitcHELL ¢t al. (1941)
with Phymatotrichum omnivorum on a substrate of sterilised cotton
roots. In natural soil, on the other hand, the microflora is far more
complex, and the concentration of free nutrients is very much lower.
The special conditions favouring development of antagonism, or para-
sitism of one micro-organism upon another, on the agar plate and in
sterilised soil are therefore absent in unsterilised or natural soil. This
may be concisely expressed by saying that natural soil is biologically
buffered. For this reason, “biological control” has often failed to
fulfill in field trials its extravagant promise on the agar plate or in pots
of sterilised soil.

The most important effect of the microbiological factor upon the
root-infecting fungi is probably to be found not so much in restriction
of their parasitic activity as in curtailment of their saprophytic exist-
ence. From the ease with which most root-infecting fungi could be
cultured for indefinite periods as saprophytes on artificial media, it was
often formerly supposed that they might persist indefinitely in the
soil, existing and even spreading upon the organic matter of the soil.
Such a conclusion ignored, of course, the very effective control of most
soil-borne diseases by the practice of crop rotation. It was under-
mined by WAKsMAN’s (1917) discovery that there is a cosmopolitan
microflora of soil-inhabiting fungi, composed of regular saprophytes ;
amongst this flora of soil inhabitants, other fungi were present as
exotics, or soil invaders. WAKSMAN’Ss conception was applied by
ReinkING and Manns (1933, 1934) and ReinkinG (1934) with
conspicuous success to their conclusions concerning the distribution of
species of Fusarium in the soils of Central America. Certain Fusarium
spp. were present in all, or nearly all, the soils examined, and were
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designated as soil inhabitants ; other Fusarium spp. were present in the
soil only in close association with tissues of their host plants, and
eventually disappeared, thus meriting WAKSMAN’S term of soil in-
vaders. This distinction made by ReINKING and MANNS between
saprophytic and parasitic species of Fusarium was later extended by
GARReTT (19380) to differentiate between two contrasting types of
behaviour amongst root-infecting fungi in general.

Root Disease Control: — Some consideration must now be
given to the application of these discoveries to the problems of root
disease control in crops.  Certain measures of root disease control are
applicable to root diseases of all crops in all countries, and some of
these, indeed, to almost all diseases of crops. Such, for example, are
the production of disease-resistant or disease-immune varieties of the
crop plant, and the practice of crop sanitation, e.g. prevention of
disease introduction through infected planting material, etc. Little
further space will be devoted to such measures, important as they are,
in the following pages, because they belong to the province of plant
pathology in general, rather than to that of root disease control in
particular. Special control measures in use against root diseases are
best considered in relation to the type of crop, wiz. field crops, planta-
tion crops, and glasshouse crops.

The root diseases of field crops are controlled by crop rotation,
by application of the principles of plant sanitation to the disposal of
infected residues, and by checking the development and spread of root
disease under the growing crop. Crop rotation is the oldest and most
effective method of root discase control in field crops ; its effectiveness
is least against those diseases caused by fungi forming long-lived
resting spores or sclerotia at the conclusion of periods of parasitic
activity. A noteworthy study of the relation hetween length of crop
rotation essential for root disease control and survival of the causal
organism, Phymatotrichum omnivorum, in the soil was carried out by
Rocers (1937), working on cotton root rot in Texas. Recent evi-
dence, presented by Bose (1938) in India and by HiLDEBRAND and
WesT (1941) and RicaarpsoN (1942) in Canada, suggests that certain
crops in a rotation may depress the incidence of soil-horne disease in
a following crop more than others, even though all such preceding
crops are alike in being non-susceptible to attack by the particular
parasite or parasites concerned. A notable advance in crop sanitation
was made by KING et al. (1934a) and KinG (1937) when they demon-
strated that losses due to cotton root rot (P. omnivorum) in continu-
ous cotton under irrigation in Arizona could be greatly reduced by in-
corporation of organic material in the soil some months before cotton
was sown. This reduction in disease was tentatively attributed by
KiNG et al. to biological control of P. omnivorum by saprophytic soil
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micro-organisms developing on the added organic material ; MITCHELL
et al. (1941) and CLark (1942) have obtained fresh evidence in sup-
port of this hypothesis, and have also shown that sclerotia of P. omni-
vorum may be induced to germinate by the presence of decomposing
fresh organic material in the soil. It seems likely, too, that the plant
nutrients liberated during decomposition of the green manure may
_ enhance the resistance of the cotton plant to this disease (Jorpan et al.,
1939).

Variation in the incidence of soil-borne diseases with soil con-
ditions is now well known, and has been exploited in a variety of ways.
In the field, some control of soil temperature, at least during the early
stages of crop growth, can be secured by variation in planting time.
Thus Ricuarps (1921, 1923a) working in Utah showed that the in-
cidence of stem canker (Rhizoctonia solani) of potatoes, a disease
favoured by low soil temperatures, could be greatly reduced by delay-
ing the date of potato planting. Direct control of soil moisture is im-
possible in the field except under irrigation ; in Egypt, JoNEs and SkrF-
EL-NAsrR (1940) demonstrated a striking control of certain cereal
smut diseases through very shallow sowing in very wet soil. Soil
aeration can be directly controlled, to a considerable extent, by culti-
vation ; in Australia, the preparation of a very firm seed-bed for wheat
was found many years ago by pioneer farmers to be an effective means
of reducing the ravages of the take-all (Ophiobolus graminis) disease.
The effect of soil acidity in controlling scab (Actinomyces scabies) of
potatoes, and of soil alkalinity in controlling clubroot (Plasmodio-
phora brassicae) of crucifers is well known. The control of scab by
green manuring (MirLarD, 1921) is surprisingly effective in small-
holdings, where very large amounts of fresh, chopped-up organic mat-
ter, such as grass cuttings, can be thoroughly incorporated with the
soil.  The concentration of plant nutrients in the soil may have a para-
mount effect upon the occurrence of certain soil-borne diseases, such
as browning root rot (Pythium spp.) of cereals in Canada, which can
be effectively controlled by application of phosphate (VANTERPOOL,
19400).

In tropical plantation crops, special care was formerly advised in
gradicating all sources of root disease inoculum after clearing virgin
jungle or an old plantation site, since at no subsequent time in the life
of the plantation would a similar opportunity be offered. Conscien-
tious adoption of this advice entailed great, and expensive, labour in the

exeavation of buried roots before planting up. The second line of
defence against root disease i i i Jay-in the

practice of trenching, to stop advance of the root disease fungi, some
mﬂ?ﬁ@ﬁééa through the soil as free-growing
mycelium. A good account of the earlier methods of root disease
control in rubber plantations is given by PrrcH ( 1921). Principles




Chapter 1 — 9 Introduction

of root disease control in rubber plantations were later revolutionised
through the brilliant investigations of Nappeg (1932-40) at the Rub-
ber Research Institute of Malaya ; a well-documented history of rub-
ber root disease investigations has been compiled by SHARPLES (1936).
By Narpper’s method, a minimum of clearing is carried out on a virgin
jungle site in preparation for rubber, but a collar and proximal root
inspection of all the young rubber trees is made at intervals of a few
months by gangs of labourers trained to recognise the mycelia of the
root disease fungi. When the mycelium of one of the root parasites
is discovered, at such a routine inspection, on the proximal part of a
tap or lateral root, the epiphytic mycelium is peeled off, and the root
lightly rubbed with copper sulphate solution ; the infection is traced to
its source, a piece of infected jungle timber, and both infected root sec-
tions of the young rubber tree and the source of infection are removed
and destroyed. The method depends for its success upon the fact that
the mycelia of these root parasites of the rubber tree are epiphytic for
some distance ahead of penetration; that of Fomes lignosus, the most
important root parasite of young rubber on jungle sites, is epiphytic
for as much as 5-15 feet ahead of penetration. A similar method can be
used for eradication of root disease in young rubber on the site of
former plantations, but if root disease has been severe in the old stand,
a preliminary excavation of infected roots is advised before planting.
Roots of jungle or plantation trees infected by root disease before
felling are not the only source of danger to the young plantation crop,
however ; the act of felling may so lower the natural resistance of the
roots as to render them susceptible to rapid infection by a parasite to
which they were formerly somewhat resistant. This fact was first
demonstrated by Leacu (1937, 1939), working with Armillaria mellea
on tea in Nyasaland; this fungus attacks few trees in the standing
jungle, but develops freely as a parasite in the roots of many species
once the tops have been felled. ILreacu further demonstrated that if
the trees were killed by ring-barking some time before felling, their
roots were invaded not by A. suellea, but by harmless saprophytes,
such as Rhizoctonia bataticola. 1.EacH’s discoveries will undoubtedly
exercise a profound effect upon the development of methods for root
disease control in tropical plantation crops. Nareer, (1939, 1940)
has since shown that a substantial proportion of the infections by
F. lignosus in young rubber plantations must be due to infected roots
of old jungle or plantation trees which are healthy at the time of fell-
ing, but which rapidly become infected by F. lignosus after felling,
consequent upon the sharp lowering of host resistance. Narrek found
that killing of the trees or stumps by injection with sodium arsenite be-
fore or immediately after felling appeared to eliminate such post-fell-
ing infection of the roots by F. lignosus; injection by sodium arsenite
in Malaya thus fulfilled the same function as ring-barking in Nyasa-
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land. The practical importance of these discoveries is too obvious
to require further emphasis.

The greater degree of control over soil and aerial environment pos-
sible in glasshouse practice should permit the development of more
direct methods of root disease control than is possible in the field. A
good example of such is furnished by BEwLEY’s (1922) method of
controlling the wilt of tomatoes due to Verticillium albo-atrum by
raising glasshouse temperature to a level exceeding 25°C. Control of
root diseases under intensive glasshouse cropping is chiefly effected,
however, by partial sterilisation of the soil through heat or chemicals.
Such partial sterilisation, which has become a routine in good com-
mercial glasshouse practice, greatly benefits crop growth, apart from its
valuable effect in controlling root diseases and pests. The benefits of
partial sterilization were discovered independently by Girarp (1894)
in France and by OBErLIN (1894) in Alsace, using carbon disulphide;;
Darsrsaire and RusserLL (1907) later demonstrated that heat treat-
ment of soil produced a similarly beneficial effect upon crop growth in
“sick” glasshouse soils. At present, heat is more commonly employed
for soil sterilisation in glasshouses than are chemicals, though a
cheapening of antiseptics in present use, or the discovery of cheaper
or still more effective ones, may reverse this situation. It seems safe
to predict, however, that treatment of soil by fungicidal chemicals is
unlikely to find any general application outside its present limited
sphere of usefulness, viz. in glasshouses, in nursery beds, and in inten-
sive or market garden cropping. Some development in the “place-
ment” of soil fungicides can be expected, in parallel with the develop-
ment now proceeding in “placement” of artificial fertilisers. By the
placement method, one of the chief difficulties involved in fungicidal
treatment of soil, viz. the great bulk of soil to be treated, is evaded. A
good example of this procedure is afforded by PresTon’s (1928, 1931)
use of mercuric chloride for watering in young cabbage plants at
transplanting, in soils infected by the clubroot parasite (Plasmodio-
phora brassicae). A further development along such lines may be the
use of soil fungicides in conjunction with mechanical planters and
transplanters, as in the well-known formalin drip treatment for control
of onion smut,,originally devised by SeLBY (1902), and greatly im-
proved by ANpErRsoN and Osmun (1923).
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PARASITIC SPECIALISATION IN THE ROOT-
INFECTING FUNGI

When a plant dies, its roots are quickly invaded by various soil
micro-organisms, prominent amongst which are species of soil fungi.
The competition between members of the soil microflora for coloni-
sation of this freshly opened substrate is intense, but the results are by
no means determined by chance; the organisms which become domi-
nant colonists are those best fitted to decompose that particular sub-
strate under those particular environmental conditions. With the
progress of colonisation and decomposition of the substrate, the habitat
is changed, so that other organisms become dominant in their turn,
and so there is a tendency for a succession of micro-organisms to de-
velop. The decomposition of dead root tissues in the soil is thus
merely a particular instance of a general phenomenon well known to
plant ecologists.

This succession of micro-organisms developing in dead root or
other plant tissues buried in the soil has been studied, either deliber-
ately or incidentally, by a number of workers. The plant tissues have
usually been surface sterilised, washed, and then plated out on a nutri-
ent agar. The number of fungus species forming colonies on the agar
plate may constitute only a small fraction of the total number engaged
in decomposition of the plant tissues ; the colony-forming species must
be those that are best suited by the nutrient agar substrate. The
particular species forming colonies must be determined not only by the
nature of the nutrient agar substrate, but also by other conditions of
incubation, such as that of temperature; WaLKER (1941), moreover,
has demonstrated that the choice of surface sterilising agent may
strongly influence the results. WALKER buried short lengths of fresh
wheat straw in the soil, and took samples for surface sterilisation and
plating-out at regular intervals. The dominant fungi producing
colonies on the agar plates were Fusarium culmorum and Penicillium
spp. ; the ratio between the numbers of F. culmorum colonies and those
of Penicillium colonies developing from any sample of straws varied
within very wide limits according to the type of surface sterilising agent
employed and the time of treatment. F. culmorum, a fungus of a vigor-
ous and rapid habit of growth, showed low resistance to the action of
the more severe sterilising agents, such as mercuric chloride and silver
nitrate, but developed better after surface sterilisation of the straws
with calcium hypochlorite, a mild sterilising agent, and best of all after
a mere washing in sterile water. Penicillium spp. were apparently
crowded out by the more vigorous growth of F. culmorum after these
mild treatments of the straws; on the other hand, they were very
tolerant of the more severe surface sterilising agents, mercuric chloride
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and silver nitrate, and after the longer period of treatment were often
the only organisms developing on the plates.

Further to pursue the concepts of plant ecology, we may recall
the development in certain plants of an ability to colonise certain virgin
habitats unfavourable to general plant growth. The most frequently
quoted examples of such habitats are sand dunes, shingle banks, and
bare rock faces. By the evolution of a specialised growth habit, such
plants are considered to have escaped from the intense competition
characteristic of habitats more favourable to the development of vege-
tation. Awmongst the soil fungi, this role of escapers has been taken
by the root-infecting fungi, which have developed ability to open up
and colonise a habitat not available to saprophytic fungi. To continue
the analogy with above-ground plant ecology, we may further recall
that in due course the primary colonisers of a sand dune, shingle bank
or bare rock face so change the habitat that it permits growth of a
wider range of species, with the result that the primary colonisers are
gradually ousted and finally disappear completely. In the same way,
once a root-infecting fungus has opened up a new habitat, the plant
root, it is rapidly followed by other soil micro-organisms. The root-
infecting fungus obtains, however, an initial advantage in colonisation
which it may retain for longer than was formerly supposed, from re-
sults of attempts to isolate it on the culture plate. It is well known
that attempts to isolate a root-infecting fungus from diseased tissue,
by surface sterilising selected portions of tissue and plating-out on
the surface, of nutrient agar, often give disappointing results. This
is due to the fact that the nutrient agar plate is a selective medium,
not for the primary plant parasite, but for the saprophytes which are
its co-habitants in the infected tissues.

Investigators studying the survival of parasitic fungi therefore now
generally employ the ideal selective medium, i.c. a host plant of the
particular fungus concerned. Examples of this technique are furnished
by the work of TauBeNmAUS and EzekieL (1930b) with Phyma-
totrichum omnivorum, of Papwick (1935), Garrerr (19380), and
FevLrows (1941) with Ophiobolus graminis, of TuuNG (1938) with
Phytophthora parasitica var. nicotianae, of Gisps (1938) with Phoma
lingam, of NaceL (1938) with Cercospora beticola, and of MATZULE-
vitcH (1936) with Urocystis cepulae. In their studies of the root
rots of strawberry and tobacco in Ontario, HiLpEBRAND (1934), Kocu
(1935), and HiLpEsraND and Kocu (1936) have endeavoured to
overcome this short-coming of the isolation plate technique by supple-
menting it with direct microscopical study of the succession of micro-
organisms developing in the diseased roots. Presumably, it should be
possible to obtain a complete picture of the succession of fungi in such
diseased plant tissues by employing a sufficient number of selective
isolation media (in the widest sense of this term) ; as the number of
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specific isolation techniques approached the number of fungi involved,
so the investigator’s knowledge of the succession should approach
totality.*

Soil-inhabiting and Soil-invading Fungi: — Serious study of
the fungus flora of the soil may be said to date from WAKSMAN’S
(1917) postulate that there is a definite fungus flora of the soil. From
his examination of the fungi found in 25 different soils collected from
widely separated regions of the North American continent, and from
the Hawaiian Islands, and from the results of European investigators,
WaksmMaN concluded that the basic fungus flora of the soil was
essentially cosmopolitan, though the relative importance of different
groups might vary with latitude and soil type. Thus soils of the
northern latitudes were characterised by abundance of Mucorales and
Penicillia, whilst Aspergilli were predominant in the warmer soils.
Again, the genus Trichoderma was found especially in acid soils (e.g.
forest soils) and in waterlogged soils. As a result of this study,
WaksMaN introduced the fundamental conception of a basic cosmo-
politan fungus flora of soil inhabitants, amongst which were to be
found exotic fungi or seil invaders. This conception of WAKSMAN’S
was applied by REINKING and Manws (1933, 1934) and REINKING
(1934) to their findings on the distribution of Fusarium spp. in the
soils of Central America. As the result of a very large series of
isolations from soils, these authors concluded that the tropical Ameri-
can soil Fusaria could be divided into two groups, soil inhabitants
and sotl invaders. The soil inhabitants were those species of I'usa-
rium found in all, or nearly all, of the soils examined, and were
hence regarded as common soil saprophytes. Certain other species,
on the other hand, were found to have only a local distribution, and
this distribution was further found to coincide with the presence, or
past presence, of the appropriate host plant. With the death of the
host plant, the numbers of such a species gradually dwindled, until it
disappeared from the soil, and was hence designated a soil invader.

This conception of soil inhabitants and soil invaders was in curn
employed by GARRETT (1938¢) to distinguish hetween two contrasting
types of behaviour amongst the root-infecting fungi, as follows: “The
soil inhabitants are considered to be primitive or unspecialised para-
sites with a wide host range; these fungi are distributed throughout
the soil, and their parasitism appears to be incidental to their sapro-
phytic existence as members of the general soil microflora. The soil
invaders, to which class the majority of the root-infecting fungi seem
to belong, are more highly specialised parasites; the presence of such
fungi in the soil is generally closely associated with that of their host
plants. In the continued absence of a host plant, such fungi die out in

* Any other effects of such an investigation upon the mind of the investigator are
irrelevant to the present discussion.
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the soil, owing to their inability to compete with the soil sap
for an existence on now-living organic matter. This close ad
between the soil invaders and their host plants thus seems to“Bé
forced by the competition of the general soil microflora.”

Any consideration of the qualifications of a particular fungus for
its role of a soil inhabitant involves recognition of the fact that two
factors, of a spatial and a temporal nature, respectively, are concerned.
By the spatial factor is implied the number of kinds of plant tissue, or
other substrate, which the fungus can colonise ; the species of plant,
the part of the plant, its age and other causes of variation in tissue
composition must all affect not only the rate and course of decomposi-
tion in the soil (WAksMAN, 1931) but also the species of decompos-
ing micro-organisms. By the temporal factor is meant the average
period for which the fungus can actively maintain itself on a substrate,
during the passage of that substrate from the virgin condition to that
of relatively inert soil humus. To take an extreme instance, a root-
infecting fungus which was a truly omnivorous plant parasite could
certainly be regarded as a soil inhabitant, even if its powers of survival
as a saprophyte were strictly limited, because at almost all times and
in almost all places it could find a substrate. With a fungus of more
restricted host range, however, the ability to function as an active
saprophyte for a longer period in the decomposing plant tissues be-
comes correspondingly more important. The development of long-
lived resting spores and sclerotia by root-infecting fungi may be re-
garded as an example of one way by which the disadvantage of nutri-
tional specialisation has incidentally been overcome.

en-

Mycorrhizal Fungi: —If symbiosis be regarded as the evolu-
tionary end-point of the parastic habit, then the mycorrhizal fungi
must be regarded as the most highly specialised of all the root-
infecting fungi. This group of fungi has stimulated continuous
interest, and not a few controversies, amongst mycologists ever since
the discovery of the mycorrhizal habit in plants. The work of
the earlier investigators has been discussed by Rayner (1927), in
her monograph on mycotrophy in plants. More recently, BurcEs
(1936) has published a concise but comprehensive, and commendably
objective, review of the whole subject. Two groups of mycorrhizal
fungi are usually distinguished ; the ectophytes, which develop mainly
externally, forming a fungus mantle around the host roots, and the
endophytes, which develop inside the host tissues. The differences
between ectophytic and endophytic mycorrhizas have been lucidly sum-
marised by RaynEer (1939), in the following paragraph: “It is still
convenient to classify mycorrhizas into two groups, the extreme types
in which show marked structural differences, correlated with the dis-
tribution and character of fungus infection. The ectotrophic mycor-
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rhizas of most trees and shrubs are readily recognisable as distinct
from ordinary rootlets; a sheath of mycelium is formed about the tip
and younger part of the emerging rootlet and the hyphae composing
it extend inward, forming an intercellular network between the cortical
cells known as the ‘Hartig net’. In endotrophic mycorrhizas, a more
or less extensive distribution of intercellular and intracellular mycelium
within the root is associated with a variable but usually scanty develop-
ment of hyphae on the surface. In general, endotrophic mycorrhizas
resemble ordinary roots in external appearance, although slight modifi-
cations such as irregularities of diameter or differences in opacity of
the tissues may betray their character to the experienced observer.”
RAYNER goes on to point out that the distinction between these two
types of mycorrhiza is an artificial one. and can be condoned only on
grounds of convenience; intermediate types are now known. The
association of the ectophytes with their host root may be conditioned
by root excretions from the host ; MeLin (1925) demonstrated the ex-
cretion of phosphatides by the roots of various forest trces, and showed
that these stimulated the development of the mycorrhizal fungi.

Evidence for an obligate mycotrophic habit is strongest in the case
of certain species of forest trees forming ectophytic mycorrhiza. For-
esters have frequently experienced difficulty in establishing exotic conif-
erous trees; lack of success has usually been associated with absence
of typical mycorrhiza formation by the trees. Inoculation of nursery
beds with soil taken from under a vigorous stand of the same species
of tree has frequently changed failure into success, and the young
trees have grown away well in the inoculated soil. RavynEer (1938) has
summarised information collected by the Imperial Forestry Tnstitute
of Oxford on the use of so0il or humus inoculum as an aid to establish-
ment of exotic species of forest trees ; the empirical use of such inocu-
lum appears to be widespread, and to give satisfactory results in the
majority of trials.

Harcu (1937) has recently published substantial experimental
evidence in support of STAHL’S (1900) hypothesis that ectophytic
mycorrhizal fungi facilitate absorption of mineral salts by their hosts,
especially in infertile soils. He demonstrated a negative correlation
between production of mycorrhizae by pine seedlings and the availa-
bility of mineral salts in a number of forest soils. In his experiments,
mycorrhizae were most abundantly produced under shortage of avail-
able nitrogen, phosphorus, potassium or calcium, or under lack of
balance between these nutrients. Hatch experimentally demonstrated
striking increases in growth and nutrient absorption by seedlings of
Pinus strobus in a prairie soil after inoculation with pure cultures of
appropriate mycorrhizal fungi. HatcH’s observations have been con-
firmed and extended by RouTiEn and Dawson (1943), using an arti-
ficial soil compounded of pure quartz sand and a purified colloidal clay.
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This artificial soil possessed base exchange properties, and its content
of available nutrient ions could be experimentally varied within wide
limits. Working with this artificial soil, Routien and DawsonN found
that substantial growth and salt absorption by Pinus echinata took
place even in the absence of mycorrhizae at the higher levels of base
saturation of the soil. But if absorption of nutrients was impeded by
replacing the nutrient ions with adsorbed hydrogen ion, then forma-
tion of mycorrhizae substantially increased growth and salt uptake by
the pine seedlings. HATcH has stressed the increase in total absorbing
surface resulting from conversion of short roots into mycorrhizae;
RouTtien and Dawson observed that development of such short roots
into mycorrhizae doubled or even quadrupled production of respiratory
carbon dioxide. They therefore concluded that mycorrhizae increased
the salt-absorbing capacity of the roots chiefly by adding to the supply
of exchangeable hydrogen ion, derived in part at least from respiratory
carbonic acid.

Infection by the appropriate endophyte was formerly thought to be
essential for germination of the seed in many species of the Ericaceae
and Orchidaceae,; evidence for and against this view has been sum-
marised by Burges (1936), who states: “Ravner (1929), as the re-
sult of her pure culture experiments, concludes that, unless the seed-
lings of Calluna vulgaris were infected by the endophyte, ‘arrest of
growth and the inevitable symptoms of malnutrition’ followed. This
result was in discordance with those of CarisTorr (1921) and Knup-
soN (1929), who considered that infection was not essential. In a
later paper Knupson (1933) records the result of his reinvestigation
of the problem in the light of RAYNER’s criticisms of his previous
technique, and has shown that Calluna seedlings can develop normally
without the endophyte. FREISLEBEN (1934) has reached a similar
conclusion in respect to the genus Vacciniwm.” In a later paragraph
concerned with mycotrophy in seedling orchids, BurGES comments:
“It used to be thought that orchid seedlings were unable to germinate
and grow on their own account. BrrRNARD (1904) showed that if the
endophytes were added to the cultures growth {requently followed.
Knupson (1927) has extended this work and has shown that the im-
portant feature is not the penetration of the orchid by the endophyte,
but the bringing of organic material into solution. For example, on a
medium containing starch, the carbohydrate is unavailable to the
orchid. If the fungus present causes hydrolysis of the starch, some
of the resulting sugars, once in solution, are utilised by the orchid,
which is then able to establish itself and later may become independent
of this auxiliary food supply. If the organic material were supplied
in solution, e.g. as fructose, no fungal agent was required. He further
showed that other fungi such as Phytophthora could replace the endo-
phyte and bring the organic material of the medium into solution.
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The fungi also caused a change in the hydrogen-ion concentration of
the medium. This on its own did not lead to germination, yet it was
shown to be a contributory factor. Other workers have also shown
the need for correct adjustment of the hydrogen-ion concentration of
the medium.”

Various nutritional benefits have been suggested as accrueing to
the host plant of an endophyte. It is supposed that nutrients are
absorbed from the soil by the external hyphae of the endophyte, and
translocated thence into the internal hyphae, which are eventually
digested by the host cells. BurcEs, however, agrees with the criticism
that the connections between external and internal hyphae are insuffi-
cient for the host plant to benefit much in this way. Ternerz (1904)
demonstrated nitrogen fixation by certain species of Phowma acting as
endophytes in members of the Ericaceae; the amounts of nitrogen so
fixed were, however, too low to be of much nutritional significance to
the host plants, and endophytes with a greater nitrogen-fixing capacity
have yet to be discovered. ButLEr (1939) has made the interesting
suggestion that endophytes of the vesicular-arbuscular type may benefit
their host by the manufacture of accessory growth factors, which the
host is unable to make for itself.

The relationship between the endophyte and its host seems to be
one of controlled parasitism. Under certain conditions, the resistance
of the host may be broken down, and the controlled parasitism become
uncontrolled, as observed by Reep and FrémonT (1935) and SaMUEL
(1926). Reep and FriémonT found that the roots of Californian
citrus trees receiving no fertilisers during the preceding seven years
had little power to resist invasion or to digest the intracellular my-
celium, in contrast to the roots of trees which had been manured an-
nually with cover crops and stable manure. SAMUEL observed that
the roots of oats growing in a South Australian soil deficient in avail-
able manganese were heavily infected by an endophytic fungus,
whereas the roots of oats growing in normal soils were free from in-
fection. SAMUEL’s observation recalls an analogous one by BRENCH-
Ley and THorNTON (1925), who found that root-nodule bacteiia be-
came destructively parasitic in the root tissues of broad bean plants de-
prived of boron. Again, a fungus forming a mycorrhiza with one
host may act as a destructive parasite in others. An example of such
behaviour is furnished by a dangerous parasite of forest trees and
other plants, Armillaria mellea, which was demonstrated by Kusano
(1911) to form a mycorrhiza with the Japanese orchid Gastrodia elata.
KusaNo observed, however, that under certain conditions the sym-
biosis might be upset, and that infection of the orchid tuber by
A. mellea was then accompanied by a necrotic reaction of the invaded
cells of the host.

From the evidence adduced above, BurGEs has concluded that the
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chief benefit which mycorrhizal plants derive from this association is
that due to the decomposition of soil organic matter by the mycorrhizal
fungi. Plants with ectophytic mycorrhizal fungi are, of course, ex-
ceptionally well situated for the reception of such benefit. As Burces
has pointed out, however, it is not necessarily the mycorrhizal fungi
which are always of greatest service to the higher plant in this way ;
common soil-inhabiting fungi may conceivably be of greater importance
to a mycorrhizal plant than its own particular fungal associate. The
enhanced activity of certain common soil-inhabiting fungi, and es-
pecially of Mucor spp. and Penicillium spp., in the “rhizosphere” has
been thought by Jaun (1934) to constitute a “peritrophic mycor-
rhiza.” This interpretation of mycotrophy by BURGES has been
criticised by Hatcu (1937), in a masterly review of the subject to
which he has himself made numerous important experimental contri-
butions. Hatcu has studied chiefly the ectophytic mycorrhizae of
Pinus, and has interpreted his data by the “mineral salt hypothesis” of
StaHL (1900).

Elsewhere, BurGes (1939) has commented upon the paucity of in-
formation concerning the saprophytic life of the mycorrhizal fungi.
This would be the more surprising were it not for the fact that a similar
obscurity surrounds the saprophytic life of a closely analogous but
better known group of micro-organisms, the root nodule bacteria of
leguminous plants. The mode of survival of mycorrhizal fungi out-
side their host plants therefore remains an unsolved problem. or series
of problems, concerning which Burces (1939) has commented : “This
class of soil fungi is the most difficult of all to study. Many of its
members appear to be almost obligate parasites in their relations to
their hosts, yet their ubiquitousness leads one to believe that they
must have some existence in the soil apart from their host roots. In
isolation of soil fungi, it is rare to find any member of this group.
Many are Basidiomycetes and these are conspicuous by their absence
from lists of soil fungi. The typical ectotrophic mycorrhizas are pro-
duced by Hymenomycetes and many species have been identified.”
ButLEr (1939), in his review of work on the vesicular-arbuscular or
phycomycetous type of endophyte, has observed that this endophyte
is more common and more easily to be found in the roots of perennial
or plantation crops than in the roots of annual field crops, ziz.: “The
regularity of its occurrence in some percnnial plants and ifs incidental
presence in some annual field crops is probably merely the result of the
greater chance which an organism growing in close association with
living roots has of persisting indefinitely and passing from the older
to the more newly developed roots in the former class. In annuals,
much of the fungus perishes with the roots, and survival is limited to
the thick-walled resting mycelium and vesicles found in the soil when
the new crop is sown.”



Chapter 3

PARASITIC ACTIVITY OF THE ROOT-INFECTING
FUNGI

In the preceding chapter, a distinction was drawn between primi-
tive parasites of the soil inhabitant type, such as the species of Rosel-
linia, in which parasitic activity was merely incidental to a saprophytic
existence, and the more specialised parasites of the soil nvader type.
Variation in growth habit and parasitic activity of the latter group
may now be considered.

The more specialised parasites spread underground in three
ways i—

(1) through the soil and over the underground parts of the host plant,

(2) only over the underground parts of the host plant,

(3) inside the vascular system of the host plant.

Fungi belonging to the first two classes invade the internal tissues
of the host roots, of course, but external spread never lags appreciably
behind internal spread, and is often considerably in advance of it.
The fungi of class (3) do not travel either independently through the
soil, or over the outside of the host roots ; their spread is limited to the
vascular cylinder of the host. Spread of fungi in classes (2) and (3)
from one host plant to another is therefore limited to points of root
contact between host plants; this constitutes no hindrance to spread
amongst crops where the ground is occupied by a pure stand of a sus-
ceptible host plant, except where the crop is still young, and root con-
tacts have not yet been established. In natural vegetation, however,
plants susceptible to a particular root parasite are often isolated from
one another by the root barriers of immune plants, and so the spread
of the parasite is restricted. At one time it was thought that a fungus
able to spread independently through the soil by free mycelial or
rhizomorphic growth possessed a considerable advantage over a fungus
which could spread from host to host only by root contact ; this distinc-
tion is now realised to have been over-drawn.

Spread External to the Host: — A feature of particular interest
in the root-infecting fungi, though by no means limited to this group,
is the rhizomorph—an organ whereby the fungus is enabled to spread
from one host (or substrate) to another, some distance away. The
evolution of the rhizomorph through aggregation of individual hyphae
into strands, followed by differentiation of tissues into an external
protective skin or rind, and internal conducting tissue, seems intrinsi-
cally probable; the rhizomorph serves to protect the mycelium of the
fungus from the hazards of the environment, and especially from that
of desiccation, and to facilitate its spread from one substrate (the food-
base) to another, some distance away. The following fungi may be
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cited as illustrating different, but not necessarily consecutive, hypo-
thetical stages in evolution of the rhizomorph :—

(i)  spread by individual hyphae—Rhizoctonia solani (causing black scurf and
stem canker of potatoes, etc.).

FI16URE la.— Runner hyphae of Ophiobolus graminis on seminal root of
wheat. Longitudinal section. (After G. Samuel).

(ii) spread by individual hyphae occasionally aggregating into strands — Ophs-
obolus graminis (causing the take-all disease of cereals).

(iii) some aggregation of hyphae, with copious secretion of mucilage binding a
covering of soil closely around host root—Fomes noxius (causing brown
root disease of rubber, tea, etc.).

(iv) differentiated strands composed of large central hypha surrounded by
several layers of fine hyphae — Phymatotrichum omnivorum (causing
Texas root rot of cotton).
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(v) aggregation into definite rhizomorphs, but no tissue differentiation —
Fomes lignosus (white root disease of rubber, etc.).

(vi) aggregation into definite rhizomorphs with toughened outer skin — Gano-
derma pseudoferrewm (causing red root disease of rubber) and Poria
hypolateritia (causing red root disease of tea).

Fi1Gure 1b. — Runner hyphae of Ophiobolus graminis on seminal root of
wheat. Surface view. (After G. Samuel).

(vii) aggrcéation into definite rhizomorphs with well differentiated outer rind —
Armillaria mellea (causing a root diseare of tea, cacao, etc ) and Sphaero-
stilbe repens (causing violet root rot of rubber, tea, citrus, etc.).

The mucilage-secreting power of Fomes noxtus was discovered by
SuarpLEs (1922), who considered that the cementing of soil around
the mycelium by this means provided a valuable safeguard for the
fungus against desiccation. SuarprLEs (1936) has laid great stress
upon the function of the rhizomorph in protecting the fungus from
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drying-out whilst external to the host tissues. The outer hyphal
layers of the differentiated strands of Phymatotrichum ommivorum,
the development of which has been described in detail by Rogers and
Watkins (1938), no doubt help to protect the large central hypha
from desiccation, though the strands do not seem to be particularly
resistant to drying-out; even the sclerotia of P. ommivorum, unlike
those of most other species, possess comparatively little resistance to
desiccation (see below, p. 77). In Armillaria mellea, rhizomorphs are
developed not only external to the host but also internally as well, be-
tween the bark and the wood ; they were distinguished as Rhizomorpha
subterranea and R. subcorticalis, respectively, by PErsoon (Camp-
BELL, 1934). In Sphaerostilbe repens, rhizomorphs are formed only
between the bark and the wood of the host root, though they show a
degree of differentiation comparable to that in Armillaria mellea.
The capacity of a root-infecting fungus for making a free and in-
dependent spread through the soil from one host plant to another has
frequently been a subject for controversy. Thus Percm (1921,
1923) was convinced that both Fomes lignosus and Poria hypolateritia
behaved in this way in the rubber and tea plantations of Ceylon. As
a result of field observations on rubber estates in Malaya, Naprper
(1932-34) disputed PETCH’S assertion that F. lignosus had more than
a very limited capacity for free growth through the soil, and insisted
that growth was almost entirely confined to solid surfaces ; the fungus
could travel over the surface of stones and dead wood buried in the
soil, but could only infect and obtain nourishment from living roots.
In the U. S. A, TausenuAus and KiLrouen (1923) declared
that Phymatotrichum omnivorum, the agent of cotton root rot, spread
through the soil only along the roots of its host plants, and from one
plant to another by root contact. This view was disputed by PELTIER
et al. (1926), who asserted that P. omnivorum spread through the soil
in the manner of a fairy ring fungus ; their view, apparently, was based
upon the observation that “the point of attack is nearly always on the
tap root within the first foot of soil, whereas the lateral or side roots
are usually diseased only at the point of attachment with the tap
root. . . . If the spread of Ozonium occurred through the contact of a
diseased root with a healthy one, then we should expect to find that
the rot began at the ends of the laterals and worked up to the main tap
root.” Later, TAUBENHAUS and EzekieL (1930a) reported experi-
ments designed to elucidate this question. Cubes of soil were taken
from next to recently wilted plants in the active zones of root rot spots
in cotton fields, and used to inoculate healthy cotton plants. Inocula-
tions were made by removing soil from beside the healthy plant, water-
ing heavily, and filling the hole with the soil inoculum from which all
larger roots were first removed. Controls consisted of similar healthy
plants which were inoculated with freshly infected cotton roots. Not
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one of the 2367 plants inoculated with the presumably infective soii cot
tracted the disease, whilst 180 of the 220 control plants, inoculate
with infected roots, became infected. In another experiment, soil wa
again secured from the active zones of root rot spots in fields on thre
different types of soil ; part of the soil of each type was passed throug
a Y4-inch sieve, and part was left unsifted, i.e. with all the origina
roots. Root rot appeared only in cotton planted in the unsifted soi

F1cure 2. — Stages in mycelial strand formation by Phymatotrichum omni-
vorum. 5. Small hyphae beginning to grow over the surface of a central hypha.
6, Central hypha surrounded by a loose network of small hyphae. 7, Deposition
of the second hyphal layer. (After C. H. Rogers and G. M. Watkins).

containing the roots. Finally, TauBeNuaUs and EzEXIEL obtained
further evidence by excavating the soil from about the roots of 117
cotton plants in early spring. Against selected plants, an isolation
trench was dug, and the soil immediately around the root system was
then carefully dissected away with stiff needles and with ice-picks.
Each soil particle, as it was removed, was carefully examined under the
hand lens for hyphae of P. omnivorum, and all roots and rootlets were
similarly searched ; doubtful material was studied under the microscope.
No free spread of the mycelium away from the roots was discovered,
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though the fungus was found travelling along the finest rootlets, and
spreading from plant to plant by complete or proximate root contact.
TAauBeNHAUs and EZEKIEL pointed out that the finer infected rootlets
might decay and disappear, leaving strands of the fungus apparently
spreading freely through the soil; only close to the centres of well
advanced spots were occasional isolated strands of the fungus found
away from roots, and most of these were following insect or earth-
worm channels through the soil. Nevertheless, when pieces of freshly
infected cotton root were buried in natural unsterilised soil in glass
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FIGURE 3. — Apex of rhizomorph of Armillaria mellea in longitudinal section.
a, Mantle of filamentous hyphae. b, Central conducting cells. ¢, Cells of the
rind. d, Boundary of enveloping mucilaginous layer. (After R. Hartig).

containers, mycelium of P. omnivorum grew from the roots out into
the surrounding soil, the maximum observed extent of growth being
10 cm. away from the inoculum. The mycelium spread more readily
along the wall of the glass container than through the soil itself, sug-
gesting that P. omnivorum, like Fomes lignosus, kept to the continu-
ous surface of a solid body where such was available.

Another well-known root parasite which has been shown to spread
only by root contact is Ophiobolus graminis, cause of the take-all
disease in cereals. Papwick (1935) in Canada demonstrated through
glasshouse experiments that whereas no appreciable spread of the
fungus from buried inoculum occurred in fallow soil, a spread of as
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much as 10 inches in 52 days took place under growing wheat and
species of Agropyron. A very similar experiment was carried out in
the field by Apam and Corquitoun (1936) in South Australia; they
compared the spread of Ophiobolus through a clay-loam soil and
through sand, in which wheat seeds were planted at distances apart of
2,4, 8 and 12 inches. At harvest, no detectable spread of the fungus
had occurred where the plants were spaced 12 inches apart; a maxi-

FIcure 4. — Transverse section through cortex and wood of a pine root that
has been invaded and killed by a rhizomorph of Armillaria mellea. a, Dead bast
tissues. b, Dead cambium. ¢, Medulla of rhizomorph. d, Rind of rhizomorph.
¢, Individual hyphae that have grown out from the rhizomorph. f. Dead wood
cells. g, Resin duct destroyed by the fungus. (After R. Hartig).

mum spread of 20 inches from the original inoculum was recorded
under the plants spaced 2 inches apart. FeLLows and Ficke (1939)
in Kansas, have confirmed this conclusion as to spread of O. graminis.
GARRETT (1936) was unable to demonstrate mycelial growth from
inoculum of this fungus placed on the surface of unsterilised soil in
covered glass dishes. Nevertheless, it has since been found that such
growth will occur under special conditions, e.g. when freshly-infected
straw is buried in moist sand against a glass surface ; the mycelium of
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the fungus then grows out over the glass, and may even form peri-
thecia. Here, again, the fungus spreads over a continuous surface,
but less readily, or not at all, over and through a discontinuous
medium,

Root excavations carried out under tropical crops have led to a
similar conclusion. Thus, concerning the spread of Armillaria mellea
. in tea and coffee plantations in East Africa, WALLACE (1935a) writes:
“Hundreds of infected coffee and tea roots have been examined in
Tanganyika and without exception infection has taken place from
diseased roots lying against or in fairly close proximity to the dead
bush. It is doubtful whether rhizomorphs have an effective range of
more than a few feet, but this requires confirmation.” A similar ob-
servation has been made by DapE (1927) concerning the same parasite
on cacao in the Gold Coast; he states: “In each of the hundreds of
cases which have been carefully examined infection has been found to
be due to actual contact of the host’s roots with other diseased roots or
rotting wood.” It must be added, however, that Dape found no
rhizomorphs of 4. mellea in the soil of these cacao plantations on the
Gold Coast ; he considered that the heavy texture of the soil may have
inhibited their development. Concerning the spread of Fomes lignosus
on rubber estates in Malaya, SuARPLES (1936) declares: “Hundreds
of diseased trees have been carefully opened up, even to depths of four
feet, and in every case, without a single exception, the diseased
material, from which infection has spread, has been found in contact
with the diseased roots at some point. . . . There has been such a large
number of serious outbreaks which have been dealt with entirely suc-
cessfully by simply keeping in mind that digging must be continued
until the actual source of infective material has been discovered and
extracted.” -

How, then, are we to reconcile such observations and experiments
on the subterranean spread of root disease with earlier observations
such as those of PETcH (1921) ? The answer is simple enough ; it is
essential to distinguish between spread of the fungus and spread of the
disease. Taking Armillaria mellea as an example, we may recall
Evrris’ (1929) report that the rhizomorphs of this fungus had been
found to extend for as much as 22 yards from an infected pit-prop in
a mine working. Yet WaLLAcE (1935a) considered that the effective
range of the rhizomorphs probably did not exceed a few feet. Further
experimental evidence upon this point is obviously required. "

The food-base.—The importance of the food-base behind the host-
invading mycelium is coming more clearly to be recognised. Thus
BLiss (1941) obtained infection with rhizomorphs of 4. mellea only
when these were attached to a suitable substrate ; detached rhizomorphs
were ineffective. From the first, the importance of organic connection
between the infecting hyphae and the food-base behind them has been
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generally admitted. Thus, concerning the spread of Fomes lignosus
through the soil, PErca (1921) observes: “It is always attached to
its base, i.e. the stump on which it originated, and it must derive its
food from that source until it meets with other dead wood, or a living
plant which it can attack. In all probability it will die if separated
from its base, unless it soon meets with fresh material from which it
can derive nourishment.” And some years later, concerning the diffi-
culty of replacing the “natural” food-base with pure-culture inoculum
of a root-infecting fungus, Percu (1928) writes: “It is not possible
to imitate these conditions from pure culture. If the fungus is grown
in pure culture on agar, the amount of mycelium which can be used
for inoculation is small, and the agar substratum usually soon dis-
appears. If, on the other hand, the fungus is grown in pure culture on
sterilised wood blocks, a similar difficulty is encountered. The volume
of a block of wood which can be sterilised with certainty is small;
about 1 cubic inch is usual. Moreover, although a vigorous growth
of mycelium may occur, it will be found that this is chiefly external,
and unless the cultures are allowed to develop for a long period, there
will be little penetration of the wood block.” TunsTaLL (1930) re-
ported that he had successfully inoculated tea bushes with Fomes
noxius by tying pieces of dead wood permeated by a pure culture of
the fungus onto the roots, but not with any other form ef inoculum.

Dk Jong (1933) has performed some illuminating inoculation ex-
periments with Iomes lignosus on rubber trees. When pure cultures
of the fungus on media other than wood, or the tissue of a fructifi-
cation, were used as inocula, epiphytic growth of the fungus occurred
on the surface of the root, but no decay, and the rhizomorphs eventu-
ally disappeared without having achieved infection. Successful in-
fection was obtained only through the use of naturally or artificially
infected pieces of wood for inoculation, and then only if the inoculum
block was sufficiently large. Inoculation with pieces of wood carry-
ing the fungus as an epiphyte failed to achieve infection more than
occasionally, and even then the infection subsequently failed to
progress. DE JonG noted that an infection might frequently be estab-
lished and then fail to progress further; the decayed patches became
surrounded by callus and eventually healed over completely. It was
noticeable that the process of recovery usually started at about the
time when the wood used for inoculation had itself disappeared
through decay. Sometimes, however, the decay continued to progress
after the exhaustion of the original inoculum, presumably owing to
the weakening of the root by the infection. DEe Jong’s results are of
particular significance, inasmuch as they underline the essential fact
that infection is a “struggle” between the offensive forces of the fungus
and the defensive forces of the root; the issue of the “struggle” is
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likely to be decided by the extent of the reserves available on either
side.

Similar results have been reported by other investigators. Thus
Briss (1941) reported failure to infect citrus roots with pure cul-
tures of Armillaria mellea on nutrient agar or bran; he achieved suc-
cess only with naturally or artificially infected wood. CooLEy (1942)
was unable to infect apple roots with cultures of Xylaria mali on agar,
or on small chips of infected wood, but secured success by the use of
2-inch lengths of infected twig. Similar difficulties were encountered
by investigators working on Phymatotrichum omnivorum. Thus
TAUBENHAUS et al. (1929), reporting on the use of freshly-infected
roots as inoculum in experiments with P. ommnivorum, remark:
“Though the disease has been known for more than 30 years and in-
vestigated extensively, definite progress with it has been hindered by
the nearly complete failure of experimental inoculations. Thus it was
not until 1923 that the first experimental proof was furnished that
Phymatotrichum omnivorum is the cause of root rot. King (1923)
inoculated cotton plants in the field by inserting cotton roots infected
naturally or from artificial cultures, in a trench dug next to the roots
of the plants, and then filling the trench with earth. TAUBENHAUS and
Kirroucu (1923) succeeded in inoculating cotton plants in sterilised
soil with pure cultures on mulberry stems or cotton roots.”

It seems probable, therefore, that infection of the host root by
mycelium or rhizomorph will be favoured by proximity to the food-
base, by efficient translocation of food material along the mycelial
strands or rhizomorphs, and by ample reserves in the food-base; it
will be hindered by both passive and active defences of the host, i.e. by
thick cork barriers on the one hand, and by active wound reactions on
the other. As Gapp (1936a) has pointed out in a general discussion
of this subject, fungi such as the species of Rosellinia, which can use
leaf-mould and other decaying organic detritus on the surface of the
soil as a food-base, possess an advantage in their resulting ability to
make a rapid surface spread in favourable (i.e. moist and shady)
situations ; surface spread in such a situation is necessarily more rapid
than underground spread. Experiments are certainly needed to de-
termine the effective parasitic range of rhizomorphs from a food-base;
the translocation of food material along the rhizomorphs of 4rmillaria
mellea must be efficient enough to account for a spread of such dis-
tance over an inhospitable surface as that recorded by ErLis (1922),
cited above. Conduction must be remarkably efficient even along the
undifferentiated rhizomorphs of Fomes lignosus, for NappEr (1938b)
states that they may be epiphytic on the rubber root for as great a
distance as 15 feet ahead of actual penetration by the fungus ; infection,
of course, takes place immediately in advance of preceding infection,
in a continuous wave.
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The rhizomorph cycles in the three important root-infecting fungi
found on rubber in Malaya are of much comparative interest ; whereas
the rhizomorphs of F. lignosus commonly extend for a distance of 5-15
feet epiphytically along the root in advance of penetration, those of
F. noxius and Ganoderma pseudoferreum are usually found only some
18 inches in advance of the infected zone (Narrer, 19380). In con-
sequence of this difference, the proportion of total infected trees to
dead trees will be higher with F. lignosus than with the other two
parasites. Considering any particular section of a rubber root about
to be invaded by one of these fungi, the cycle of infection and rhizo-
morph production may be shown as follows:

Rhizomorphs Mycelium Food material in root
epiphytic e 3. invades ey exhausted; fungus produces
on root root fresh rhizomorphs.

Concerning this process, NAppER (1934) writes: “In nature the
process is more or less continuous. Infection progresses in a steady
wave, the advancing column of rhizomorphs being the sum of the con-
tributions from numerous successive cycles at small phase intervals.

“The production of rhizomorphs from infected tissue is probably a
reaction to starvation conditions, the stimulus to production being
brought into play when the fungus has completely gutted its host of
all available food material and, although continuing to inhabit the
empty skeleton, is forced to draw upon its own reserves for the neces-
sities of life. Rhizomorphs are never produced from newly-infected
tissue where there is ample food material available for the nourish-
ment of the fungus. Note here the close analogy with fruit body
formation.”

In view of the nutritional requirements for root infection discussed
above, it is not surprising that no investigator appears to have reported
successful inoculation of any tree root with a spore suspension. LEACH
(1939) failed to achieve infection either of tree roots or of the cut
surfaces of stumps by inoculation with basidiospore suspensions of
Arwmillaria mellea. An apparently similar limitation was found by
Garrert (19390) to prevent infection of wheat roots by the asco-
spores of Ophiobolus graminis under natural soil conditions. In
numerous experiments with natural soils, with steamed (i.e. partially
sterilised), soils, and with sand, GARRETT was unable to secure any
ascospore infection of the roots, either in seedlings or in older plants.
The ascospores germinated well on agar, and the agar cultures thus
obtained were able to infect wheat seedlings in a normal manner.
Satisfactory infection by ascospores was finally obtained by using
sterile wheat seedlings growing in sterilised soil or sand, to which
was added a suspension of ascospores in sterile water. By reference
to the work of Brown (1922) on leaf infection by the spores of
Botrytis cinerea, GARRETT concluded that the ascospores of O. graminis
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required an external food supply before they could establish root in-
fection. In sterile sand, such food material was assumed to be pro-
vided by the root excretions of the wheat seedlings, which would be
wholly available to the germinating ascospores; in unsterilised sand,
on the other hand, such root excretions would be quickly assimilated
by other micro-organisms around the roots.

Spread Internal to the Host: — A different method of sub-
terranean spread is found amongst the vascular parasites, such as
Verticillium albo-atrum and the wilt-producing species of Fusarium.

FIGURE 5. — Mycelium of Verticillium albo-atrum in water-conducting vessel
of potato. (After J. Reinke and G. Berthold).

After passing through the cortex opposite the point of invasion, the
fungus enters the water-conducting elements of the xylem (hence the
name tracheomycoses applied to diseases caused by these fungi), along
which it spreads in either direction. It does not leave the vascular
cylinder until death of its host plant is imminent. No means of active
spread through the soil except from plant to plant by root contact has
been demonstrated for any fungus belonging to this group ; quarantine
measures based on this assumption appear to have been completely
successful in limiting the active spread of Panama disease (Fusarium
oxysporum cubense) of bananas in Jamaica (Cousins and SUTHER-
LAND, 1930). From these observations, it follows that a root does
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not become infectious to other roots in contact with it as soon as it
has become infected, because the fungus does not emerge from the
vascular cylinder until the disease reaches its penultimate phase in the
plant.

In an experiment to test this assumption, RoBerTs (1943)
found that approximately twice as many tomato plants became in-
fected in a given time around Verticillium-infected plants that had
died as a result of bark-ringing as became infected around similar
Verticillium-infected plants that had not been ringed and still remained
alive. Some data obtained by McKay (1926) in field experm":e/mg
on Verticillium wilt of potatoes may be interpréfed by the same hy-
pothesis. McKAY reported that the periodical rogueing of wilted plants
throughout the growing season did not decrease the incidence of in-
fection amongst immediately adjacent plants in the same row, but
actually increased it, from 19 to 24.4% (the percentage infection was
estimated at the end of the season by determining the proportion of in-
fected tubers). Single-plant rogueing of infected individuals would
not, of course, be expected to check the spread of the disease, but the
slight though probably significant increase in spread was perhaps
rather surprising. McKay himself suggests the following explana-
tion: “It seems reasonable to suppose that where diseased plants are
rogued the roots of adjoining plants would grow more freely into the
area formerly occupied by the diseased plant, and since in rogueing
diseased plants many Verticillium-invaded roots would be broken off
and left in the ground the chances of spread might be increased rather
than decreased.” On the basis of RoBErRTS’ experiment, McKaY’s
explanation may perhaps be supplemented by suggesting that the
violent removal of wilted plants from the ground, in the act of rogue-
ing, hastened the death of those portions of infected roots left behind
in the soil, with the result that the fungus emerged from the vascular
cylinder of such roots earlier than it would have done had the plants
been left undisturbed.



Chapter 4

INFLUENCE OF SOIL TEMPERATURE UPON
PARASITIC ACTIVITY

Soil conditions may influence the occurrence of soil-borne disease
in a variety of ways. Most important is their direct influence upon
the parasitic activity of the root-infecting fungi, and their indirect in-
fluence through the medium of host resistance. Of less importance is
their effect upon survival of the fungi during periods between sus-
ceptible crops. If the soil is favourable to the development of disease,
the amount of infectious material left behind in the soil for infection
of the next susceptible crop is much increased. It thus happens that
soil conditions often influence the survival of a root-infecting fungus
more strongly in an indirect way, vis. by increasing or by decreasing
the amount of inoculum left in the soil, than in a direct way by their
effect on the survival of a given quantity of inoculum. To take a
specific example, TAUBENHAUS et al. (1937) showed that both incidence
of cotton root rot in the current season, and the amount of Phymato-
trichum ommivorum surviving in the soil to the next cotton season,
were greater in alkaline than in neutral or acid soils ; a greater bulk of
the fungus survived the winter in such soils because the amount of in-
oculum left behind in the soil after cotton harvest was greater. It is
quite possible, therefore, that survival of unit quantity of inoculum was
greater in acid or neutral soils than in alkaline soils. Indeed, in ex-
periments upon the take-all disease of wheat, GARrETT (1938b, 1940)
and FerLrows (1941) showed that survival of Ophiobolus graminis
was greatest under those conditions of soil temperature, aeration and
moisture content least favourable ( 7.e. within the experimental ranges
employed by them) to parasitic activity of the fungus.

Another way in which soil conditions may affect the incidence of
disease is through their influence upon dispersal or passive spread of
the parasite ; fungi may be spread, for instance, through the agency of
floods, or by irrigation.

In this and the two following chapters, the influence of soil con-
ditions upon the incidence of soil-borne disease may now be examined
and discussed under the following heads:—

(i)  temperature (iv) reaction
(ii) moisture content (v) organic content
(iii) texture (vi) concentration of plant nutrients.

For this purpose, free use will be made of a previous compilation
by GArrerT (1938a). In analysing these observations and experi-
mental results, the following generalisation may be kept in mind: soil
conditions will exert the greatest direct influence upon those root-in-
fecting fungi that spread chiefly by mycelium external to the host, and
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the greatest indirect influence, through the physiology of the host,
upon those fungi that spread only inside the host.

Temperature: — Soil temperature exercises an important effect
upon the occurrence of soil-borne diseases, often determining not only
their relative prevalence at different times of the year, and from one year
to another, but also their geographical distribution. Our knowledge of
the operation of this factor is due very largely to the work of L. R. JoNES
and his collaborators at the University of Wisconsin, a monographic
account of which has been given by JoNES ¢t al. (i%. The Wiscon-
sin school developed the well known soil temperatfre tanks for the
study of soil-borne diseases under controlled temperature conditions;
they did not confine themselves to a study of the temperature factor
alone, but concurrently investigated the effect of variati8n in soil
moisture content and other component factors of the soil environment.
The accurate control of soil temperature that they obtained was later
followed by control of air temperature as well, though this refinement
has not added much to the important results previously obtained by
the use of the soil temperature tanks alone. Experiments carried out
in the temperature tanks on development of a particular soil-borne
disease were supplemented by a study of the growth of the parasite
at different temperatures in pure culture; last but not least, extensive
records of soil temperatures were collected in the field, for correlation
with prevalence of soil-borne diseases at different times of the year, and
from one year to another. The importance of such supplementary
field observations is emphasized by JoNEs et al., who remark: “The
environment under which such plants are grown experimentally is
never duplicated under natural conditions of growth. For example,
the experimental soil temperatures here discussed were, as a rule, held
approximately constant or else at two regularly alternating points as
contrasted with the irregular fluctuations in nature. The avoidance
of hasty and unsound judgments has been, therefore, best insured in
our experience through coupling field studies with those of the green-
house. Close observations as to disease development under natural
conditions in the field correlated with field temperature records greatly
increases one’s confidence in the interpretation of such experimental
data.” Such a conjunction of extensive field data with the results of
controlled temperature experiments in the Wisconsin tanks may be
considered to have established certain important soil-borne diseases
as high temperature diseases, and others as low temperature diseases;
diseases favoured by high temperature are cabbage yellows (Fusarium
conglutinans), tomato wilt (F. bulbigcnum var. lycopersict), flax wilt
(F. lini), and seedling blight of wheat (Gibberella saubinetii), whilst
diseases favoured by low temperature are onion smut (Urocystis
cepulae), tobacco root rot (Thielaviopsis basicola), stem canker of
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potatoes (Rhizoctonia solani), and seedling blight of corn (Gibberella
saubinetit).

The optimum temperature for development of cabbage yellows,
a vascular wilt, in the Wisconsin tanks, was found by TispaLe (1923)
to be approximately 26°C., whilst the optimum temperature for
growth of Fusarium conglutinans on agar was the same. The tem-
perature optima for development of two other vascular wilts were
only a degree or two er. The optimum for tomato wilt was found
by EDGERTON and LAND (1920) to be 29°C., and by CrLayToN
(1923a) to be M and the optimum temperature for growth of
Fusarium bulbi@hum var. lycopersici on agar was determined by
CravyToN as g8 C. The optimum for flax wilt was found by Jones
and Tispgp# (1922) to be 24°-28°C., with an optimum of 26°-28°C.
for growth of Fusarium lini on agar.

Agp interesting contrast between the behaviour of the tomato wilt
duengusarium bulbigenum var. lycopersici and that of another vas-
cular wilt of tomato due to Verticillium albo-atrum was demonstrated
by BEwrey (1922) in England. BeEwLEY found the optimum tem-
perature for development of Verticillium wilt to be 21°-23°C. ; at 25°C.
and above, development of the disease was inhibited. He inoculated
his plants by hypocotyl stab and and not through the soil ; infection oc-
curred at 25°C., but made comparatively little progress in the vascular
cylinder, and seemed to have no adverse effect upon growth of the
tomato plant. BEWLEY also found that wilted plants could be “cured”
by transferring them to a glasshouse in which the average temperature
was not less than 25°C. ; if such plants were later moved back to the
lower temperature house, the persistence of the “cure” appeared to
vary directly as the duration of the high temperature treatment. The
beneficial effect of high temperature in assisting recovery was found
to be augmented by shading the plants. At the same time, BEWLEY
gave data concerning the occurrence of these two vascular wilts of
tomato in England, which supported both his own conclusions concern-
ing Verticillium wilt and those of the American workers concerning
Fusarium wilt.  Verticilliusn wilt bad been found to occur more fre-
quently in England than Fusarium wilt, which was comparatively
rare. Verticillium wilt normally appeared about the middle of April
and increased in intensity up to the second or third week in May.
The attacks usually died down during the second half of June, were
scarce or absent altogether in July and August, and reappeared at the
end of September, when the plants died prematurely. Fusarium wilt,
on the other hand, occurred at the hottest part of the season, usually
in July and August.

The optimum temperature for development of onion smut, a low
temperature disease, was found by WALKER and JonEes (1921) to be
19°-22°C.; the optimum temperature for germination of chlamydo-

-
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spores and hyphal fragments was shown by WALKER and WELLMAN
(1926) to lie between 15° and 20°C., a range which is lower than the
optimum temperature for vegetative growth of the majority of fungi
(25°C.). WaLkER and JonEs further discovered that the onion
seedling was susceptible to infection by U. cepulae only via the young
parts of the cotyledonary leaf, which later became covered by the
sheathing bases of the outer leaves. The period during which infec-
tion of the young plant could occur from the soil was limited to about
three weeks ; higher soil temperatures were therefore thought perhaps
to diminish the chances of infection by reducing the length of this
susceptible period.

A similar effect of high soil temperatures in diminishing infection
by hastening the emergence of sprouts was thought by Ricuarps
(1921, 1923a) to play some part in reducing incidence of stem canker
of potatoes due to Rhizoctonia solani at higher soil temperatures. Thus
FREDERIKSEN et al. (1938) recently demonstrated in Denmark that
deep planting (12 cm.) of tubers aggravated the incidence of stem
canker, whereas shallow planting reduced it to a minimum. RICHARDS
determined the optimum temperature for development of stem canker
as 18°C.; above 24°C,, little damage was caused by this parasite. The
optimum temperature for growth of R. solani in pure culture is ap-
proximately 25°C., but stem canker damage was found to be worst at
18°C. not only in potato but also in cotton, pea and bean (RrcuArps,
1923b). In view of the fact that development of some of these hosts
was better at temperatures above 20°C., and that of others was better
below this temperature, Ricrarns concluded that the temperature
optimum of 18°C. for stem cankering was connected in some way with
the physiology of the parasite rather than with that of the host, nor
was it to be wholly explained by the “disease escaping” result of more
rapid growth (a high temperature may promote more rapid emergence
of a plant from the soil, but the same plant may eventually make its great-
est growth at a lower temperature). Ricuarps therefore suggested
that, although 25°C. might be the optimum temperature for (most
rapid) growth of R. solani on agar, a lower temperature might pro-
mote the best production of enzymes or toxins essential for develop-
ment of parasitism. Some strains of this fungus are known, however,
to have a much higher optimum temperature for disease production ;
LeCLERG (1934) found the optimum temperature for development of
root rot in sugar-beet to be 25°-33°C., and VAsubeva and ASHRAF
(1939) demonstrated that the root rot of cotton due to R. solani in
India was most severe at 35°C.

Tobacco root rot, another low temperature disease, was found by
Jornson and Hartman (1919) to develop best at 17°-23°C.; at
26°C. the damage was considerably reduced, and at 29°C. the amount
of infection was negligible. The optimum temperature for growth
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of Thielaviopsis basicola in pure culture, however, was found to be
28°-30°C. ConaNnT (1927) studied the reaction of varieties of
tobacco, susceptible and resistant to T'. basicola, to infection at tem-
peratures of 20°, 25° and 30°C. He observed a close correlation be-
tween cork formation and resistance to infection, both in the resistant
variety, which was resistant at all three temperatures, and in the sus-
ceptible variety, which was resistant at 30°C. JonEs et al. (1926),
commenting upon CONANT’S (then unpublished) results, remark:
“The difference between susceptible and resistant plants may not be
primarily in relative potential phellogen activity but in the fact that the
resistant plant has some inherent quality or characteristic which so
slows down the fungus invasion as to permit time for such cork for-
mation to occur. In any case, however, the ‘corking-out’ of the fungus
is the final and evident expression of the fungus-resisting reaction.”
This reservation made by JoNEs et al. in accepting CONANT’S conclu-
sions in full has been confirmed by JEwerT (1938), who was unable
to substantiate CONANT’s claim that resistance to 7. basicola could be
correlated with cork formation ; she concluded that resistance was not
associated with any such anatomical factor.

A comparison was made above between two vascular wilt parasites
of the tomato, Fusarium bulbigenum var. lycopersici and Verticillium
albo-atrum, with widely different temperature optima for disease pro-
duction in the same host. Dickson (1923), in a now classical study
of seedling blight in wheat and corn, demonstrated that a single fungus,
Gibberella saubinetii, might have widely different temperature optima
for disease production in different hosts, viz. wheat and corn. Whereas
seedling blight developed to the greatest extent in corn at low soil
temperatures (8°-16°C.), the disease affected wheat scedlings most
severely at rclatively high soil temperatures (16°-28°C.). The
optimum temperature for development of seedling blight in each cereal
was therefore that furthest removed from the optimum temperature
for development of the underground parts of the host plant. Dicksox,
and Dickson et al. (1923), further elucidated the reasons for this
difference in temperature optimum for disease development, as fol-
lows. The cell membranes of the seedling sheath of both wheat and
corn are at first composed chiefly of pectic substances, and are easily
penetrated by G. saubinetii; under conditions optimum for plant de-
velopment, the membranes pass quickly through the susceptible pectin
stage to the mature condition, in which celluloses and even lignin or
suberin predominate. These less easily hydrolysable cell wall constit-
uents were found to resist penetration by the parasite. Under ad-
verse conditions of temperature, i.e. in corn sown at low temperatures
and in wheat sown at high temperatures, this natural development of
resistance is retarded; other adverse conditions, such as too low a
moisture content of the soil, or too low a light intensity, were found to
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produce the same result. DicksoN and Horserr (1926) demon-
strated a similar sequence of events in their study of resistance to
seedling blight in susceptible and resistant lines of corn at a range of
temperatures.

Results obtained in the investigation of two other soil-borne dis-
eases of wheat show a curious discrepancy, upon which JoNes et al.
comment. The optimum temperature for development of the disease
caused by Helminthosporium sativum in wheat seedlings was found
by McKinNEY (1923) to be about 28°C.; the optimum temperature
for development of the take-all disease, due to Ophiobolus graminis,
was found by McKinNEy and Davis (1925) to lie between 12° and
16°C. The optimum temperature for growth of both fungi on agar
was 25°C. McKinNEY and Davis pointed out that whereas the high
temperature optimum for the disease caused by H. sativum was
readily explicable as being most favourable for activity of the fungus
and least favourable for development of the wheat plant, this expec-
tation was contradicted by the behaviour of the take-all disease.
This puzzling anomaly was brilliantly resolved by HeNrY’s (1932)
experiments on development of the take-all disease at different soil
temperatures. In unsterilised soil, HENRY obtained a disease-tem-
perature curve similar to that of McKiNNEY and Davis for O. grami-
nis, with a peak of 18°C.; in sterilised soil, however, the curve more
nearly resembled that of McKiINNEY for H. sativum, inasmuch as the
temperature optimum had shifted upwards. HENRY therefore sug-
gested that the fundamental disease-temperature curve for O. graminis
had been obtained in sterilised soil, but that in unsterilised soil an un-
controlled factor, vis. microbiological antagonism to the parasite, had
increased with rise of temperature and, hy curtailing the activity of
O. graminis, had masked the effect of rising temperature upon the
host-parasite relationship. HEeNky's findings were confirmed by
GARReTT (19342), who found the optimum temperature for develop-
ment of the disease to be approximately 24°C. In a review of pub-
lished and unpublished work on the relation between cereal foot rot
diseases and soil temperature, GARRETT (1934b) applied HENRY’s con-
clusions to other data, and showed that the masking effect of micro-
biological antagonism, which increased with rise in temperature,
appeared to be more pronounced where cultures of the parasites on
cooked cereal grains had been used as inoculum than where spore sus-
pensions had been employed. In the ultimate analysis, therefore, the
difference between the results of McKINNEY (1923) with H. sativum
and those of McKinNEY and Davris (1925) with O. graminis might
be attributed to the fact that H. sativum produces conidia profusely in
culture (a spore suspension was used by McKiNNEY as inoculum),
whereas O. graminis is usually sterile (a mycelial culture on oat and
barley kernels was therefore employed by McKINNEY and Davis as
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inoculum). From a review of all available experimental evidence,
GARRETT (1942) has concluded that the take-all disease is favoured
by high soil temperatures, with an optimum around 25°C. A similar
interaction of microbiological antagonism with temperature has been
suggested by SCHROEDER and WALKER (1942) to explain their ob-
servation that whereas wilt disease of pea due to Fusarium oxysporum
f. pisi race 1 developed in an unsterilised virgin soil most rapidly at
18°C,, in sterilised sand with nutrient solution it developed most
rapidly at 27°-30°C. As a postscript to the discussion of this par-
ticular problem, a quotation from JONES ¢t al. must now be credited
with prognostic significance: “A second difficulty constantly requiring
consideration in such work is that of eliminating the occurrence of
variables other than the one under consideration which was, of course,
soil temperature in most of the cases here discussed.”

Temperature optima may be widely different not only for the de-
velopment of different parasites in the same host and for the develop-
ment of the same parasite in different hosts, but even for different
phases of infection by one parasite in a single host. For example,
PortER and MEeLuus (1932) found that whereas pre-emergence rot of
water-melon seedlings due to Fusarium bulbigenun var. niveum was
more severe at a low temperature (16°-18°C.) than at a high tempera-
ture (25°-28°C.), the wilting of the young seedlings was more serious
at the higher temperature. An almost identical observation has been
made by Greeves and Muskert (1936), who found that whereas pre-
emergence killing of swede seedlings by Pythium debaryanum was
greatest at the lowest temperature (6°C.) in their experiment, the
damping-off of the emerged seedlings was greatest at the highest tem-
perature (23°C.). Both pairs of investigators attributed the high
incidence of pre-emergence killing at low temperatures to delayed
emergence of the seedlings.

It follows, therefore, that temperature may determine not only the
intensity but also the type of infection within the host plant. Thus
ScuroEDER and WALKER (1942) have pointed out that two vascular
wilt fungi, Fusarium oxysporum {. pisi race 1 and F. niveus, cause ex-
tensive cortical decay of the roots when the host plant is grown under
adverse temperature conditions. Thus F. oxysporum {. pisi produces
root necrosis in peas grown at too high a temperature (27°-30°C.),
whereas F. niveum behaves similarly in water melons grown at too low
a temperature (16°-18°C.).

Lastly may be considered the effect of soil temperature upon the
occurrence of a soil-borne disease in the field ; this may be expressed
in at least three different ways, (i) by variation in incidence of the
disease according to the time of year, whereby control can sometimes
be secured in practice through alteration in date of planting, (ii) by
fluctuation in prevalence of the disease from one year to another, (iii)
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by limitation of the geographical distribution of the disease. No better
examples of the last effect can be given than those quoted by JoNEs
et al.: “It is strikingly exemplified in the case of onion smut. Wherever
this occurs in the United States, it is an introduced parasite. The
fungus spores are regularly transported with diseased bulbs and
especially with onion sets from smutted fields, as well as in other ways
with such soil. As a result, since first detected in Massachusetts about
fifty years ago, it has insidiously spread and established itself across the
northern States. Its complete absence in the Gulf States, where it has
been regularly introduced with onion sets finds a surprisingly simple
explanation when one knows how temperature, during the germination
period, functions as a limiting or ‘conditioning’ factor. . . . The cab-
bage Fusarium (cabbage yellows disease) is quite regularly serious in
the second tier of northern States from New Jersey to Towa and occurs
in the southern parts of the most northern States, e.g. New York,
Wisconsin. It disappears, however, as one proceeds northwards in
these northernmost States primarily, we believe, because the summer
temperatures are not regularly quite warm enough.”
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INFLUENCE OF SOIL MOISTURE CONTENT,
TEXTURE, AND REACTION UPON
PARASITIC ACTIVITY

Moisture Content: — Diseases known to be favoured by high
soil moisture content are given in Table 1, taken from GARRETT

(1938a).

TaAsLE 1.

Diseases favoured by high soil moisture content: —

Funcus

DiseAsSE

AUTHORITIES

Plasmodiophora brassicae

Spongospora subterranea
Synchytrium endobioticum

Aphanomyces euteiches

Pythium arrhenomanes

P. arrhenomanes
Sclerospora graminicola

Phytophthora cactorum
P. cambivora
P. cinnamomsi
P. parasitica

Fusarium annuum
F. cubense

F. lycopersici

F. orthoceras var. pisi
Fusarium sp.
Armillaria mellea

Calonectria graminicola
Helminthosporium sativum
Sclerotinia sclerotiorum
Sphaerostilbe repens

Clubroot of crucifers

Powdery scab of potato
Potato wart

Root rot of pea

Root rot of sugar-cane

Root rot of corn

Seedling blight of Italian
millet

Crown rot of rhubarb

Ink disease of chestnut

Pineapple wilt

Various

Chilli pepper wilt

Banana wilt
(Panama disease)

Tomato wilt

Pea wilt
Celery yellows
Mushroom root rot

Snow mould of cereals
Foot rot of cereals
Collar rot of lettuce
Violet root rot of tea

MonTEITH (1924),
Naoumova (1933)
BrarTny (1935)
GLYNNE (1925),
Esmarcu (1926)
F. R. JoNEs &
Drecusrer (1925),
HAENSELER (1926)
Fror (1930),
CARrRPENTER (1934)
JoHANN et al. (1928)
Tasucr (1935)

BeacH (1922)
Bruin (1922)
LeEwcock (1935)
BewLey (1923),
Petrr (1929)
CrawFORD (1934)
WarbLaw (1935)

E. E.CravTon (1923),
WHITE (1926)

Starr (1932)

Ryxker (1935)

Dabe (1927),

Garp (1927)
ELENErFF (1926)
McKinNEY (1923)
Soursac (1922)
TunstaLL (1922)

The first eleven diseases listed in Table 1 are due to phycomyce-
tous fungi and other organisms which infect the host by means of free-
swimming zoospores ; when soil moisture content falls below a certain
value, infection is usually completely inhibited. Thus MoNTEITH
(1924) found in controlled soil moisture experiments that infection of
cabbage seedlings by Plasmodiophora brassicae occurred at moisture
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contents of 60% saturation and above, but not at those of 45% satura-
tion or below ; the severity of infection increased with rise in moisture
content. Similarly, SmrTH and WALKER (1941) found practically no
infection by Aphanomyces euteiches at a soil moisture content of 45%
saturation, whereas 72% infection occurred at a moisture content of
75% saturation. HickMan (1940) has recently demonstrated that
the occurrence of red core root disease of strawberries, due to Phy-
tophthora fragariae, depends upon high soil moisture content.

The next five diseases on the above list are vascular wilts due to
species of Fusariumn; to these may be added Fusarium vasinfectum,
which was found by Tuare and Younc (1939) to produce maximum
disease at a moisture content of 80-90% saturation. PoNTIs (1940)
reported percentage of wilt in chillies due to the same fungus to be
increased by frequency of irrigation in a field experiment ; sattsfactory
control of this disease was secured by planting “on the ridge”. Evi-
dence is accumulating to show that infection by the vascular wilt fungi,
including Verticillium albo-atrum, is favoured by the “soft” type of
growth promoted by high soil moisture content and heavy nitrogenous
manuring (organic or inorganic); the opposite conditions seem to
reduce the incidence and severity of this disease not so much by reduc-
ing the original number of root infections as by restricting the active
development of the vascular parasite within the plant. This has been
demonstrated by CLayTon (1923), Fisuer (1935) and Coox (1937)
in experiments on the ecffect of nitrogenous manures upon the sus-
ceptibility of tomato to infection by Fusarium bulbigenum var. lyco-
persici, whilst very similar results have recently been obtained by
RoserTs (1943), working with the same host but with another vas-
cular parasite, Verticillium albo-atrum.

In some situations, high soil moisture content may increase the prev-
alence of a soil-borne disease in another way, i.c. by flood dispersal.
This factor is said by Warbraw (1935) greatly to have influenced the
distribution of Panama disease of bananas. Very high soil moisture
content may also, by reducing soil aeration, injure the roots of the host
plant and thus afford ingress to such parasites as Sphacrostilbe repens,
the cause of violet root rot in various tropical and sub-tropical crops.
Factors predisposing sugar-cane to Pythium arrhenomanes root rot
under the conditions of high water table and impeded drainage in the
heavy clay' soils of the Louisiana sugar belt have been investigated by
Ranps and Dorr (1938). Hydrogen sulphide and salicylic aldehyde
were selected as examples of substances accumulating in soils under
semi-anaerobic conditions, and the effect of these two substances upon
the predisposition of sugar-cane to Pythium root rot in nutrient sand
culture was tested. Hydrogen sulphide was not found significantly
to intensify the effects of the disease. On the other hand, salicylic
aldehyde in concentrations of 20 to 40 p.p.m., which had little if any
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influence on cane growth in the absence of the fungus and showed no
effect on the growth of the fungus in culture, apparently so predis-
posed the roots to infection in the presence of the fungus as to result
in a reduction in weight of the plants from 2 to 7 times as great as
that caused by the fungus alone.

Next for consideration comes a group of diseases that do not re-
quire a high soil moisture content for development, but are yet more
severe in wet seasons, and may be virtually absent in unusually dry
ones ; root rot (Phymatotrichum omnivorum) of cotton and take-ail
(Ophiobolus graminis) of cereals fall within this class. EzEKIEL
(1938) reported that whereas the presence or absence of cotton root
rot in different sections of Texas seemed to be determined by the
coincidence of favourable neutral to slightly alkaline soils with mean
normal temperatures above 60°F., its prevalence from year to year
was apparently limited chiefly by the rainfall from the beginning of
April to the end of July. Multiple correlation analyses of root rot
losses in 10 selected counties of Texas, in which the soils were approxi-
mately equally favourable for development of this disease, showed that
an increase of one inch of rainfall in April or May was associated
with an increase of about 15% in root rot, one inch in June with an
increase of about 20%, and one inch in July with an increase of some
30% in the disease. Variation in August rainfall did not seem to
affect the incidence of root rot. The prevalence of the take-all disease
of wheat in Saskatchewan over the 5-year period 1923-27 was corre-
lated by Russerr (1930) with aggregate rainfall for June, July and
the first half of August, whilst GARRETT (1934a), from a historical
survey of the 34-year period 1900-33 in South Australia, was able to
correlate abundance of the same disease with aggregate rainfall during
the spring months of August, September and October. Commenting
upon the distribution of take-all in the Murray Mallee district of the
same State, GrRIFFITHS (1933, 1940) declared that little damage was
done by the disease in localities with an average rainfall of 10-12
inches, but that as the rainfall increased, so did the disease become
more prevalent.

Turning now to those diseases favoured by low soil moisture con-
tent, listed in Table 2 (GARreTT, 19382), we find the cereal smuts
conspicuous as a group. As soil moisture content decreases, aeration
improves, and this may account for the increased activity of the
Actinomyces spp. (SANFORD, 1926) and of the cereal smut fungi
(RABIEN, 1927). Linc (1941) has demonstrated, however, that soil
moisture content affects the development of the stripe smut fungus
(Urocytis occulta) within the rye plant, in addition to any effect
that it may have upon the incidence of initial infection. A sufficiently
low soil moisture content must also favour infection of young cereal
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TaBLE 2. Diseases favoured by low soil moisture content: —

Funcus

Disgase

AUTHORITIES

Actinomyces poolensis
A. scabies

Sorosporium reilianum
Sphacelotheca sorghi
S. cruenta

Tilletia tritici

Pox of sweet potatoes
Potato scab

Head smut of sorghum

Covered smut of sorghum

Loose smut of sorghum

PooLe (1925a)
MiLLarp (1923),
Sanrorp (1923)
CuRrISTENSEN (1926)
REED & Faris (1924a)
Reep & Faris (1924a)
Gies (1924), RaBIEN

T. levis Bunt of wheat

Urocystis tritics
Ustilago avenae

(1927)
Faris (1933)
ReeD & Farts (1924b),
Jounston (1927)

Flag smut of wheat
Loose smut of oats

U. levis Covered smut of oats RrED & Faris (1924b),
Jounsron (1927)

U. hordei Covered smut of barley Rumr (1926)

I;“‘ZZ;ZZ_ hyperoxysporum Stem rot of sweet potatoes Poore (1924)

Gibberella saubinetii Secdling blight of wheat

and corn

DicksoN et al. (1923)

seedlings by retarding emergence; JoNEs and SErr-EL-NAasr (1940)
have shown that infection of wheat by Tilletia levis and Urocystis
tritici, of barley by U. hordei, and of millet and broom corn by Spha-
celotheca sorghi is favoured both by a relatively dry soil and by deep
sowing. DICKSON et al. (1923) demonstrated that the greater de-
velopment of seedling blight of wheat and corn due to Gibberella
saubinetit in drier soils was due to a retarded development of the
normal host resistance; Muskerr (1937) has recently shown a
similar relationship to exist between Helminthosporium avenae and
the oat plant.

Texture: — Relatively few soil-borne diseases appear to be
favoured by soils of heavy texture, as shown by Table 3 GARReTT,

1938a).
The eye-spot disease of cereals is not a disease of the roots, but

TaBLE 3. Diseases favoured by heavy soils: —
Funcus Disease AUTHORITIES
Cercosporella herpo- Eye-spot disease of cereals Oort (1936)

trichoides

Calonectria graminicola Snow mould of cereals Korrr (1924),
Lause (1926)
KHOKHRYAKOFF
(1935)
TunsTaLL (1922),

PincEING (1925)

Sclerotinia gramincarum Snow mould of cereals

Sphaerostilbe repens Violet root rot of tea
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affects the stem just above soil level ; the inoculum, however, may be
partly soil-borne. Recent work by Srracur (1937) indicates that
heavy soils favour the disease insofar as they promote a higher rela-
tive humidity of the atmosphere around the stem bases of the plants
just above soil level, owing to impeded drainage. The snow mould
diseases of cereals are also favoured by high soil moisture content ;
drainage of water from the melting snow is slower on the heavier
soils. The relation between the occurrence of violet root rot and high
soil moisture content, due to impeded drainage in heavy soils, has been
noted by numerous observers. :

The majority of soil-borne diseases seem to be favoured by light-
textured soils, as indicated by the list in Table 4 (GARRETT, 1938a).

TaBLE 4. Diseases favoured by light soils: —

Funcus DiseasE AUTHORITIES
Actinomyces scabies Potato scab MiLLarp (1923)
Botryodiplodia theobromae Internal root rot of tea TunstaLL (1922)
Fomes onnosus Red rot of pines ANDERSON (1921),

Farck (1930)
F. lucidus Root rot of coconut palms Bryce (1924)
F. noxius Brown root rot of tea and TuUNSTALL (1930),
rubber PEeeLen (1930)
Fusarium cubense Panama disease of bananas RreinkinG (1935)
F. lini Flax wilt BoLLEy & MANNS
(1932)
i 23’;:}??’” sporum } Stem rot of sweet potatoes PooLE (1924)
F. orthoceras var. pisi Pea wilt WALKER & SNYDER
(1934)
E. vasinfectum Cotton wilt Younc (1928),
ZarroMETOFF (1929)
Fusarium sp. Collar rot of peas Moore (1923)
Ophiobolus graminis Take-all of wheat GARRerTT (1936)
Sclerotinia sclerotiorum Collar rot of lettuce Soursac (1922)
S. trifoliorum Clover rot Pare (1931)
Spongospora subterranca  Powdery scab of potatoes WIiLp (1929)

Bunt of wheat GassNER (1925)

Tilletia tritici
T. levis

The root-infecting fungi, and indeed fungi in general, are strong
aerobes, and their activity must therefore be favoured by soils of light
texture, insofar as these are characterised by a good natural diffusion
of the soil gases. Potato scab and take-all of cereals appear to be
diseases particularly affected by soil aeration. GARRETT (1936)
demonstrated a close correlation between those soil conditions favour-
ing the occurrence of take-all in the field and those favouring most
rapid growth of Ophiobolus graminis along the roots of the wheat
plant, viz. light texture, loose condition and alkaline reaction ; the



Chapter 5 — 45— Soil Moisture, etc.

paramount importance of soil aeration was subsequently proved by
direct experiment (GARRETT, 1937). REeinkinG (1935) was able to
correlate numbers of Fusarium oxysporum cubense in the soil with
incidence of Panama disease of bananas on soils of different type in
Central America ; numbers of the organism and severity of the disease
both increased with increasing percentage of sand and decreasing per-
centage of clay in the soil. REINKING comments upon his results as
follows: “Apparently in heavily infected soil root infections are so
numerous that the plant is unable to ward off attack, as has been
shown to be possible by WarpLaw (1930), and severe disease is pro-
duced. When the organism is not present in the soil in large numbers
the infections are less, and undoubtedly the plant is capable of ward-
ing off attack to a certain degree resulting in less severe disease. The
effect of the different soil types upon the possible production or non-
production of resistance within the plant to attack by the parasite
apparently is not of such great importance.” REINKING did not
discover any connection between pH value of the soil and prevalence
of the disease; WarpLaw (1941), on the other hand, recently voiced
the following general conclusions concerning the distribution of
Panama disease with soil type: “Spread by contact takes place more
rapidly in some soils than in others; the more open the texture, and
the more acid the soil, the more rapid is the spread of disease. Alter-
natively, clay soils and slightly alkaline soils appear to possess more
‘resistance’ to the disease. . . . Recent years have also shown that clay
soils, for many years considered ‘resistant’, have eventually shown an
even more rapid spread—a phenomenon for which no adequate ex-
planation has so far been forthcoming. . . . The collective experience,
practical and scientific, in Central America is that hydrogen ion con-
centration is the master factor determining the severity of Panama
disease, followed by texture.”

It is dangerous to conclude too readily that because the activity
of a root-infecting fungus is favoured by good soil aeration, the dis-
ease that it causes will be more severe on light-textured soils, or, vice
versa, that greater prevalence of the disease on such soils is tu be
attributed to enhanced activity of the parasite. It is necessary to re-
member that light-textured soils are usually naturally poor in plant
nutrients and often acid in reaction, whereas heavy-textured soils tend
to be bettet supplied with plant nutrients, and are more often neutral
or alkaline in reaction. This point is brought out by consideration of
the distribution of cotton root rot on different types of soil in Texas
and Arizona. The mode of spread of Phymatotrichum omnivorum
closely resembles that of Ophiobolus graminis. Yet whercas take-all
is favoured by soils of light texture, and by any other condition mak-
ing for improved soil aeration, cotton root rot, according to Fraps
(1936), is more prevalent in Texas on heavy-textured alkaline soils
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than on light-textured soils of neutral or acid reaction. The asso-
ciation of this disease, however, may not be with heavy texture, but
rather with the alkaline reaction of these soils (TAUBENHAUS et al.,
1937), or with their high water-holding capacity (EzexieL, 1938).
The importance of the last-named factor is suggested by STREETS
(1937), in commenting upon the distribution of cotton root rot in
Arizona: “In Arizona root rot is noticeably more prevalent in the
finer textured soils along streams and river bottoms and in alluvial
valleys than on the coarser soils of the mesas. Under irrigation,
however, it thrives in the coarser soils when their moisture content
is maintained by frequent applications of water. In fact, the superior
aeration in the mesa soils favours the growth of the organism.”

Two other instances in which association between prevalence of a
disease and light soil texturecannot be attributed to effect of soil aeration
upon the parasite are found in Table 4. Cotton wilt, due to Fusarium
vasinfectum, is greatly aggravated by potash deficiency (Young,
1938), which is notoriously more common on light than on heavy soils.
Internal root rot of tea, formerly attributed to Botryodiplodia theo-
bromae, was shown by Gaop (1928, 1929b) in Ceylon to be associated
with lack of starch reserves in the root, due to excessive plucking and
pruning; he further demonstrated that this condition actually pre-
ceded infection by B. theobromae.

These instances show, therefore, the need for caution in interpret-
ing field observations on the association between soil texture, or any
other soil character, and prevalence of a soil-borne disease.

Reaction: — Diseases favoured by acid soils are given in Table 5
and others favoured by alkaline soils in Table 6 ( GARRETT, 1938a).

Here, again, the need for caution in interpreting such observations
is apparent ; field observations may be misleading owing to the com-
mon association between soil acidity, lightness of texture, and poverty
in plant nutrients. Conclusions are more trustworthy for diseases
of great economic importance ; field observations on such diseases have
usually been supplemented by experiments. Such experiments are
more easily performed with diseases of annual or field crops than with
diseases of plantation crops; for this reason, evidence available for
correlating incidence of disease with soil conditions is both more
abundant and more reliable for field crops than for plantation crops.

Prominent amongst the diseases favoured by acid soils are the
vascular wilts caused by various species of Fusariumn, to which, accord-
ing to WARDLAW (1941), may be added banana wilt, better known as
Panama disease. The better development of tomato wilt in acid soils,
experimentally demonstrated by SHERwOOD (1923) and Scorr
(1926), has been confirmed by PHILLIPS (1940) and Harrson
(1940). It is perhaps remarkable that so few experiments seem to
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TaABLE 5. Diseases favoured by acid soils: —

Funcus DisEASE AUTHORITIES
Armillaria mellea Mushroom root rot Garp (1928),
Reirsma (1932)
Botryodiplodia theobromae Internal root rot of tea TunsrtaLL (1929)
Fomes annosus Red rot of pines Anperson (1921),
Farck (1930)
Fusarium conglutinans Wilt of china asters Wacer (1932),
var. call.istephi and VocLiNo (1932)
var. majus
Fusartum oxysporum Tobacco wilt Jouwnson {1921)
var. nicotianae
F. lycopersici Tomato wilt Suerwoop (1923),
Scort (1926)
F. vasinfectum Cotton wilt TAUBENHAUS et al.
(1928)
Plasmodiophora brassicae  Clubroot of crucifers WEeLLMaN (1930)

Spongospora subterranea  Powdery scab of potatoes Janczen (1921),
BrarTay (1935)

Synchytrium endobioticum Potato wart Neaee (1935)
Ustilago hordei Covered smut of barley Faris (1924)
Ustulina zonata Charcoal root rot TunsrtaLL (1922)

Phoma betae
Pythium debaryanum

Aphanomyces levis
Root rot of sugar-beet ArrueNius (1924)

TABLE 6. Diseases favoured by alkaline soils: —

Funcus DiseAsE AUTHORITIES
Actinomyces poolensis Pox of sweet potatoes PoorLe (1925b)
A. scabies Potato scab MirLarp (1923)
Calonectria graminicola Snow mould of cereals ScuAFFNIT & MEYER-
Hermany (1930)
Fusarium orthoceras Peca wilt Starr (1932)
var. pisi
Monilochaetes infuscans Scurf of sweet potatoes PooLe (1925b)
Ophiobolus graminis Take-all of wheat GARrerT (1936)
Phymatotrichum omnivorum Cotton root rot TAUBENHAUS et ai.
(1928),
EzexIeL et al. (1930)
Thiclavia basicola Black root rot of tobacco =~ MORGAN & ANDERSON
(1927),
Doran (1931)
Urocystis tritici Flag smut of wheat ForsTer & VASEY
(1929)
Verticillium albo-atrum Tomato, etc., wilt HaENSeEL#R (1928),

MarTIN (1931)

have been undertaken to analyse the action of so clear-cut a factor as
soil reaction upon the incidence of disease. The preference of club-
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root of crucifers for acid soils, and of potato scab, take-all of cereals,
root rot of cotton and black root rot of tobacco for alkaline soils is
widely known, and has been repeatedly confirmed by experiment.

The greater prevalence of the take-all disease on alkaline soils was
correlated by GARRETT (1936) with a more rapid growth of Ophio-
bolus graminis along the roots in such soils; he suggested that rate of
growth of the fungus along the roots in soils of heavy texture and in
acid soils was checked by the accumulation of respiratory carbon
dioxide, and that alkaline soils increased fungal growth rate by acting
as acceptors of carbon dioxide. By forced aeration, GarrerT (1937)
secured as rapid a growth of this fungus along the roots in acid (pH
5.2) as in alkaline (pH 8.0) soils. Evidence in support of GARRETT’S
hypothesis has been published by Brarr (1943), working with Rhizoc-
tonia solani, the mycelium of which grows freely through the soil.
Brair found that whereas the growth of this fungus along Rossi-
Cholodny slides was normally most rapid in soils of neutral reaction,
yet when 1% of ground wheat straw or dried grass had been added
to the soil growth was most rapid at a reaction of pH 8. In this in-
stance, the respiratory carbon dioxide was provided not by the root
and its rhizosphere, but by the micro-organisms decomposing the fresh
organic material. In another experiment, BLAIR was able to eliminate
the depressing effect of ground wheat straw upon growth of R. solani
through the soil by keeping the soil container, open at top and bottom,
in a closed vessel containing dishes filled with saturated solutions of
strong alkali, which must rapidly have absorbed the carbon dioxide
given off by the respiring micro-organisms decomposing the wheat
straw.

An interesting sequel has followed the report of Foxster and
Vasey (1929) that flag smut of wheat was encouraged by application
of lime in field plot experiments in Victoria. MILLIKAN (1939) was
able to show in sand culture experiments that a deficiency of calcium
markedly reduced the development of the disease ; if the degree of de-
ficiency was sufficiently great, the disease was completely inhibited.
On the other hand, the addition of excess calcium to the nutrient
solution significantly increased the incidence of infection. From the
results of chemical analyses made on the plants at the end of their
growth period, MILLIKAN postulated an optimum concentration of
calcium in the plant for the development of this disease.- These pot
experiments, which were carried out in three consecutive years, were
supplemented by field experiments at 4 different centres in Victoria
during 1933-38. A variety of manurial and mineral treatments were
tested in these experiments; wide variation in the mineral composi-
tion of the plants was induced by the treatments, as revealed by
chemical analyses carried out 6 and 9 weeks after germination (con-
sidered by MILLIKAN to be the critical period for the development of
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flag smut, in view of the fact that sori consistently appeared in these
field experiments at some 11 weeks after germination of the wheat).
As in the pot culture experiments, the only correlation between inci-
dence of disease and mineral composition that could be established
was that with lime content of the tissues. MILLIKAN again concluded
that the evidence indicated an optimum content of calcium in the
plant for the establishment of infection, and that any treatment which
shifted the calcium content of the plant further away from this optimal
value would result in a decrease of the disease. This optimum con-
centration of calcium was not the same in all the experiments, but
appeared to change with variation in other soil factors. In none of
MILLIKAN’S field experiments did he repeat the results of ForsTER
and Vasey (1929) by securing increased development of flag smut
after liming ; a simple explanation of this apparent anomaly, however,
is suggested. The pH value of the soil in the untreated plots at
Werribee, where ForsTer and Vasky made their observations, was
5.5; frequent applications of lime had changed the pH value to a maxi-
mum of 83 on those plots showing the highest percentage of flag
smut. The majority of MILLIKAN’S experiments, on the other hand,
were carried out at Rutherglen, with soil reaction of pH 7.7, and at
Walpeup, with soil reaction of pH 86. MiLLIKAN remarks: “The
most severe flag smut damage occurs in the Mallee district of Victoria,
in which Walpeup is situated, where the soil contains a high percent-
age of limestone.”

It is worth noting at this point an experiment carried out by Ling
(1941) on the development of stripe smut (Urocystis occulta) in rye
plants grown in nutrient sand cultures. LinG employed a three-salt
nutrient solution comprising potassium di-hydrogen phosphate, cal-
cium nitrate, and magnesium sulphate ; the incidence of infection was
lowest in the series receiving maximum potassium phosphate, and
highest in that receiving equimolecular proportions of calcium nitrate
and magnesium sulphate, but minimum phosphate.

The two diseases of wheat cited above, take-all and flag smut,
which may both be encouraged by liming the soil, afford an interesting
contrast; in the take-all disease, with activity of the fungus partly
external to the host, soil reaction seems directly to affect the parasite,
whereas in the flag smut disease, with development of the fungus
almost whotly internal, soil reaction seems to operate upon the fungus
through the physiology of its host plant.
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INFLUENCE OF SOIL ORGANIC CONTENT AND
CONCENTRATION OF PLANT NUTRIENTS
UPON PARASITIC ACTIVITY

Organic Content: — Diseases reported to be encouraged by the
application of organic material to the soil are given in Table 7, taken

from GARrReTT (19380a).

TABLE 7. Diseases favoured by application of organic matter: —

Funcus DiseASE AUTHORITIES

Tilletia tritici } Bunt of wheat RABIEN (1927)

T. levis

Urocystis tritici Flag smut of wheat ForsTER & VASEY

(1929)

Ustilago zeae Corn smut Borzint (1935)

Verticillium albo-atrum Tomato wilt BewLey (1922),
BRITTLEBANK (1924)

Rosellinia arcuata Root rot of tea TunstaLL (1922),
PercH (1923)

R. bunodes Root rot of tea TunstaLL (1922),

PercH (1923)

The species of Rosellinia are well known saprophytes on leaf
mould and other organic detritus lying in and on the soil ; such organic
material provides these fungi with a substrate not only for subsistence
but also for spread, and at the same time with a food-base from which
their attack on such plants as they may chance to encounter can most
expeditiously develop. Nevertheless, the parasitism of these fungi is
not confined to this type of environment; WATERSTON (1941) has
described comparatively their parasitic activity in the two contrasting
situations in which they cause patches of disease in tropical plantation
crops, stating: “The areas affected with Rosellinia vary between two
environmental extremes. The first consists of regions of unrestricted
spread, where conditions of high rainfall and lack of sunshine due to
intense shade encourage humus formation. Under these conditions,
the fungus attack is in the nature of an advancing sheet. The fungus
in this phase may not only derive its food saprophytically from decay-
ing leaf mould but appears to behave as a dangerous though incidental
parasite to the stems and roots of trees and shrubs encountered during
the course of its advance. These conditions exist in some of the
wetter areas as in Dominica where root diseases caused by Rosellinia
spp. may act as limiting *factors to lime production. In cases like
these, the conditions which best suit the host plant, best suit the fungus
also, with the result recorded by Fawcerr (1915), NoweLL (1916)
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and STeLL (1929) that the finest trees are most liable to attack and
are most frequently killed.

“The second region which may be recognised is one of slow and
restricted spread, found where rainfall is lighter, with little accumu-
lation of humus or surface litter and where shade trees may be absent
(Souts, 1913, STOCKDALE, 1908, and Briton-Jones, 1934). Under
these conditions, the spread of the fungus is confined to root contacts
or from fragments of wood or root stumps of susceptible hosts which
have been aptly described by Gapp (1936) as ‘food-bases’.”

The higher incidence of infection by some cereal smuts in soils well
supplied with organc matter seems to be due to a direct effect of the or-
ganic material on spore germination. Thus Rasien (1927) found that
spore germination of the Tilletia spp. and incidence of bunt in wheat
were both favoured by a high humus content of the soil. NoBLE
(1924) reported that spore germination in Urocystis #ritici was stimu-
lated by the roots of non-susceptible plants (peas, beans, and rye),
and by traces of certain volatile substances, such as benzaldehyde,
salicylaldehyde, butyric acid, and acetone. Pratz et al. (1927)
found that crushed plant tissue encouraged the germination of spores
of Ustilago zeae in closed chambers, and that this stimulating effect
was due to the carbon dioxide given off ; an atmospheric concentration
of 15% carbon dioxide was found optimum for spore germination.

The action of organic matter in encouraging the parasitic activity
of Verticillium albo-atrum seems likely to be an indirect one, operating
through the physiology of the host plant; Roserts (1943) has found
that the percentage of established infections in tomato increases with
the amount of nitrogen supplied to the plant by the soil.

Soil-borne diseases observed to be checked by application of fresh
organic material to the soil are listed in Table 8 (GarretT, 19380).

TasLE 8. Discases controlled by application of organic matter: —

Funcus DISEASE AUTHORITIES
Actinomyces scabies Potato scab Sanrorp (192u),
MirLarn & TAYLOR
Flax wilt (1927)
Fusarium lini Borrey & MANNS
(1932)
F. vasinfectum Pigeon-pea wilt McRAE & SHAW
(1933)
Ophiobolus graminis Take-all of wheat FeLrows (1929)
Phymatotrichum omnivorum Cotton root rot King et al. (1934a)

Much attention has been paid of recent years to the possibilities of
“biological control” of soil-borne diseases by application of fresh or-
ganic material to the soil. It is assumed that increased activity of the
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saprophytes developing on the fresh organic material must occur at
the expense of, and to the detriment of, the plant parasites. The as-
similation, respiration and excretion of the saprophytes must compete
with those of the parasites; metabolic products which are toxic to
other micro-organisms may be produced by some saprophytes, and, in
addition, the development of a high population of micro-organisms
may encourage the parasitism of certain micro-organisms upon others.
Historical reviews of the subject of microbiological antagonism and
biological control have been published by Fawcerr (1931), GARRETT
(1934b, 1939), Waksman (1937,1941), PorTer and CarteR (1938),
WEINDLING (1938), and Garrarp and LocuuEAD (1938) ; discus-
sion here will be confined to the three most important of the diseases
listed in Table 8.

Control of potato scab by green manuring with grass cuttings was
first reported by MiLLarp (1921). Sanrorp (1926) suggested that
such control was brought about through the antagonism to A. scabies
of saprophytic species of bacteria developing on the decomposing
green manure (rye grass). Further experiments by MiLLArD and
Tavyror (1927) showed that the development of scab on potatoes
grown in sterilised soil inoculated with 4. scabies could be reduced by
simultaneous inoculation of the soil with 4. praecox, an obligate sapro-
phyte of more vigorous vegetative growth than 4. scabies. By in-
creasing the proportion of A. praecox to A. scabies in the inoculum,
the degree of scabbing on the test potatoes was reduced from 100%
to nil.  The sterilised soil evidently provided sufficient food material
for a good development of A. praeccox, and only a rather small in-
crease of control was given by the admixture of grass cuttings, steril-
ised along with the soil. MiIrLLARD and TavrLor concluded that,
whilst their tests were concerned only with the biological control of
A. scabies by A. praecox, soil bacteria might exercise a similar con-
trolling effect, as suggested by Sanrorp. Experiments by Goss
(1937) convincingly demonstrated the controlling effect of the general
soil microflora upon the development of scab, though he failed to
secure any result with an inoculation of 4. praecox alone.

Field control of the take-all disease of wheat in Kansas by the
application of such organic materials as chicken and horse manure,
green alfalfa, boiled oats and barley kernels, and potato flour was
very briefly reported by FeLLows (1929). Garrerr (1936, 1937,
1938b, 1940) has attempted to analyse this controlling effect of organic
materials upon the take-all disease; as a result of his study of the
spread of Ophiobolus graminis along wheat roots under different soil
conditions, he suggested that addition of organic material to the soil
would depress the parasitic activity of O. graminis insofar as it in-
creased the concentration of carbon dioxide in the micro-atmosphere
around the roots. He obtained striking reductions in the survival
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period of O. graminis in infected wheat straw by incorporating fresh
organic material, low in nitrogen content, with the soil (see Chapter
7). Working on the same disease, STuMBO ef al. (1942) and Crark
(1942) have recently emphasised the beneficial manurial effect of such
organic supplements in increasing the resistance to attack of the wheat
plant.

The efficacy of organic manure for the control of root rot in irri-
gated cotton under continuous cultivation in Arizona has been estab-
lished by KiNG ef al. (1934a). These authors supported their hypoth-
esis of microbiological antagonism as the mechanism of control by
an extensive study of the soil microflora in the treated and control plots
by the Rossi-Cholodny slide technique (EaToN and King, 1934, and
by soil respiration determinations. They were able to demonstrate in
this way that whereas the development of saprophytic organisms was
most profuse in the slides buried in the manured plots. the mycelium
of Phymatotrichwin omnivorum was most abundant on the slides in
the unmanured plots.

Further light has been thrown upon this controlling effect of
organic amendments by the laboratory experiments of MITCHELL et al.
(1941). Quart jars of clay soil, untreated and with additions of 1%
superphosphate, 3% farmyard manure, and 3% chopped sorghum,
respectively, were incubated at “‘optimum” moisture content for periods
of 0, 5, 10, 15, 20 and 30 days, and then inoculated with agar blocks
taken from a culture of P. omnivorum, or with infected roots. My-
celium of P. omnivorum quickly developed over the soil surfaces in
jars filled with untreated soil or with soil + superphosphate ; the my-
celium showed little apparent disintegration during the 16-day obser-
vation period. In the soils receiving fresh organic material, however,
mycelial growth either failed to occur, or else was followed by dis-
integration. In the soil 4+ sorghum, growth of P. omnivorum was
inhibited for the full 30 days after addition of the organic material to
the soil; in the soil + farmyard maunure, growth of P. omnivorum
from the inoculum block occurred in those series that had been in-
cubated for 20 days or more following the original addition cr the
organic material. Ability of P. omnivorum to grow out from the in-
oculum seemed to be inversely correlated with bacterial numbers in
the different soil series. As a further indication of the susceptibility
of P. ommivorum to the competition of other micro-organisms,
MiTcHELL et al. reported that the {fungus failed to grow upon non-
sterile cotton roots in culture flasks, even when the roots were quite
fresh; growth was also inhibited if sterile cotton roots were inoculated
with a pinch of field soil. The addition of 3% organic material to the
soil also resulted in the rapid disappearance of a high proportion of
P. omnivorum sclerotia; MiTCHELL et al. demonstrated that whilst
this effect was due in part to attack and decomposition of the sclerotia
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by other soil micro-organisms, it was chiefly brought about by spon-
taneous germination of the sclerotia, under the stimulus of the organic
amendments (see below, p. 79). In further experiments along the
same lines reported by CLark (1942), the antibiotic effect of the or-
ganic materials upon the viability of the sclerotia was more important
than the direct stimulus given by such materials to sclerotial germi-
nation.

According to Rea (1939), experiments on the use of organic
manures for the control of cotton root rot under dry-land farming
conditions in the Blackland region of Texas have not so far given
encouraging results; the success of KinG and his collaborators in
Arizona may be attributed in part to the fact that their experiments
were carried out on irrigated cotton, and in part to the special methods
of manure placement and timing that King (1937) has recommended
(see below, p. 97).

Concentration of Plant Nutrients: — Generous application of
artificial fertilisers is undoubtedly an effective way of reducing the
proportion of crop lost through the agency of certain root diseases.
According to GARRETT (1942), the proportional loss occasioned by the
take-all disease of wheat is greatly aggravated by poverty of the soil
in one or more of the three major plant nutrients. The common asso-
ciation between serious outbreaks of this disease and phosphate de-
ficiency of the soil is well known from accounts by investigators in
Australia, where the soils are apt to be very deficient in this nutrient.
A generous supply of plant nutrients probably increases plant resist-
ance chiefly by promoting a more rapid production of new crown roots
to replace those destroyed by the disease, though an additional direct
effect upon the resistance to infection of individual crown roots cannot
be precluded (GARrrerT, 1941).

Since the appearance of this review by GARRETT, STUMBO et al.
(1942) have demonstrated that development of the take-all disease
in potted wheat plants grown in a naturally infected Kansas soil might
be frustrated by adequate applications of nitrogenous and phosphatic
artificial fertilisers. They attributed the control of take-all obtained
by FELLows (1929) with certain organic materials largely to the plant
nutrients, especially nitrates, set free in the soil by decomposition of
these materials; such control was experimentally demonstrated by
CLARK (1942), whose results revealed a correlation between nitrate
nitrogen set free in the soil through decomposition of the organic
material, and the degree of disease control obtained. Especially strik-
ing was CLARK’S demonstration of the effect of volume of soil per
plant upon resistance of wheat to take-all ; plants grown in 1 kg. of an
infected Kansas soil suffered severely from the disease, whereas
others grown in 9 kg. of the same soil escaped serious injury. A
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paradoxical situation, which serves further to emphasise the para-
mount effect of plant nutrients upon the development of take-all in
potted plants, has been reported from Australia by ANGELL (1943).
A second crop of wheat grown in drums of soil inoculated with
O. graminis in the previous season was perfectly healthy, whereas that
grown in the non-inoculated drums (which served as controls in the
previous season) was badly affected by take-all. This reversal of
results in the second season was attributed on the one hand to de-
pletion of nutrients under the heavy crop grown in the non-inoculated
drums in the first season, and, on the other, to their conservation under
the diseased crop grown in the inoculated drums.

Conservation of plant nutrients under patches of severely diseased
plants in an annual field crop may be partly responsible for the failure
of a disease to reappear in severe form on the same areas in the fol-
lowing season’s crop.  This phenomenon of disappearance of a disease
from old areas and appearance in new ones under continuous cropping
is well established, and has been described in connection with root rot
of cotton by TausENTIAUS and KirLougn (1923), McNAMARA ef al.
(1931) and by many others, and in connection with take-all of cereals
by GLy~NE (1935) and by FeLLows and Ficke (1939), Discussing
this problem, GarrerT (1938a) favoured the explanation put forward
by TauBenHaus and KirroucH, that the chances of survival of a
root-infecting fungus from one season to the next were reduced by the
early death of infected host plants; a disease was therefore less likely
to reappear on sites occupied by severely infected and early killed
plants in the previous season than on sites occupied by apparently
healthy plants infected relatively late in the season. Such a reduction
of over-wintering inoculum under sites of severe disease patches must
be held partly responsible for failure of the patches to reappear on the
same sites in the following season’s crop; at the same time, conserva-
tion of plant nutrients under the scanty crop in such patches must tend
to increase plant resistance to the take-all disease, and also, under
some circumstances (see next paragraph), to cotton root rot.

Nitrogen.—Nitrogenous fertilisers were found by JorpAN et al.
(1939) to reduce losses due to root rot (Phymatotrichum omnivorum)
in almost-continuous cotton sequences in Texas, whereas phosphatic
fertilisers increased mortality. These opposing effects of nitrogen and
phosphate upon incidence of root rot were most pronounced on the
Wilson very fine sandy loam soil, and were less striking on the heavier
soils of the Wilson series ; they were smallest and least consistent on
the Houston clays. From their analyses of root bark of plants taken
from the same field experiments, ApaMs et al. (1939) obtained a
highly significant negative correlation between nitrogen content and
root rot mortality, and a highly significant positive correlation between
phosphoric acid content and mortality. An inverse correlation, also
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highly significant, was found between phosphoric acid and nitrogen
contents of root bark samples. These results have been confirmed by
Brank (1941), who found nitrogenous fertilisers to reduce root rot
mortality ; phosphatic fertilisers had no significant effect upon inci-
dence of root rot on Houston clay soils of Washington County
(Texas), but on the less calcareous soils of Burleson County they
significantly increased both incidence of disease and crop yield.
Reduction in losses from pea root rot, due to A phanomyces eutei-
ches, following application of nitrogenous fertilisers, has been re-
ported by HAENSELER (1931) and by WALKER and MusBach (1939)
from the U. S. A,, and by Geacu (1936) from Australia. This effect
of nitrogenous fertilisers was attributed by Geacm to direct action
upon A. euteiches, which he found to be especially sensitive to the
nitrogen content of the medium when growing on agar plates. Thus
on cornmeal agar with 2% peptone, formation of oogonia and anthe-
ridia by the fungus was suppressed, and the mycelium alone was no
longer culturable after 33 days at laboratory temperature. On corn-
meal agar without peptone, however, oospores were formed, and these
remained viable during the whole test period (60 days). Neverthe-
less, further evidence seemed to be needed to bridge the rather wide
gap between the observed behaviour of A. euteiches in pure culture
on the agar plate, and the reaction of the disease to the application of
nitrogenous fertilisers to the soil. A more likely explanation has
been suggested by SMiTH and WALKER (1941), as a result of their
experiments on the effect of nutrients upon development of the disease
in continuous-flow nutrient sand culture; the incidence of disease,
which was severe at the 11, concentration of the basal solution, de-
creased as the nutrient concentration increased, so that only a low per-
centage infection occurred at the 3 X concentration, aud none at the
4 X concentration of the basal solution. The amount of disease varied
inversely as the total salt concentration of the solution, irrespective of
its composition ; contrary to results of fertiliser trials in the field, the
nitrogen-containing salts were no more effective in disease control
than were those containing potash and phosphate. Smitu and
WALKER therefore suggested that the greater effectiveness of nitro-
genous compounds in disease control in field trials was due to the
fact, established by WHITE and Ross (1939), that they increased the
salt concentration of the soil solution much more than did correspond-
ing quantities of the potassium and phosphorus salts used in com-
mercial fertilisers. These results of SmiTH and WALKER suggest,
therefore, that no directly toxic effect of nitrogenous compounds, as
such, upon 4. euteiches is involved, as believed by GEacH. SwmrTH
and WALKER further demonstrated that, once infection had occurred,
its development could not be inhibited by changing the concentration
of the basal nutrient solution from a low to a high level. In experi-
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ments on agar, 4. euteiches was found to show little reduction in
linear growth rate even at 5 X concentration of the basal solution, but
growth of the mycelium on agar can scarcely be considered a satis-
factory criterion of the behaviour of the zoospores in a solution with-
out agar. SMITH and WALKER have also incidentally pointed out that
GEacH’s observations on the poor growth of A. ecuteiches on pea-
decoction agar with the addition of various nitrogenous compounds
are most simply explained by reference to the high concentrations
which he employed. Since the publication of these experiments by
SMmitH and WALKER, SCHROEDER and WALKER (1942) reported that
the development of pea wilt due to Fusarium oxysporum f. pisi race 1
in nutrient sand culture was similarly checked by increase mn concen-
tration of the nutrient solution, when pcas were grown at the favour-
able temperature of 21°C. On the other hand, at a temperature of
27°C., which is unfavourable to normal development of peas, disease
development was greatest at the highest concentration of the nutrient
solution.

Another disease that can be much reduced by application of nitro-
gen is root rot of sugar-beet due to Sclerotium rolfsii. In field experi-
ments carried out in California, LEacH and Davey (1942) found that,
on an average of all trials, 50 Ibs. of nitrogen per acre reduced infec-
tion by some 28%, 100 lbs. by 54%, and 200 lbs. by 65%. Am-
monium sulphate, anhydrous ammonia, calcium nitrate and cyanamide
proved equally effective at equivalent nitrogen levels. Leacy and
Davey found no evidence for a directly toxic effect of the nitrogenous
compounds upon the parasite, since calcium nitrate gave as effective a
control as did equivalent-nitrogen amounts of anhydrous ammonia;
the former was non-toxic to the mycelium and sclerotia of S. rolfsii.
The effect of nitrogenous fertilisers in reducing the diseasc was nearly
as pronounced in fields of high fertility as in fields of low fertility,
which suggested that increased resistance of the sugar-beet was asso-
ciated with a luxury consumption of nitrogen rather than with the
correction of a deficiency, in the usual sense of this term.

Deficiency of nitrogen, on the other hand, has been claimea by
CrayroN (1923) and Fisuer (1935) to inhibit infection of tomato
by the vascular wilt fungus, Fusarium bulbigenwm var. lycopersici.
Cooxk (1937), however, concluded from his experiments that nitrogen
deficiency did not inhibit infection by the fungus, but did check its de-
velopment in the plant. The position has been further clarified by
RoBerTs (1943), working with another vascular parasite of tomato,
Verticillium albo-atrum. RoserTs found that the number of infected
plants increased with the amount of nitrogen supplied to the soil; in
some experiments, infection in some of the nitrogen-deficient plants
was confined to the root system or even to a single root, suggesting
that nitrogen deficiency may act as much, or more, by hindering or in-
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hibiting development of the fungus in the vascular tissues as by pre-
venting initial infection of the root from the soil. It is pertinent to
note here that a bacterial vascular parasite, Phytomonas stewarti, was
found by SpENcER and McNEw (1938) to cause most severe wilting
in maize plants that had received excess nitrogen ; under conditions of
nitrogen deficiency, little or no wilting occurred.

The damping-off of pine seedlings was found by HarTLEY (1921)
to increase directly with the nitrogen content of the soil. WRIGHT
(1941) has correlated damping-off (due chiefly to Rhizoctonia solani
and Pythium ultimum) amongst seedlings of deciduous trees with
nitrate nitrogen content of the soil; he reported that the stand of
seedlings was increased almost three-fold by the application of
dextrose to the soil, whereby the nitrate nitrogen content was tem-
porarily reduced.

Phosphate—Browning root rot of cereals due to Pythium arrheno-
manes and other Pythium spp. in Canada was reported by VANTER-
PooL (1930-40) to be associated with a low phosphate and high nitrate
status of the soil; VANTERPOOL has stressed the analogy between be-
haviour of this disease and that of sugar-cane root rot, studied by
CARPENTER (1934), which is also caused, apparently, by Pythium
arrhenomanes (DRECHSLER, 1936). The cereal disease can be con-
trolled by application of a soluble phosphate, which does not seem to
reduce the proportion of roots infected by the fungus, but, by greatly
increasing the total number of roots produced, increases the number of
functional roots. The disease was stated by VANTERPOOL to be worse
in crops after fallow than in those sown on stubble land, in contrast to
experience with other cereal root rots. This was attributed by
VANTERPOOL to increase in the available nitrogen content of the soil
after fallowing, as a result of nitrification. A possibly analogous case
has been reported by GRANDFIELD et al. (1935), who found in Kansas
that stands of alfalfa seedlings were progressively decreased through
damping-off by Pythium spp. with increase in the preceding period
of fallow from two to five years. Thus only 33% of the original
stand of alfalfa seedlings survived till the following spring on the five
years fallow plot, as compared with a survival of 70% on a plot under
rotation of sorghum, corn, wheat, oats and alfalfa.

Wilt disease (due to Fusarium vasinfectum) of pigeon pea, on the
other hand, was reported by McRAE and Suaw (1933) to be aggra-
vated by applications of superphosphate on the manurial plots at Pusa,
although the crop gave a positive response in yield to this fertiliser
(¢f. the results of Jorban et al. (1939) and BLank (1941) with
Phymatotrichum omnivorum, discussed above).

Potash.—The effect of potash in reducing incidence of cotton wilt,
due to Fusarium vasinfectum, has been studied by Youna (1938), in
a nine years’ series of field experiments carried out at 15 different
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centres in Arkansas. Field observations at an earlier date had indi-
cated a correlation between incidence of “rust”, correctly attributed
by ATKINsON (1892) to potash hunger, and that of the Fusarium wilt.
YounG found that fertilisers containing potash gave control of rust
and at the same time reduced wilt in every year and at every location,
except two. Increasing applications of potash gave, up to a point, in-
creased control of the wilt. Whilst nitrate alone had little or no
effect on the incidence of wilt, the application of acid phosphate and
nitrate together appeared to aggravate both rust and wilt ; where acid
phosphate was used alone, the effect was still more pronounced.
Young’s results have been confirmed in Alabama by Dick and Tis-
DALE (1938) in a factorial experiment involving all possible com-
binations of N, P and K at three different levels; joint applications
of nitrogen and potash were found to reduce incidence of wilt, whereas
phosphate increased it, and substantially reduced the beneficial effect
of applying potash. Swmrtm (1940), announcing the results of two
seasons’ cooperative manurial trials in 13 localities of 9 States of the
U. S. A, confirmed this beneficial effect of potash in reducing cotton
wilt. In Uzbekistan, ZarroMETOFF (1929) found the incidence of
wilt to be very slight on soils with a high content of common salt,
which suggests that salt might be able to replace potash for control of
wilt and rust in cotton, just as it can be used to replace potash for the
manuring of sugar-beet.

A reduction in the percentage of tubers infected by the potato
wart organism, Synchytrium endobioticum, has been claimed by
LEszczenNko and SzymANsk1 (1938) to follow application of potash
salts to artificially inoculated field plots in Poland. In experiments
on the relation between development of clubroot in crucifers and the
concentration of plant nutrients, Pryor (1940) found the percentage
of plants forming clubs to be markedly reduced by a deficiency of
potash.

Minor elements—Secondary infection by fungi and other micro-
organisms may complicate and aggravate the symptoms of minor
element deficiencies in plants. Thus GERRETSEN (1937) has clairued
that bacterial infection of the roots is concerned in the production of
the “grey leaf” symptoms characteristic of manganese deficiency in
oats. In Victoria, MiLLIKAN (1938) found that applications of zinc
sulphate at rates of 15 and 30 1bs. per acre considerably improved the
growth of wheat crops suffering from a combined attack of eelworm
(Heterodera schachtii) and of a number of root-rotting {ungi, includ-
ing Helminthosporium sativum, Curvularia ramosa, Fusarium cul-
morum, and Rhizoctonia solani. The treatment did not apparently
give any appreciable reduction in the number of roots infected by the
parasites, but, by greatly increasing the rooting capacity of the plant,
minimised the damage due to such infection. MiLLiKAN (1942) has
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since demonstrated that soil micro-organisms may compete with a
wheat crop for available supplies of minor elements. A deficiency of
available zinc was made good by steam sterilisation of the soil; in
steamed soils, wheat no longer responded to application of this minor
element. The responsiveness to zinc could be restored, however, by
re-inoculation of the soil with unsterilised soil two months before sow-
ing wheat. From the results of such experiments, MILLIKAN con-
cluded that the poor growth of wheat on certain Victorian soils was
due more to competition by saprophytic soil micro-organisms for
limited supplies of zinc and other minor elements than to root infection
by parasites.



Chapter 7

SAPROPHYTIC ACTIVITY OF THE ROOT-
INFECTING FUNGI

The parasitic activity of the root-infecting fungi has been closely
studied by many investigators; their saprophytic existence under
natural conditions in the soil has received comparatively little atten-
tion, though the earlier literature abounds in assertions as to the
capacity of this or that fungus for indefinite survival as a saprophyte
in the soil; such statements have usually been deemed self-evident,
though sometimes they have been supported by reference to the
capacity of the fungus for maintained saprophytic growth on sterile
culture media or in sterilised soil. With the realisation of the part
played by competition of organisms in the microbiology of the soil,
such assertions have become appreciably more rare, but the need for
experimental investigation is still very great.

Two types of saprophytism can be distinguished amongst the root-
infecting fungi: —

(i) active saprophytic colonisation of dead plant tissues lying on or in the

soil,

(ii) limited saprophytic survival in tissues originally invaded as parasite.

The first type of behaviour is typical of the primitive parasites of
the soil inhabitant class, and the second of the more specialised para-
sites of the soil invader class.

Active Saprophytism: — Root-infecting fungi behaving as active
saprophytes will be considered, for convenience, under the following
three heads: —

(i) Fungi making a macroscopically-visible saprophytic spread through
the soil,

(ii) Fungi making a microscopically-visible saprophytic spread through

the soil,

(iii) Fungi making no extensive saprophytic spread through the soil.

Fungi making macroscopically-visible saprophytic spread through
the soil—The species of Rosellinia may be selected as furnishing the
best known examples of this class. These fungi are especially im-
portant in West Indian plantations ; their biology and control has been
described in detail by NowerL (1923), from whose book the follow-
ing general description is taken: “In the West Indies the fungi con-
cerned are mainly species of Rosellinia. Other forms occur but are
comparatively rare. In cultivations of an open nature where sun and
wind have access to the soil, and specially in those of arable crops,
there is a rapid dissipation of the decaying material necessary for the
development of the fungus and the diseases as a rule soon disappear.
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They can persist, however, in cultivations such as that of cacao in
which the conditions, especially where shade trees are abundant,
approach to those of the forest in respect of shade and humidity. They
also occur in windbreaks and hedges of certain susceptible trees and
shrubs in wet or sheltered districts. The causative fungi infect shaded
soil rich in decaying vegetable matter and spread slowly through it,
destroying every plant with which they come into contact.” A descrip-
tion of a particular occurrence of Rosellinia arcuate in Ceylon, which
reveals the observer as well as the observed, has been contributed by
PeTcH (1928) : “Almost my first experience of Rosellinia arcuata was
its occurrence in a Panax hedge round my bungalow garden at Pera-
deniya. A mango tree which stood on the ad joining estate had been
felled and the log left lying with one end near the hedge. The
Rosellinia began to develop among the dead leaves which had accumu-
lated alongside the log, and then spread to the hedge, where it ran
along the surface of the ground under and among the dead leaves in
the hedge bottom. As the mycelium reached each of the closely-
planted Panax stems, it enveloped it at the base. The cortex of the
Panax stem rapidly became soft and rotten, and in a very short time
the plant was dead. In a few weeks the hedge had been killed for a
length of about 6 feet. It was then considered that sufficient informa-
tion had been obtained concerning the method of progress of the
fungus.”

Fungi making microscopically-visible saprophytic spread through
the soil.—Free mycelial spread of Rhizoctonia solani through the soil
can easily be demonstrated under the dissecting microscope ; it is neces-
sary only to place an agar inoculum disc of this fungus on the surface of
moist unsterilised soil in a covered dish, and examine again in a few
days’ time. Bramr (1943) has studied the spread of this fungus
through the soil, using the Rossi-Cholodny slide technique. Growth
of the fungus in 4 types of soil was most rapid at the lowest soil
moisture content tested, 30% saturation, and was improved by forced
aeration of the soil. Growth was depressed by addition to the soil of
such fresh organic material as ground wheat straw or dried grass.
Brair showed that this depression was due chiefly to the competitive
effect of other micro-organisms better able to develop upon such sub-
strates ; under sterile conditions, the organic supplements failed to de-
press the growth of R. solani. Pre-decomposed materials depressed
the growth of the fungus less than the fresh materials. In pure culture
experiments on cellulose substrates, BLAIR demonstrated that the cellu-
lose decomposing capacity of R. solani was weak by comparison with
that of typical strong cellulose decomposers. He further analysed
this depressing effect of the cellulose decomposing microflora upon the
growth of R. solani by demonstrating that (i) the effect was much
diminished by addition of excess nitrogen to the soil, and was there-
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fore due in part to competition for available nitrogen between the cellu-
lose decomposers and R. solani (ii) the effect was also greatly reduced
by removal of the respiratory carbon dioxide produced by the cellulose
decomposers, through absorption over strong alkali in closed vessels.
In other experiments, BLAIR demonstrated that whereas growth of
R. solani through untreated soils was most rapid at pH 7, in soils
with fresh organic amendments the optimum pH value for growth
was approximately 8; this he attributed to the action of alkaline soil
as a carbon dioxide acceptor ( GArreTT, 1936).

Although such experiments with Rossi-Cholodny slides demon-
strated an effect of soil conditions upon the rate of growth of R. solani
through the soil, they offered no clue as to how far such growth was
supported by the 6-mm. disc of agar inoculum, and how far by nourish-
ment from the soil itself. In an attempt to answer this question,
BraIr carried out experiments on the growth of the fungus through
glass tubes filled with three different types of moist soil and with
quartz sand, respectively ; the tubes were inoculated at one end with
an agar inoculum disc of the same diameter. Whereas growth of the
fungus ceased at a distance of some 5 cm. from the inoculum in the
tubes of sand, it extended for some 20 cm. beyond the inoculum in the
three types of soil, during 21 days. In another experiment, BLAIR
removed the agar inoculum disc from some tubes 2 days after the
start of the experiment, and inoculated other tubes not with agar discs
but with mycelial strands picked off the vertical glass walls of petri
dishes containing agar cultures of the fungus. Removal of the agar
inoculum discs after 2 days, or the substitution of mycelial strands as
inoculum, greatly diminished the growth of R. solani in the tubes of
sand ; in the three soils, however, removal of the agar discs reduced
growth by only a negligible amount. Growth of the fungus from the
mycelial strand inoculum had almost caught up with that in the un-
disturbed agar disc controls after 23 days in one type of soil, but in the
other two soils growth was only about half that in the agar disc con-
trol tubes after 23 days. BrLAIR suggested that a certain food-potential
of the inoculum might be necessary to initiate saprophytic growth of
R. solani through the soil—by analogy with the need of most root-
infecting fungi for a food-base before they can establish root infection
(see above, p. 26).

The saprophytic persistence of R. solani in the soil has been corre-
lated by ELMER (1942) in Kansas with summer weather conditions.
ELMER states : “The commercial potato crop in eastern Kansas matures
and usually is harvested in early June. Throughout the rest of the
summer the fields usually remain fallow. Summer temperature in this
area is too high for the production of Rhizoctonia sclerotia as is dis-
closed by the fact that they are rarely found here on tubers of the
early summer crop. Thereafter the fungus must consequently exist
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saprophytically as soil-borne mycelium. In this state its persistence
depends on the presence of sufficient soil moisture to prevent death
from desiccation. The springtime prevalence of soil-borne Rhizoc-
tonia in these fallow fields indicates to what extent this fungus is able
to persist in such field soils during the preceding summer.” Varia-
tion in the prevalence of R. solani stem canker on potato crops estab-
lished from clean seed was therefore attributed by ELMER to varia-
tion in saprophytic survival of R. solani in the soil, following potato
harvest of the previous July. An annual survey of the incidence of
stem canker in potato plots established from clean seed in some 15
scattered localities of eastern Kansas was made by ELMER during the
13-year period 1928-1940. A high percentage infection in any year
could be correlated with the occurrence of soil conditions suitable for
saprophytic survival of R. solani mycelium in the soil during July and
August of the preceding year, »iz. high rainfall, relatively low tem-
perature, and absence of drying winds. DPercentage infection was
low, on the other hand, following a year in which July-August rain-
fall had been low, and hot drying winds had been frequent, leading to
a drying-out of the surface soil. Variation in the incidence of stem
canker from year to year was evidently not due to the effect of the
current season’s weather on development of infection, because plants
established from infected tubers showed a high percentage of infection
throughout the whole period of the survey.

Survival of R. solani on a host plant was not adversely affected by
dryness of the scil in the summer months; if the land was occupied in
August by a late-planted potato crop, or by some other crop suscep-
tible to R. solani, then the potato crop of the following year showed
considerable stem canker, regardless of weather conditions in the pre-
ceding July and August. From the results of these various experi-
ments, ELMER concludes: “The prevalence of soil-borne Rhizoctonia
in eastern Kansas can be approximately predicted from the relative
soil moisture content of the preceding summer. . . . In regions like
eastern Kansas, where soil-borne Rhizoctonia may periodically be
practically eradicated because of environment, effective seed-potato
treatments are valuable not only in preventing infection of the current
season’s crop but also in preventing reinfestation of the soil with this
fungus.”

Fungi making no extensive saprophytic spread through the soil.—
A well-established example of this type of fungus is provided by
Fusarium culmorum, the active saprophytism of which was shown
by Sapastvan (1939). Both natural, untreated wheat straw and
straw sterilised in the autoclave were buried in 6 different types of
soil for periods not exceeding 4 months; at intervals, samples of straw
were removed from the soil, washed, and plated out after a light sur-
face sterilisation with mercuric chloride. High percentages of F. cui-
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morum colonies were obtained from the straws at many of the samp-
lings ; F. culmorum and Penicillium spp. were the dominant organisms
forming colonies from the straws on the agar plates. SADASIVAN
further demonstrated that the isolates of F. culmorum thus obtained
possessed parasitic ability comparable to that of isolates derived from
diseased plants, when tested against wheat seedlings.

SADASIVAN'S discovery was confirmed and extended by WALKER
(1941), who demonstrated the saprophytic development of F. cul-
morum in straws buried in samples of soil taken from a number of
fields at monthly intervals throughout the year. There appeared to
be little correlation between percentage colonies of F. culmorum ap-
pearing on the isolation plates, and season or cropping history of in-
dividual fields. The relative numbers of colonies of F. culmorum,
Penicillium spp. and other fungi obtained by WALKEK were, however,
greatly influenced by the surface sterilising agent employed and by the
time of sterilisation; this suggested that a number of fungi were
present in each straw, but that a “selection”, which determined colony
production on the agar plate (see above, p. 11), occurred during the
surface sterilising and plating-out. Similar conclusions concerning
the saprophytic ability of F. culmorum were reached by WEeIse (1939)
in his study of the foot rot of asparagus due to this fungus in Saxony.
F. culmorum was invariably found to be present in samples of soil
taken from the Weinbohla district, and was found living as a sapro-
phyte both in compost heaps and in decomposing straw.

Saprophytic Survival in Tissues Invaded as Parasite: —
Various more or less casual observations on the survival of root-infect-
ing fungi in diseased crop residues have been reported. The longest sur-
vival periods have been recorded for mycelium in infected tree roots
buried deeply in the soil ; the most famous instance is provided by a
much quoted piece of Mesua ferrea root infected by Fomes noxius
which, according to TunsTALL (1926), must have lain buried in the soil
at the Tocklai Experiment Station in North Kast India for at least 14
years. CooLEY (1942) successfully isolated X ylaria mali from undis-
turbed roots of apple trees, affected by black root rot, at periods of 4
years and more after death of the host ; he quoted a survival period of
16 years for another infection by the same fungus, as recorded by
ScHNEIDERIIAN (1936).

TauBenHAUS and Ezexier (19300) have drawn attention to the
necessity for distinguishing between real and apparent saprophytic
survival of a root-infecting fungus. These authors confirmed the
earlier observation of TAuBENTIAUS and KirLoucH (1923) that the
roots of cotton plants might live on underground throughout the Texas
winter after the tops of the plants had been killed by frost. The root
rot fungus, Phymatotrichum ommnivorum, not only survived but also
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spread along such living, overwintering roots; in one instance, TAu-
BENHAUS and EzEKIEL observed a spread of as much as 12 feet along
a row of overwintering roots under dead tops. The viability of
P. omnivorum on living overwintering roots was demonstrated by iso-
lation of the fungus in pure culture, by its ability to put out fresh
mycelial strands when the root was placed in a moist chamber, and
by its rapid infection of cotton and turnip roots. No isolations were
secured, on the other hand, from dead decaying roots, no strands were
put out by the fungus, and no infection of healthy roots could be ob-
tained by the use of such dead decaying roots as inoculum. TAUBEN-
HAUS and EzekieL therefore concluded that, unless sclerotia were
formed on the infected root, the fungus could not survive the winter
on dead, decaying roots, but only on living overwintered ones. In
confirmation of this claim, TAuBENHAUS and EZEKIEL cited an experi-
ment in which they had successfully inoculated healthy cotton plants
with tap roots of cotton plants killed by root rot only 1 day to 2 weeks
earlier, but not with those of plants killed from 3 to 9 weeks earlier.
Near and MacLeaN (1931) reported that mycelial strands of P. omni-
vorum recovered at various depths from the soil of infected cotton
fields were viable as late as December, but that no viable strands could
be found in January, February or March. More recently, EzZEKIEL
(1940) has shown that topping or girdling infected cotton plants at the
advancing margins of root rot spots in midsummer may greatly shorten
the survival period of P. omnivorum on the roots. From the practical
point of view, however, interest in the saprophytic survival of P. omni-
vorum in dead infected root tissues has declined since the original
announcement by KinG and Loowmis (1929) of their discovery of a
sclerotial stage of this fungus in pure culture.

The survival of Ophiobolus graminis, causing the take-all disease
of cereals, in infected plant tissues seems to have received greater at-
tention than that of any other root-infecting fungus. The influence
of soil conditions upon the survival period of O. graminis was ex-
amined by GARreTT (1938b, 1940), using a glass tumbler technique;
at regular intervals, the viability of the fungus in 100 or more indi-
vidual pieces of infected straw from each of the different soil series
was ascertained by means of a wheat seedling test. From results thus
obtained, GARRETT was able to correlate the rapidity of disappearance
of the fungus with general microbiological activity of the soil ; loss of
viability was most rapid under conditions of medium to high tempera-
ture, suitable moisture content, and good soil aeration. Viability of
O. graminis was preserved, on the other hand, at a low temperature
(2°-3°C.) and in air-dry soil, and was actually maintained for longer
in a water-logged soil than in one held at a moisture content of 50%
saturation. Loss of viability was particularly hastened by the addi-
tion of fresh energy materials, poor or entirely lacking in nitrogen,
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such as glucose, starch, or rye-grass meal, to the soil; this effect
diminished as the nitrogen content of the material increased, so that
rape dust with a nitrogen content of 5.8% was found to exert no sig-
nificant influence upon the survival of O. gramanis in the straws, whilst
dried blood with a nitrogen content of 13% actually increased the sur-
vival period. Ammonium carbonate was found also to promote sur-
vival. GARRETT attenipted to explain these results by the hypothesis
that the “resting” mycelium of O. graminis in the infected wheat straw
was subject to decomposition by the other micro-organisms of the
soil; he suggested that the mycelium was attacked as a source of
nitrogen by the micro-organisms decomposing the matrical straw
(nitrogen content only 0.4 %). The addition of nitrogen-poor organic
materials to the surrounding soil would enhance the nitrogen scarcity
and increase the number of micro-organisms engaged in decomposi-
tion, whereas the addition of nitrogen-rich materials would provide
an alternative and more readily available source of nitrogen than the
mycelium of O. graminis for straw decomposition.

In a second paper, GARRETT (1940) reported survival of the
fungus in almost 100% of infected straws buried for & months in a
garden soil rich in humus and high in nitrogen content. Reconcilia-
tion of this observation with the hypothesis that the “resting” mycelium
of the fungus was a passive subject for decomposition by the other
soil micro-organisms was difficult, and led to further direct micro-
scopical observation of the fungus in the infected straws. A slow but
apparently continuous branching and developmient of the mycelium of
O. graminis was found to occur for weeks or even months after the
straws had been buried in the soil. At time of removal of the infected
straws from the pure-culture flasks, the mycelium in the tissues was
mainly of the hyaline type, corresponding to the “microhyphae” of
FeLLows (1928), but, after the straws had been buried in the soil,
the dark mycelium, or “macrohyphae” of FeLrLows, developed. The
development of dark mycelium was noticeably greater, and also more
sustained, in the straws buried in soils well supplied with snluble
nitrogen. GARRETT therefore concluded that survival of O. graminis
depended upon the continued slow development of the mycelium inside
the infected straw ; a plentiful supply of soluble nitrogen from the soil
prolonged: this development, and thereby extended the life of the
fungus. Some typical results obtained by GArrerT, which illustrate
this important effect of nitrogen in prolonging the survival of
O. graminis in the infected straw, are quoted in Table 9.

GARRETT therefore concluded that any treatment interfering with
the supply of nitrogen from soil to straw might be expected to shorten
the survival period of the contained fungus; treatments especially
effective in this respect were incorporation of rye-grass meal in the
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TABLE 9. Percentage of straws containing viable Ophiobolus mycelium: —

SERIES WEEKS
7 10 13 16 19 22 25

No. 1, untreated soil .............. 92 70 72 26 20 7 3
No. 2, +156 mg. N .............. 89 82 82 57 37 18 8
No. 3, +3.125 mg. N ............. 92 84 76 72 76 33 44
No. 4, +625mg. N .............. 91 86 84 82 73 46 38
No. 5 +125mg. N .............. 95 92 84 94 80 76 74

soil, and close crowding of the straws with a minimum of surround-
ing soil (Table 10).

TaBLE 10. Percentage of straws containing viable Ophiobolus mycelium : —

SERIES WEEKS
3 6 9 12 15 18 21

No. 1, 10 straws per 200 gm. soil ....... 100 100 99 96 96 88 89
No. 2, 50 straws per 200 gm. soil ....... 100 99 99 98 91 91 84
No. 3, 200 straws per 200 gm. soil ...... 100 99 95 83 51 43 36

The survival of O. graminis in the infected plant tissues thus seems
to depend especially upon its ability to form fresh hyphae. This, in
turn, waits upon an adequate supply of nutrients; lack of nitrogen
usually seems to be the limiting factor for O. graminis, as well as for
other soil micro-organisms engaged in decomposition of the straw
tissues. Now CuANG (1939) has shown that decomposition of com-
posted wheat straw by a general soil flora proceeds substantially
further in the presence of an adequate supply of phosphate, in addition
to the usual supplement of nitrogen. Recent unpublished evidence
suggests that the survival of O. graminis may be slightly prolonged
by supplementary phosphate, if the straws are buried in a medium
completely lacking this nutrient.

The gap between the conditions obtaining in such laboratory
tumblers and those in soil in situ in the field has been bridged by the
experiments of FeLLows (1941), who followed the disappearance of
O. graminis in naturally infected soil taken straight from the field and
incubated under the eight possible combinations of high atid low tem-
perature, loose and firm packing, and moist and air-dry conditions.
"The low-temperature samples were stored in a deep cave and the high-
temperature ones were kept in the glasshouse. ILooseness was main-
tained by occasional stirring, and a firm packing achieved by thorough
tamping of the soil whilst moist. The moist soils were maintained at
approximately 60% of saturation, whereas the others were allowed to
air-dry. Four experiments were made, and periods of incubation
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varied from 230 to 777 days; at the end of the incubation period, all
soil samples were brought to favourable tilth and moisture content,
and a test crop of wheat grown in them to maturity, in the glasshouse.
The degree of infection on the plants at harvest was expressed by
means of a “severity rating”. In almost every comparison provided
by this series of extensive factorial experiments, the fungus disap-
peared more quickly in a warm soil than in a cold one, and more
quickly in a loose soil than in a compact soil. The influence of mois-
ture was less straightforward ; under cool conditions survival appeared
to be rather better in a moist than in a dry soil, whereas under warm
conditions the reverse was the case. In all four series of experiments,
without exception, disappearance of the fungus was most rapid in the
warm, moist, loose soil, i.e. under just those conditions of high tempera-
ture, adequate moisture content and good aeration that were postulated
by GARRETT (19380) as most conducive to rapid loss of viability.



Chapter 8
DORMANCY OF THE ROOT-INFECTING FUNGI

Specialisation of parasitism in a root-infecting fungus brings with
it the hazard of local extinction when the infected host plant dies; the
greater the degree of specialisation, the more remote is the chance
that the parasite will be able to reach another susceptible host before
the death of the first one. This hazard has been substantially reduced
through the development of resting spores and sclerotia by many of
the root-infecting fungi. Whereas long-lived resting spores are typi-
cally produced by members of the Phycomycetes, sclerotia are espe-
cially characteristic of the Ascomycetes and Fungi Imperfecti. By
means of these organs, root-infecting fungi are enabled to survive for
a period of years in the soil in the absence of a suitable host plant; a
small proportion of such resting spores or sclerotia eventually re-
establish the parasitic phase of the fungus, provided that sooner or
later contact is made with the roots of a susceptible host.

Resting Spores: — The thick-walled resting spores of the Phy-
comycetes, resulting from the process of sexual reproduction, are re-
sponsible for long survival of the organisms in soil carrying no sus-
ceptible host plants. Thus ScaarrNiT (1922) reported that potatoes
contracted wart disease, due to Synchytriuin endobioticum, on a plot
that had been fallowed and kept free of weeds for no less than 10
years. A four-year rotation is frequently quite inadequate to control
the clubroot disease of crucifers, due to Plasmodiophora brassicae*;
on Agdell field at the Rothamsted Experimental Station in England,
which has been under a 4-course rotation of swedes with three non-
cruciferous crops since 1848, a severe outbreak of clubroot first at-
tracted attention in 1920. GiBBs (1939) has recorded survival of the
resting spores of P. brassicae for 5 years in New Zealand, and
FeporintcuHIK (1935) in Russia obtained 27% infection in
cabbage seedlings potted up in soil taken from a field not sown to
crucifers for 7 years. Geacu (1936) found Aphanomyces euteiches,
the cause of pea root rot, to survive for at least 2 years in pots of in-
fected soil kept free of weeds. JonNEs and DrecHSLER (1925) secured
field evidence that A. euteiches might survive under apparently non-
susceptible crops for a period of 6 years, which was extended to 10
years by the survey of LinrForp and VaucHAN (1925) ; later, how-
ever, LINFORD (1927) attributed these long survival periods to mild
infections of the parasite in hosts other than pea. There is nothing
inherently improbable in such long survival of resting spores in the
soil, especially in view of the long survival of certain types of weed
seed under suitable conditions. Nevertheless, when considering evi-

* This organism does not belong to the Phycomycetes, but to the Myxomycetes.
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dence from length of crop rotation, it is unwise to exclude the possi-
bility that weeds susceptible to the parasite may have established them-
selves at some time or other on the land, though it seems very unlikely
that cruciferous weeds could have been responsible for the high per-
centage of infection reported by FEporINTCHIK (1935), quoted above.

Scanty information is available concerning possible variation in
survival of such resting spores under different soil conditions; such
data as have been published have been derived from the field rather
than from the laboratory. FeporiNTcHIK (1935) could detect no
beneficial effect of ploughing fields two or three times a year in hasten-

Ficure 7. — Formation of resting spores of Plasmodiophora brassicae in
cells of host. (After M. Woronin).

ing the disappearance of the clubroot organism from the soil in Russia,
and Gisss (1939) concluded that survival was influenced by the length
but not by the type of rotation and management employed by farmers
in New Zealand. In contrast to these field studies by FEDORINTCHIK
and GiBss, in which cruciferous host plants were used to detect viable
spores of Plasmodiophora brassicae in the soil, BREMER (1923) de-
veloped a direct microscopical technique for the same purpose. Sec-
tions of infected cabbage roots containing spores of P. brassicae were
buried in the soil, and viability of the spores was determined at inter-
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vals by plasmolysis in salt solution, followed by deplasmolysis in water.
Employing this technique, BREMER (1924) reported that a high pro-
portion of spores germinated even in the soil freshly treated with lime,
although germination was more rapid and more extensive in the acid,
untreated soil. He found that injury to the spores through treatment
with mercuric chloride, or through exposure to a temperature of 45°C.,
was least severe in the alkaline soil at pH 8.0, in which the dormancy
of the spores was presumably more profound. As a result of this
work, BREMER concluded that, in the absence of cruciferous host
plants, P. brassicae was likely to survive for longest under those soil
conditions, such as alkaline reaction, least favourable for spore germi-
nation. This important conclusion is likely to apply to the survival
not only of other resting spores, but also of sclerotia, and even of
mycelium in infected host tissue as well (see above, p. 66).

A direct microscopical method was also developed by GLYNNE
(1926) for studying survival of the resting bodies (winter sporangia)
of Synchytrium endobioticum, the fungus causing wart discase in
potatoes. The sporangia were mounted in 1-29% aqueous acid fuchsin,
and the thick brown sporangial walls were broken by pressure of the
cover slip, so that the cell contents were expelled into the stain. The
contents of living sporangia slowly assumed a pale pink colour, which
gradually deepened; the contents of dead sporangia rapidly stained
deep crimson. Whereas BREMER got over the difficulty of recovering
the spores of P. brassicae from the soil by using sections of infected
host tissue as a mount, GLYNNE solved the problem in another way, by
extraction of the spores from soil with chloroform, which was found
not to affect their viability. The complete method was apparently
never employed by GLYNNE to study survival of S. endobioticumn under
different soil conditions, as her published experiments were concerned
chiefly with determination of lethal temperatures in vitro. Both the
Bremer and Glynne techniques, however, merit further consideration
by investigators ; although the resting bodies of these organisms sur-
vive for long periods in the soil, there must be a considerable reduction
in numbers during the first few months, or even weeks, which could
well be studied by such techniques.

Long-lived resting spores, or sporangia, of this type are character-
ised, as populations, by marked physiological heterogeneity. Under no
single set of soil conditions are all resting spores in a population likely
to germinate. Such physiological heterogeneity amongst populations
of resting spores complicates the agricultural problem of eliminating
them by cultivation or by other methods. Other things being equal,
the greater the physiological heterogemeity in a population of resting
spores, the longer is the probable survival period of the parasite. TFor
this reason, the more rapid and diverse the fluctuations in the soil en-
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vironment, the more extensively will resting spores germinate (and
disappear from the soil in the absence of host plants). Factors espe-
cially likely to encourage germination are fluctuating soil temperature,
moisture content, aeration and reaction; germination may also be
stimulated by volatile substances emanating from plant residues
buried in the soil, and from the roots of non-host as well as of host
plants (NoBLE, 1924 ; PLATZ et al., 1927).

Some information is available concerning the survival of spores
of the cereal smut fungi in the soil ; these spores are rather different
from the thick-walled resting bodies of the Phycomycetes, and are
less effective in securing prolonged survival of the fungus in soil,
though fully effective in seed transmission of the organism. Thus in
many parts of the world, soil infection by Tilletia tritici, causing bunt
of wheat, is negligible, and satisfactory control is secured by seed
treatment with a fungicide. 1n the 1’acific Northwest of the U. S. A.,
however, considerable losses {rom bunt were reported by HUNGERFORD
(1922) to follow contamination of fallows ready for autumn drilling
of winter wheat, by clouds of bunt spores released during the thresh-
ing of crops on nearby fields. In a small plot experiment in which
the soil was artificially inoculated with bunt spores, HUNGERFORD
found the percentage of bunted heads to decrease from a maximum of
35 on the plot sown immediately after soil imoculation to a minimum
of 4.5 on the plot sown a month later.

In similar small-scale plot experiments, HaANNA and Porp (1934)
found that percentage of bunted heads in spring wheat varied accord-
ing to the type of inoculum mixed with the surface soil in the previous
autumn ; sifted bunt spores gave 11% of bunted ears, bunt balls gave
29%, and whole bunted heads gave 45%. Spore germination in the
spring was found to be higher in spores taken from bunted heads over-
wintering on the surface of the ground than in those taken irom
buried overwintered heads. Borzini (1935) reported that spores of
Ustilago zeae, the maize smut, survived better on the surface of soil
than when buried in the soil; the buried spores survived better in air-
dry than in moist soil. Similar experiments on survival amongst spores
of Urocystis tritici, causing flag smut of wheat, were carried out in
Missouri by Grirritus (1924). Diseased leaves were ground up,
mixed with 2 parts of soil and placed in 2-inch flowerpots, of which
half were buried 1 inch below the soil surface, and the other half 5
inches below. Samples of pots were taken at approximately fort-
nightly intervals from the beginning of January, and tested for via-
bility of U. tritici by the planting of wheat seedlings, which were held
in the glasshouse. The percentage of infected wheat plants thus ob-
tained decreased markedly at successive samplings; survival of the
organism was more prolonged in the pots buried more deeply.
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Sclerotia: — Unlike resting spores, sclerotia are multicellular
bodies, in which there is typically, though not always, differentiation
of an outer skin or rind ; this rind is assumed to exercise a protective
function. The diameter usually varies from 0.5 to 2 mm., though a
diameter of 1 cm. or more is sometimes encountered. The sclerotia of
root-infecting fungi germinate to produce new vegetative mycelium ;
the minimum effective size of the sclerotium is determined by the
volume of the food-base necessary for establishment by the fungus of
root infection in the host. The most economical size of sclerotium
for a root-infecting fungus may therefore be defined as the minimum
effective size. The sclerotia of flower and foliage-infecting fungi, on
the other hand, usually germinate to produce fruiting bodies, from
which air-borne spores are ejected. The most economical size for
sclerotia of this type is not necessarily the minimum effective size; in
general, the sclerotia of the flower and foliage-infecting fungi are
notably larger than those of the root-infecting fungi. Even the ergots
of Claviceps purpurea are larger than typical sclerotia of most root-
infecting fungi ; the large sclerotia formed by species of Sclerotinia and
Botryis are familiar to most mycologists. BrowN and BUTLER
(1936) found sclerotia of Sclerotinia sclerotiorum to attain a length of
3 cm. on infected lettuce plants. :

The sclerotia of Phymatotrichum omnivorum. — These have re-
ceived more attention than those of any other root-infecting fungus.
The sclerotia of P. omnivorum were discovered by KinG and LooMis
(1929) in laboratory cultures; they were first found in the field (in
Texas) by NeaL (1929). This discovery of true sclerotia in P. ommni-
vorum accounted for the longevity of the fungus under non-suscep-
tible crops ; this would otherwise have been difficult to reconcile with
the demonstration by TAUBENHAUS and EzEKIEL (1930b) and by
NEAL and MacLEaN (1931) that the vegetative strands of P. omni-
vorum do not survive for more than a few weeks on dead roots. Thus
RatLiFFe (1934), Rocers (1937), and Rea (1939) have concluded
that satisfactory control of cotton root rot is not given by rotations of
less than 4 years’ duration, or, in other words, by a break of less than
3 years under non-susceptible crops. The sclerotia usually vary in
diameter from 1 to 2 mm., though a diameter of 1 cm. may be attained
(Rocers, 1937), and they are formed in chains on the vegetative
strands. The histology of the sclerotia has been described by King
and LooMis (1929): “Microscopic examination of sections of the
sclerotia showed that they were formed by the division and growth of
the cells of portions of the large strands. This division of the cells
apparently took place in the large central cells of the strands as well
as in the smaller cells which surrounded the larger, as no continuous
series of large cells of similar appearance extended through the sclero-
tia. Sections show that the interior of the sclerotia is made up of
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closely packed, colorless, thin-walled cells of large and small size inter-
mixed and varying in shape from roughly rounded to elongate oval
and having no definite arrangement. A view of the surface of the
sclerotia presents a labyrinthine appearance caused by the very irregu-
lar or contorted shapes of the brown, moderately thick-walled cells.
From some of these surface cells, acicular hyphae, or setae, similar to
those of the strands themselves, protrude at right angles, giving the
sclerotia a somewhat bristly aspect under the microscope.” The process
of germination has recently been described in detail by PRESLEY
(1939), and appears to be distinctly unusual. The new hyphae do not

Ficure 8.— Surface cells of sclerotium of Phymatotrichum omnivorum.
Acicular hypha at A. (After C.J. King and . F. Loomis).

arise as branches or elongations of the resting cells, but appear t» be
formed actually inside the cells, whose contents apparently go through
a process of disorganisation and reorganisation that results in the for-
mation of new hyphae, which eventually break through the old walls
of the “mother cells”.

Distribution of sclerotia of P. omnivorum in the soil. — Note-
worthy studies on this aspect of the cotton root rot problem are those
by KinG and Hore (1932) and by McNamara and Hooton (1933).
Kinc and Hope found sclerotia abundant under cotton at depths be-
tween 12 and 24 inches, being most numerous between 16 and 20
inches. Under alfalfa they were abundant between 6 and 30 inches,
and most numerous between 12 and 18 inches. Under a Chinese
elm, sclerotia were found at levels ranging from 6 to 48 inches.
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McNamara and Hooton made numerous excavations around the first
cotton plants to die of root rot after 3 or 4 years of clean fallow or non-
susceptible crops, on the assumption that such plants represented
primary infections. Most of these primary infections were success-
fully traced either to sclerotia, or to infected plant material. Mc-
NAMARA et al. (1934) later reported that sclerotia were not invariably
the source of primary infections, many of which were traced to “per-
sistent strands”. Such strands were described as reddish to dark
brown in colour, in contrast to the buff or light brown colour of the
strands on the still living host plant ; the persistent strands were also
smooth, having lost the mantle of acicular hyphae that gives the active
strands their characteristically fuzzy appearance. Such persistent
strands were sometimes found upon the decaying remains of old
cotton roots; at other times they occupied empty root channels.
Primary infections in cotton after 2 years of oats were traced to such
persistent strands, which were also found interlacing a colony of sclero-
tia in a plot that had been under fallow for no less than 5 years. In
the latter instance, the strands may have arisen through germination
of the sclerotia at any time during the 5-year period ; the sclerotia as-
sociated with this and other primary centres of infection in the first
cotton crop after the 5 years fallow may also have been of secondary
origin, through a process of “sclerotial budding”, such as was described
by KiNG et al. (1931).

At first sight, these observations of McNamara et al. (1934)
upon the persistent strands may seem difficult to reconcile with those
of TavBenumavus and Ezexien (19300) and Nean and MacLEAN
(1931) on the very limited survival of vegetative strands upon plants
just dead from root rot. The persistent strands, however, are prob-
ably more akin to sclerotia than to the ordinary vegetative strands;
the sclerotia themselves, moreover, are merely a specialised develop-
ment of the vegetative strands, upon which they arise. Development
either of sclerotia or of the persistent type of strand may be asso-
ciated with a decline in nutritional level of the mycelium after a period
of abundance; thus King and Loomis (1929) first observed forma-
tion of sclerotia on strands that had grown out from infected cotton
roots into the surrounding moist sand in which the roots were buried.
McNamara and Hooron (1933) reported, moreover, that they did
not find sclerotia on the tap roots or larger lateral roots of cotton
plants, but out in the soil where only small rootlets occurred. It is
pertinent to recall at this point that the studies of TAUBENTIAUS and
Ezekien (1930b) were carried out with the tap roots and larger lateral
roots of infected plants.

McNamara and Hooron (1933) stressed the fact that in their
excavations of primary centres of infection, they found no sclerotia in
plots planted each year to cotton, whereas they were abundant under
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cotton following non-susceptible crops or fallow; they concluded,
therefore, that the sclerotia “are connected primarily with the sapro-
phytic phase of the fungus and serve as a resting stage”. RoGERS
(1937), employing a highly effective method for separating sclerotia
of P. omnivorum from the soil (Rocirs, 1936), obtained, on the other
hand, higher numbers of sclerotia under continuous cotton than under
cotton or any other crop in a 4-year rotation of cotton with 3 non-
susceptible crops (sce Table 11, constructed from Rocers’ data).

TasLe 11. Number and viability of Phymatotrichum ommivorum sclerotia in a
4-year rotation as rclaied to time interval since last planting of cotton: —

No. oF PER CENT
No. oOF  VIABLE VIABLE

TIME INTERVAL SCLEROTIA SCLEROTIA SCLEROTIA
End of cotton year........cccocuuiiiiiiin.. 4488 1665 37.1
End of first year under non-susceptible crop. .. 9201 5765 62.7
End of second year under non-susceptible crop 2681 1479 55.2
End of third year under non-susceptible crop. . 1617 560 34.6
Continuous cotlon .........ceiiiiiiinnnnnn. 10,500 6959 66.3

Rocers” data do, however, tend to confirm the claim made by
McNamara and Hooron that formation of sclerotia occurs after para-
sitic activity has ceased; the highest sclerotial population, and the
greatest percentage viability of sclerotia in the population, was found
by RoGERs to occur not at the end of the cotton year, but at the end of
the first year under a non-susceptible crop. In a laboratory study,
Rocers (1939) found that in Houston black clay soil (saturation
capacity 70%) sclerotia were produced at moisture contents ranging
from 21 to 43% saturation, with an optimum meisture content at 36%
saturation. The temperature range for production of sclerotia was
found to be 11°-37°C., with an optimum at 27°C.

Longeuvity of sclerotia of P. ommivorum in the soil. — The sclerotia
of P. ommnivorum, like the strands, are very sensitive to desiccation;
KING et al. (1931) found them unable to survive drying for 11 hours
in the air of the open laboratory. Other sclerotia kept under distilled
water gave 81% germination after 92 days, and 20% germination after
121 days. The susceptibility of the sclerotia to desiccation has been
confirmed by TauBeN1iAUs and Ezexier (1936) and by King and
EaTton (1934) in experiments on survival and germination of sciero-
tia in soil at different moisture contents. TAUBENHAUs and EZEKIEL
studied loss of viability in sclerotia kept in Houston clay soil (satura-
tion capacity 70% moisture) maintained at different moisture contents
in small, stoppered glass vials; 25 sclerotia were placed in the soil of
each vial. Germination was tested 9 days after setting up the experi-
ment and subsequently at yearly intervals; 50 sclerotia were appar-
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ently selected from the 75 sclerotia originally placed in 3 vials. No
sclerotia from the air-dry soil germinated at the first test, 9 days after
setting up the experiments, or at any subsequent test. None of the
sclerotia buried in the soils maintained at 14%, 71% or 86% satura-
tion was viable at the end of the first year ; some of the sclerotia buried
in the soils at intermediate moisture contents, viz. 29%, 43% and 57 %
saturation, survived the whole test period of 5 years, viability at the
final test ranging from 10 to 16%. EzekisL (1940) has since re-
ported that mean germination was 10% after 6 years, and 8% after 7
years, but that no germination was obtained after 9 years or more.

Now survival of sclerotia depends upon two contingencies (i) that
the sclerotia do not germinate and dissipate themselves as mycelium
(ii) that they retain their capacity for germination. Since TAUBEN-
HAUS and EZEKIEL apparently selected 50 out of 75 sclerotia for their
germination test, it is not possible to estimate from their table of data
how many of the sclerotia were lost through germination or decay, but
the proportion evidently did not exceed one third. The conditions of
reduced aeration in the stoppered vials might have been expected to
reduces spontaneous germination of the sclerotia; conditions of re-
duced aeration might also be deduced from the more rapid loss of
viability in sclerotia kept in the two wettest soils.

In the experiments of King and Eaton (1934), on the other
hand, disappearance of sclerotia through germination was much more
frequent. Their experiment was carried out in a coarser-textured
soil — Gila fine sand (saturation capacity 27% moisture) — in open
containers ; aeration conditions were obviously much better than in the
stoppered vials used by TauseNuAUS and EzekieL. The test was
set up in May and the sclerotia were buried in the soil inside cheese-
cloth bags, for easier recovery, but in spite of this precaution King
and EAToN remark: “Most of the cheesecloth bags had become badly
decomposed by December, and many of the sclerotia having germi-
nated in place, it became increasingly difficult to recover the desired
numbers for making the monthly viability tests.” Survival in air-dry
soil was better than that in the experiment of TAUBENHAUS and
EzexIeL; 15% of sclerotia were viable after 2 months, though none
after 3 months. In the soil held at 19% saturation, 339% sclerotia
were viable after 2 months, but none after 3. There was not much
difference in rate of loss of germinability amongst sclerotia recovered
from the three wettest soils, held at 37, 93, and 100% saturation ;
germination varied from 10 to 18% at the 12 months test.

A comparison of the results obtained by Kinc and Eaton with
those of TAUBENHAUS and EzekIEL thus indicates the great impor-
tance of spontaneous germination as a factor reducing survival of
sclerotia. The factors affecting survival of P. ommivorum sclerotia
have been analysed with considerable ingenuity by MITCHELL et al.
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(1941). These authors found in laboratory experiments that the
percentage of sclerotia recoverable from the soil was greatly reduced
by the addition of 3% ground organic materials, such as farmyard
manure, cotton seed meal, cotton roots, sorghum, alfalfa or straw to
the soil ; these reductions in numbers of sclerotia occurred chiefly in
the first two weeks’ incubation in the organic-amended soils, and hence
coincided with the period of most active decomposition of the organic
material. Since observations made on Rossi-Cholodny slides sug-
gested that this rapid disappearance of sclerotia was due chiefly to
germination, an experiment was planned in which the recovery of
germinable sclerotia was compared with that of non-germinable
sclerotia. Two lots of sclerotia were available, viz. young sclerotia
(80% germinable) and old sclerotia (509 germinable). Half of
the sclerotia in each batch were killed by heating to 85°C. for 5
minutes. Ten sclerotia were buried in each container at known loca-
tions on glass slides, so as to facilitate recovery. The numbers of
sclerotia eliminated from each of 5 series of soils, viz. untreated, + 1%
superphosphate, and 4 3% chopped green alfalfa, straw and farm-
yard manure, respectively, are given in Table 12, which is taken from
MITCHELL et al.

TABLE 12.  Percentage of viable and killed sclerotia eliminated* from soil
recetving different treatments: —

YoUNG SCLEROTIA OLD SCLEROTIA
SOIL TREATMENT Lvine Kirrep Living KiLLED

Percent Percent Percent Percent

Untreated (check) ........................ 20 S 15 0
Superphosphate ........... ... ... ... .... 5 0 10 0
Ground straw ..................cciiiin.. 70 15 50 15
Ground alfalfa ............................ 75 30 40 25
Manure .......ooiiuiiiii i 75 40 15 5

From these results, MiTcHELL ef al. concluded that germination
was one of the factors contributing to the disappearance of the scierotia
in the soils treated with fresh organic material. The living sclerotia dis-
appeared much more rapidly than the killed ones, and the young ones
(80% germinable) more quickly than the old ones (509 germinable).
Even the killed sclerotia disappeared more rapidly from the organic-
amended than from the untreated soil, however ; MITCHELL et al. com-
ment upon this as follows: “It is not known why heat-killed sclerotia
are more rapidly eliminated from organic-amended suvii during the
early period of incubation. It is possible that a mass-inoculation
effect with more numerous and perhaps more diverse soil micro-

* See list of errata for volume 63, J. agric. Res., for correction of error in
original heading of this Table.
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organisms is obtained ; it is also possible that the sclerotial substance
presents a source of supply of one or more elements required during
the initial decomposition stages of the added organic material by the
soil microflora concerned.”

CLARK (1942), who was one of the co-workers in MITCHELL et al.,
later reported further experiments of this type, but on a more exten-
sive scale, with the sclerotia of P. omnivorum. In a similar but larger
experiment comparing rates of disappearance of viable wersus heat-
killed sclerotia, conditions were more favourable for decay of the dead
sclerotia than for germination of the living ones; the influence of
microbiological activity in accelerating disappearance of both living
and dead sclerotia was demonstrated by a comparison between rates of
disappearance of surface-sterilised sclerotia buried in sterile soil, on
the one hand, and of untreated sclerotia in unsterilised soil, on the
other. The effect of organic materials in accelerating rate of disap-
pearance of viable sclerotia was once again demonstrated, and was
shown to increase with rising soil temperature, and with increase in
moisture content of the soil. The effect also varied with soil reaction,
being greater in an acid-treated soil of pH 3.0 and in a limed soil of
pH 7.9 than in the untreated soil, or in the same soil receiving smaller
doses of acid; the effect was more pronounced in sclerotia buried at
some depth in the soil than in those buried near the surface.

These and other results obtained by MitcHELL ef al. and CLARK
help to elucidate the controlling effect of organic manures upon cotton
root rot (KiNG et al., 1934a), which is especially pronounced when
such manures are applied some months in advance of sowing time
(Ki1ng, 1937). MitcHELL et dl. also reported a field experiment on
land heavily infected with P. omnivorum. The usual late autumn
ploughing in preparation for spring sowing of cotton was compared
with deep rotary tillage carried out in early autumn (Oct. 3rd) ; of the
three rotary-tilled areas, the first received nothing, the second farm-
yard manure, and the third sorghum fodder. In August of the fol-
lowing year, excavations were made under the cotton crop to determine
the relative abundance of sclerotia in the different areas. Sclerotia
were not found in the upper 12 inches of soil in any of the areas that
had been rotary tilled, though they were present below the 12 inch
level ; sclerotia were abundant, however, between the 6 and 12 inch
levels in the control area that had received the usual late autumn
ploughing. Percentage mortality amongst the cotton plants on the
variously treated plots is given in Table 13, taken from M1TCHELL ¢t al.

Sclerotia of other root-infecting fungi. — Working with another
sclerotium-forming fungus, Sclerotium rolfsii, LEaca and DAvey
(1938) obtained good correlation between numbers of viable sclerotia
and incidence of root rot in the sugar-beet crop. They found approxi-
mately 80% of the sclerotia to occur in the upper 6 inches of soil, and
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TABLE 13. Percentage mortality in cotton due to root rot
(Phymatotrichum omnivorum) : —

Rorary  RoraAry

Deer TILLAGE+ TILLAGE+

ROTARY  FARMYARD SORGHUM

PLOUGHED TILLAGE MANURE FODDER

Sept., 1939 (in crop preceding

the experiment) ........... 85.3 80.0 96.0 74.0
August, 1940 .............. ... 90.0 363 7.0 20.0
October, 1940 ................ 94.0 69.0 340 60.0

less than 2% of the sclerotia below 12 inclies ; soil sampling for sclero-
tia to a depth of 8 inches was accordingly considered adequate. An
immediate practical use was found for this method of sampling for the
sclerotia of S. rolfsii, by means of which probable losses from root rot
in the next beet crop could be predicted ; if probable 1oss exceeded an
agreed level, the grower could be advised to substitute another crop
for beet. The figures of Lracu and Davey showed a comparatively
rapid decline in the population of viable sclerotia under a crop non-
susceptible to this fungus; numbers were commonly reduced to one
third or one quarter of the original population in an interval of 6
months, and in one instance numbers were reduced from 4810 in
December to 150 (viable sclerotia per sq. foot of soil to a depth of 8
inches) in the following July.

The formation of sclerotia by Rhizoctonia solani in pure culture
under different conditions of nutrition, temperature, atmospheric
humidity, reaction of the medium, etc. has been studied by TynNEr and
SanrForp (1935) ; the optimum temperature for sclerotial production
was found to be 18°-21°C. which is lower than that for rate of my-
celial advance (circe 25°C.). Formation of scelerotia was favoured
by high atmospheric humidity, but was not greatly reduced even by a
humidity as low as 31%. In respect of their toleration of desiccation,
the mature sclerotia of R. solani afford an interesting contrast 1o those
of Phymatotrichum omnivorum. Thus Paro (1926) found them to
survive for longer in air-dry than in moist soil, and Gapp and Berrus
(1928) recorded survival of sclerotia stored dry in a corked tube in a
Ceylon laboratory for 6 years.
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CONTROL OF ROOT DISEASE IN FIELD CROPS:
CROP ROTATION

The problems of root disease control in field crops are perhaps
more interesting, because more diverse, than those involved in the cul-
ture of either plantation or glasshouse crops. In plantation cropping,
the grower is usually concerned with a single crop, to the needs of
which everything can be subordinated, as in a factory for the mass
production of a single article. In commercial glasshouse practice,
again, the grower is often engaged in production of only a single major
crop, or perhaps two. In field cropping, on the other hand, the farmer
is generally concerned not only with a rotation of three, four, or more
crops, but also with the maintenance of stock as well. Any measures
that are suggested for control of a soil-borne disease affecting a single
crop have therefore to be considered in relation to their effect not
only upon that particular crop, but also upon the other crops in the
rotation and upon the maintenance of stock as well. Needless to say,
the farmer will adopt those control measures that involve minimum
expense and interference with his established routine ; control of soil-
borne diseases must therefore be sought rather through improvement
of general farming policy than through expensive special operations.
Above all, the effectiveness of crop rotation in keeping the great
majority of soil-borne diseases and pests within bounds must be held
responsible for the stillbirth of many ingenious schemes for root
disease control. Again, whereas the soil and aerial environment of
the crop can be directly controlled in glasshouse practice, in the field
control of the crop’s environment must usually be indirectly sought.

Control measures employed against soil-borne diseases of field
crops will be classified and discussed, in this and the two following
chapters, under the following heads: —

(i) crop rotation

(ii) plant sanitation

(iii) disease control under the growing crop.

Crop rotation is the basis of root disease control for field crops;

glant sanitation is concerned with elimination of the parasite before

= - a—e - o —— g e emg——t

e next susceptible crop 1s grown ; disease control under thé growing

crop comprises all those palliative measures designed to minimise loss

arising from sources of infection that have escaped the sanitary
measures.

Crop Rotation: — Crop rotation is the oldest and most effective
method of root disease control in field crops ; its origins are a matter for
the agricultural historian, but its mechanism still presents to the plant
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pathologist some interesting problems, the existence of which has only
recently come to be realised. The effectiveness of crop rotation de-
pends upon specialisation of parasitism in the soil-borne parasites,
amongst which may be included not only fungi and a few plant-patho-
genic bacteria, but also plant-attacking nematodes as well ; the very
primitive parasites that are not limited in this way by their host range
are limited in other ways, and so do not seriously impair the effective-
ness of crop rotation for root disease control.

The efficiency of crop rotation as a root disease control measure
may be defined as varying inversely with the length of rotation neces-
sary to obtain adequate control of the particular disease. Adequate
control does not imply complete elimination, but simply reduction of
the parasite to a low level, at which it causes commercially negligible
reduction in yield of the host crop. Rotation is most effective in con-
trol of root diseases caused by those highly specialised root-infecting:
fungi that have only a limited power of saprophytic survival in infected’
host tissue, and do not form resting spores or sclerotia. It is mucht
less effective against fungi producing resting spores or sclerotia at
conclusion of ‘their period of parasitic activity ; highly specialised para-
sites of this type present the most difficult problem of all. The effici-
ency of rotation for root disease control also decreases as the sapro-
phytic capacity of the parasite increases; the requisite length of rota-
tion is inevitably prolonged by ability of such a facultative saprophyte
to compete with obligate saprophytes for colonisation of virgin crop
residues. Fortunately, however, this faculty of active saprophytism
is possessed by such fungi at the expense of their parasitic capacity,
so that these fungi are not so difficult to control as the more highly
specialised parasites forming resting spores or sclerotia.

Elimination of fungi surviving only as mycelium inside infected
host tissues. — Qphiobolus graminis, causing the take-all disease of
cereals, is a fungus with a strictly limited power of saprophytic sur-
vival, in tissues invaded as a parasite (see above, p. 66); from an
examination of all available published evidence, GARRETT (1942) has
concluded that a one-year break under any non-cereal crop except
pasture will give adequate control, though occasionally the disease
may cause serious trouble in a two-course rotation such as that of
sugar-beet and barley. Outbreaks of take-all in a cereal crop grown
in two-course rotation are probably limited to light-textured, alkaline
soils exceptionally favourable to underground spread of the fungus
along the roots of the host crop; in such scils, the small amount of
inoculum remaining after the one-year break is much more dangerous
than in heavier or more acid soils, in which the fungus spreads more
slowly along the roots. As GARRETT has pointed out, adequate control
of take-all, and not completg elimination of Ophiobolus gramminis from
the soil, is the object of crop rotation; complete elimination of this
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fungus from the soil is not achieved even by a two-year break under
fallow or a non-susceptible crop.

Another fungus that seems to have a strictly limited term of sur-
vival in tissues invaded as a parasite is Verticillium albo-atrum. Thus
in field experiments on control of the potato wilt due to this fungus,
McKay (1926) found adequate control to be given by a three-year
rotation of potatoes with grain and clover (49% infected tubers),
though not by a two-year rotation of potatoes with grain (22% in-
fected tubers) ; under continuous potatoes, there were 34% infected
tubers. In another experiment, the percentages of infected tubers in
potato crops grown under rotations of 1-4 years duration were 25, 21,
1 and 0.3, respectively. A rather similar range of infection was ob-
tained by ZrLreEr (1936) in rotations designed for control of blue
stripe wilt, due to V. albo-atrum, in black raspberries. The percent-
ages of infected plants in raspberries grown under rotations of 1-4
years were 38, 21, 2.5 and 1.0, respectively. McKay remarked upon
the discrepancy between his cultural tests for recovery of V. albo-
atrum from infected potato haulm buried in the soil, and the results
of his rotation experiments ; the fungus was isolated from the infected
haulms in May, after they had lain in the soil over winter, but not in
May of the following year. ZELLER buried a number of 10-inch sec-
tions of infected raspberry canes 6 inches deep in the soil at the end of
October, 1927, and periodically attempted to isolate the fungus from
each of 15 cane sections recovered from the soil at successive sam-
plings. The proportion of successful isolations varied as follows:
February 1928 — 15/15, May 1928 — 12/15, October 1928 — 6/15,
and February 1929 — 0/15. Had McKay and Zgr.Lir used the host
plant instead of the agar plate as the ideal test for survival of V. albo-
atrum (admittedly a difficult proposition with this fungus), the dis-
crepancy between these tests and the results of their rotation experi-
ments would probably have been diminished (see above, p. 12).

Elimination of fungi surviving as resting spores. — The resting
spores of most cereal smut fungi have a relatively short life in the soil ;
adequate control of the kernel smuts is usually provided by seed disin-
fection, as soil contamination generally occurs only through liberation
of spore clouds during threshing. Such soil contamination by the
spores of Tillctia tritici was reported by HUNGERFORD (1922) to cause
losses of as much as 85% through bunt in the Pacific Northwest of the
U. S. A.; losses of this order through soil infection by bunt spores are
fortunately rare. Disappearance of free and unprofected smut spores
from the soil seems to be very rapid, whether through germination or
through death and decay; spores protected by enclosing host tissues
have a better chance of survival (HaNNA and Porp, 1934).  Whereas
crop rotation is usually unnecessary for control of soil infection by the
kernel smuts, it may be essential for control of the leaf smuts, because
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infected crop residues are turned into the soil ; the spores of such leaf
smuts enjoy the protection of enclosing host tissues. Thus Urocystis
tritict, causing flag smut of wheat, was found by GrirriTas (1924) to
survive for a year in'a small plot originally heavily contaminated by
the digging-in of infected wheat straw; 9/377 (2.4%) test wheat
plants became infected. A very similar result was later obtained by
TispALE et al. (1927). Nevertheless, under ordinary farm practice,
a one-year break is usually sufficient to keep the flag smut disease
under control.

Another parasite that persists in the soil only in the form of rest-
ing spores, but has a greater power of prolonged survival, is Plasma-
diophora brassicae, causing clubroot of crucifers. Although FEepo-
RINTCHIK (1935) has reported that this organism survived in a heavily
infected field for 7 years and then caused 27% infection of potted
cabbage seedlings, this is probably an extreme case, and rotations of
shorter duration than this period usually give adequate control of the
disease in practice. Four-year rotations, in which cruciferous crops
are kept off the land for three years, are sometimes adequate, but a
five-year rotation is usually found to be the minimum that can safely
be employed. A shorter rotation than this may appear to control the
disease on land that carries only a small population of P. brassicae,
but may result in a gradual accumulation of this parasite in the soil ;
this is often overlooked until a fairly serious outbreak of clubroot has
occurred. According to FeporintcHIK (1935), a high concentration
of spores in the soil is required before severe clubbing can occur. As
with the take-all disease of cereals, the length of rotation required to
keep clubroot under control can probably be correlated with suitability
of the soil for parasitic activity ; in alkaline soil, a much higher con-
centration of the organism is required for successful establishment of
infection than in acid soil.

Another soil-borne parasite perpetuated by means of resting spores
is Aphanomyces euteiches, which causes root rot of peas. GEacwH
(1936) found this fungus to survive for at least two years in pots of
soil kept fallow and free of weeds. Field evidence at first suggested
a much longer survival period; out of 9 fields that had not carried
diseased peas for 10 or more years, three were found by Linrorp and
VaucHAaN (1925) to be suffering from widespread and severe root
rot. Later, however, LiNForp (1927), commenting upon the wide
host range of 4. euteiches, suggested that the fungus might be carried
over these long periods in between two pea crops as a weak parasite
on the roots of apparently resistant crops, and on those of weeds; he
also reported a serious incidence of this disease in some crops sown on
virgin land.

Elimination of fungi surviving as sclerotia. — Cotton root rot in
the U. S. A., due to Phymatotrichuim omnivorum, furnishes the most
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outstanding example of an important root disease in which the length
of rotation necessary for control has been correlated with longevity of
the sclerotia in the soil (see above, p. 77). RATLIFFE (1934), Rocers
(1937) and Rea (1939) agreed that a two-year rotation exercised no
check upon the disease at all, that a three-year rotation reduced it
somewhat, but that for satisfactory control a four-year rotation had
to be followed. Even a four-year rotation by no means prevented the
appearance of root rot, but by reducing the number of plants affected,
and especially by delaying the development of the disease until later
in the cotton season, the four-year rotation markedly reduced losses
in yield due to root rot.

Elimination of facultative saprophytes. — Next may be considered
those diseases caused by organisms with greater saprophytic potentiali-
ties. Little precise information is to be found concerning the sapro-
phytic life of Actinomyces scabies in the soil, but the relatively long
rotation required for control of potato scab suggests that the organism
may survive as a saprophyte in the soil, independently of infected
potato tissue. Goss and Aranasiev (1938) have discussed the inci-
dence of scab in rotation experiments carried out under irrigation in
Western Nebraska ; two-year rotations failed to reduce the disease at
all (and indeed it was worse in such rotations than under continuous
potatoes), a three-year rotation appreciably reduced it, and four- to
six-year rotations gave satisfactory results, eliminating the severe
form of scab, and giving the highest proportion of sound, unmarked
tubers.

Another disease of the potato in which free saprophytic survival
of the causal fungus may complicate control by rotation is stem canker
and tuber scurf, due to Rhizoctonia solani. BLAIR (1943) has shown
by laboratory experiments that this fungus can grow through un-
treated field soil as a saprophyte, though its activity is depressed by
addition of 1% or more of ground dried green manure, apparently
through the competition of other micro-organisms better fitted to
attack the organic material. ~Although the superficial tuber scurf form
of this disease is caused by the formation of sclerotia, these bodies are
often little more than mycelial plates, nor do they show any tissue
differentiation; the part that they play in determining survival of
R. solani in the field cannot as yet be estimated. SANFORD (1939) re-
marked that, in some areas of Alberta, a year’s summerfallow gave no
appreciable control of the tuber diseases due to R. solani and A.
scabies. Nevertheless, Goss and Aranastev (1938) found a marked
reduction in incidence of tuber scurf under two-year rotations in
Western Nebraska, as compared with that under continuous potatoes,
and a four-year rotation reduced it to a negligible minimum. Brop-
GETT (1939) reported incidence of tuber scurf in New York State to
be markedly reduced by a two-year rotation, as compared with con-
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tinuous potatoes, but it did not seem to be further diminished by a
five-year rotation. Goss and ArANAsiEv, and BLODGETT, observed
incidence of tuber scurf to be substantially reduced both by farmyard
manure and by a green manure cover crop; it is tempting to correlate
this observation with the results obtained by BLAIR, but it must be
noted that BLODGETT also found a reduction in incidence of tuber scurf
to follow the application of an artificial fertiliser.

The foot rot of cereals due to Fusariium culmorum is well known
to be less amenable to control by crop rotation than is the take-all
disease; SANFORD (1939) has commented upon this fact: “For ex-
ample, one asks why one year of summerfallow produces such a
marked effect in reducing the damage of O. graminis in the wheat crop
following it, but gives much less control of H. sativum and F. cul-
morum, no control of Pythium sp., and in certain areas at least, no
appreciable control of the potato diseases caused by A. scabies and
R. solani”  An explanation of this difference in behaviour is perhaps
afforded on the one hand by the findings of GarrerT (19380, 1940)
concerning the limited power of survival of O. graminis, in tissues in-
vaded as a parasite, and on the other by the demonstration by SApasi-
VAN (1939) and WALKER (1941) that F. culmorum can actually in-
vade fresh wheat straw buried in the soil, as a free-living saprophyte.
The foot rot of cereals due to F. culmorum is of little cosmopolitan
importance, as compared with the take-all disease, but in Canada con-
ditions scem to favour the parasitism of this fungus upon wheat; in
combination with Flelminthosporium sativim, it causes serious losses.
In view of the widespread distribution of F. culmorum in the wheat-
growing soils of other countries, its failure to act at all commonly as a
serious parasite of wheat elsewhere than in Canada requires further
investigation.

For certain other root-infecting fungi, apparent survival periods of
such length have been reported that, if the complete absence of host
plants in the interim period can be confirmed, the parasites must be
regarded also as saprophytes of soil inhabitant status. For example,
BARKER (1923) reported that it was frequently impossible tu grow
flax varieties susceptible to wilt (Fusarium lini) more than once every
10-12 years on the same land, and MELtus et al. (1926) found the
cabbage yellows organism, Fusarium conglutinans, to last for at least
11 years i the soil; a survival period of 14 years under grass had
previously been reported by JonEs and GiLman {1915) for the same
fungus, which was responsible for a severe outbreak of yellows in the
first cabbage crop planted on the ploughed-up sod. It is known,
however, that Fusarium lini can be seed-borne, so that this may ex-
plain the occurrences cited by BARKER; Bavris (1940), reporting
survival periods of 8 and 11 years in the absence of flax crops in
New Zealand, took note of this possibility of seed transmission by
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observing that: “The seed came from crops in which no wilt was dis-
cernible, and the great majority of crops raised from it showed no
sign of the disease.” Before such long periods of survival by a
parasite in between one susceptible host crop and the next can be
accepted as evidence of its capacity for indefinite saprophytic survival
in the soil, it is necessary to exclude possibility of seed transmission.
Again, LiNnrForD’s (1927) suggestion, made in connection with the
long apparent survival periods of Aphanomyces euteiches, that a
fungus may survive as a weak parasite on the roots of apparently im-
mune crops (i.e. showing no disease symptoms above ground), or on
those of weeds, deserves wider consideration. The need for experi-
mental investigation to supplement such field records as those just
cited is thus very apparent.

Other effects of crop rotation upon survival and activity of root-
infecting fungi. — So far, only the obvious and well-established effect
of crop rotation upon the numbers of a parasitic organism in the soil
has been considered ; the numbers of the parasite increase with the
frequency of host crops. Little attention has yet been paid to the rela-
tive effect of different non-host plants upon the survival of a parasite.
Data have recently been provided by Bose (1938) in India which
suggest that the incidence of root-disease in a crop may be profoundly
affected by the nature and sequence of preceding crops in the rotation,
even though none of these crops can act as host plants to the particular
parasite concerned. Bose demonstrated that incidence of wilt, due to
Fusarium vasinfectum, in pigeon pea was significantly less after a
crop of tobacco than after one of linseed or fallow. The design of the
experiments failed to permit discrimination between the effect of the
living roots of the preceding crops and that of the crop residues. This
result was consistently obtained in experiments carried out in three
consecutive seasons, and appeared both on naturally-infected plots, and
on plots in which the natural inoculum had been artificially reinforced.

In pot experiments, HILDEBRAND and WEsT (1941) found that the
growth and turning-under of several consecutive crops of soybeans
markedly reduced the incidence of Ontario root rot (the etiology of
which is still incompletely understood) in strawberries ; the growth of
red clover cover crops, on the other hand, produced no such beneficial
effect. 'WEesT and HiLpEBRAND (1941) discovered that this beneficial
effect of soybeans in reducing root rot could be simulated by addition
of glucose to the soil. Later Ricmarpson (1942), working in the
same laboratory, reported that the growth and turning-under of four
successive crops of soybeans in pots reduced the incidence of root rot,
due to species of Pythium, Helminthosporium, and Fusarium, in corn
seedlings ; a succession of red clover cover crops, on the other hand,
produced no comparable improvement in the health of the roots of the
following corn crop.
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A more prolonged survival of the take-all fungus in infected wheat
stubble in fallow soil than in soil under crop has been reported by
GARreTT (1943). Eight weeks after burial of the pieces of infected
straw in the soil, 68% of those from the fallow soil contained viable
mycelium of Ophiobolus graminis, but only 18, 17 and 4% of those
from soil under trefoil, mustard and oats, respectively. GARRETT
attributed the more rapid disappearance of O. graminis from soils
under crop to competition between the take-all fungus and plant roots
for the limited supply of available nitrogen (see above, p. 67). He
suggested that this observation might explain the success of a
system followed by certain English farmers for continuous barley
growing. Barley is susceptible to the take-all disease, and the second
or third barley crop on the same land is sometimes severely attacked.
But barley undersown with trefoil (which makes a luxuriant growth
in late summer and autumn after the barley has been cut, and is
then ploughed in as a preparation for the next barley crop) had not
thus far been observed to suffer from take-all. To account for this
observation, GARRETT supposed that the active growth of the legume
after harvest kept the available nitrogen content of the soil at a very
low level, with resulting detriment to the longevity of O. graminis,
most of which was unable to survive until sowing of the new barley
crop in the spring.

The effects of crop growth upon the soil are many and diverse;
one crop differs from another not only in its effect upon the micro-
biological equilibrium of the soil, as HiLpEBRAND and WEsT (1941)
and WesT and Hicpesranp (1941) have so extensively demontrated,
but also in its demands upon reserves of plant nutrients. A particular
crop may reduce reserves of available nitrogen, phosphate and potash
in equivalent proportions, or it may absorb relatively greater quanti-
ties of one particular nutrient. This effect of crop growth. unless
subsequent adjustment be made by addition of artificial fertilisers to
the soil, must sometimes modify the resistance of the following crop
to certain root-infecting parasites (sce above, p. 54). Thus VANTER-
pooL (1930-40), for example, demonstrated that the browning root
rot of cereals in Saskatchewan, due to Pythium spp., was worse after
fallow than after a wheat crop; he attributed this unwelcome effect
of fallow to an increase in the nitrogen/phosphate ratio of the soil,
which apparently lowered the resistance of wheat plants to this
disease.
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CONTROL OF ROOT DISEASE IN FIELD CROPS:
PLANT SANITATION

The problems to be discussed under this heading arise chiefly
during and after harvest of a crop in which a soil-borne disease has
been prevalent, since they concern the best method {for treatment and
disposal of infected seeds, propagating sets, and other crop residues.
Infected seeds or propagating sets must be either eliminated or so
treated that they do not carry infection into the next crop and per-
haps onto “clean” land as well. Other infected residues, of no value
for propagation, must be destroyed at once, if possible; if not, pre-
cautions should be taken to prevent their passive dispersal by the
agencies of wind, water, man and his domestic animals. The gradual
decline of a parasite when the land is occupied by non-susceptible
crops has just been discussed; there remain for consideration those
measures that can be taken to accelerate this “normal” disappearance.

Preventing Dispersal of Parasite by Infected Seed: — The
prevention of disease transmission by infected seed or propagating
sets is perhaps the most important part of crop sanitation; loss due
to disease in a following crop, though considerable, may be negligible
by comparison with the cumulative loss due to infection of clean land.
The cereal smuts are the best known seed-transmitted diseases. In
some of these, the spores are held mechanically, either adhering to
the seed coat, as in bunt (7illetia tritici and T. levis) of wheat, or
enclosed within the glumes, as in covered smut (Ustilago horder) of
barley; these diseases can be controlled by seed treatment with a
protective fungicide, such as the organic mercurial compounds now
widely used for this purpose. In others, such as loose smut of wheat
(Ustilago tritict) and of barley (U. nuda), the smut fungus is carried
as a latent mycelial infection within the tissues of the seed, and so
cannot be reached by surface disinfectants. The “modified hot-water
treatment”, invented by JENSEN (1888), is still used for control of
these loose smut diseases of wheat and barley, but is not widely em-
ployed on account of the difficulties of operation, which involve skilled
supervision, and also because the treatment is liable to reduce per-
centage germination of the seed. An ingenious application of this
principle of control has been worked out by LuTHRA and SATTAR
(1934) for Indian conditions (Lurtura, 1941). The treatment is
carried out in June or July; the infected seed is presoaked in water at
indoor temperature for 4 hours from 8 a.m. to 12 noon, and is then
taken out and exposed to the sun from 12 noon to 4 p.m. Complete
control of loose smut has been obtained in this way, and the reduction
in germination of the treated seed is negligible (not exceeding 2%).
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The method is said to be applicable only to the hotter parts of the
Punjab plains; maximum shade and sun temperatures at Lyallpur in
June are stated to be 49° and 55°C. (120° and 131°F.), respectively.
Further information concerning seed treatment may be found in the
reviews of LEUKEL (1936), CunninguaM (1935), and MARTIN
(1940).

Preventing Dispersal of Parasite by Infected Propagating
Sets: — The best known soil-borne diseases transmitted by vegeta-
tive propagation of the host plant are those of the potato. They in-
clude wart (Synchytrium endobioticum), scab (Actinomyces scabies),
stem canker and tuber scurf (Rhizoctonia solani), and wilt (Verticil-
lium albo-atrum, Fusarium oxysporum and F. solani var. eumartii).
No effective method of tuber treatment for elimination of wart is in
use, and the movement of seed tubers from an infected area has been
controlled by quarantine legislation in many countries. Tuber treat-
ment by steeping or dusting has been widely advocated {or prevention
of stem canker, black scurf and scab, but the value of such treatments
for this purpose is often questionable. Both R. solani and A. scabies
are widely distributed in most potato-growing soils; the planting of
infected “seed” must often fail to increase either the amount of disease
in the current season’s crop, or the volume of inoculum of either
parasite left behind in the soil after lifting of the crop. R. solani ad-
mittedly has a considerable power of movement through the soil
(Bra1r, 1943) ; its mycelium probably grows not only from the seed
or parent tuber along the sprouts, perhaps causing stem canker, but
may also extend directly through the soil to the later-formed daughter
tubers, there to cause the black scurf form of this disease.

Actinomyces scabies, on the other hand, appears tu possess little or
no power of free movement through the soil, as demonstrated by
SANFORD (1933) in a masterly experimental analysis of the argu-
ments for and against seed tuber treatment for control of scab. SAN-
FORD'S experiments may be summarised as follows: (i) four tuber
steeps, #iz. hot formaldehyde, cold formaldehyde, mercuric chloride
and a proprietary compound, failed to reduce incidence of scab on the
crop in a field experiment, nor was scab increased by the use of plant-
ing sets almost covered with scab lesions, (ii) when sets were coated
with a virulént agar culture of A. scabies, only a slight increase of scab
occurred on the daughter tubers as a result of this, and then only on a
few of the tubers that grew very close to the inoculated planting set,
(iii) when planting sets were surrounded by a culture of 4. scabies on
sterilised soil, only that part of any daughter tuber which grew actu-
ally into the soil inoculum was covered by scab, (iv) in sterilised soil,
A. scabies grew vigorously almost in contact with potato cores treated
with the different protective steeps and dusts. SANFORD therefore
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concluded that tuber treatments, whether or not they reduced the
amount of 4. scabies inoculum persisting in the soil from the original
planting set, certainly failed to decrease the incidence of scab in the
current season’s crop.

An interesting study of the transmission of Verticillium albo-atrum
to the tubers, and of the spread of this parasite under the growing
crop, has been made by McKay (1926), who showed that inspection
of seed tubers was of little value as an aid to detection of infected ones ;
separation of tubers with discoloured stem ends, and discarding of
stem ends in cut seed tubers alike failed to eliminate carry-over of in-
fection in the seed tubers. McKay therefore concluded that rogueing
of the parent crop in the field was the only effective way of reducing
“seed” transmission of this wilt disease to negligible proportions.
Periodic rogueing of wilted plants (i.e. those showing above-ground
symptoms), alone, was insufficient, since by the time such individuals
had become obviously diseased, the neighbouring plants on either side
of them in the row had usually contracted the infection as well.
McKay therefore recommended “three-plant rogueing”, whereby the
wilted plant was removed together with the two adjacent plants in the
same row, at periodical crop inspections throughout the growing
season. In one experiment, where the percentage of visibly wilted
plants was 22, single-plant rogueing reduced the percentage of infected
tubers to 8.4, and three-plant rogueing to 3.2. From the data obtained
in these experiments, however, McKay concluded that infected tubers
could be eliminated from the crop as effectively by marking the plants
for elimination, and digging separately at harvest, as by pulling them
when first seen; even three-plant rogueing failed to reduce spread of
the disease to the second plants away from the wilted one in the row.

Destruction of Other Infected Crop Residues: — One of the
simplest and most effective methods for disposing of infected aerial
parts of diseased cereals is to fire the straw after harvest, a procedure
that has been followed for many years in Australia for control of the
take-all disease (McALPINE, 1904; GrirriTHS, 1933); this pro-
cedure also eliminates plant material infected by the flag smut organ-
ism, Urocystis tritici (McALpINE, 1910). In the past, Australian
wheat has usually been harvested by the “stripper”, which removes
the heads alone, leaving the long straw standing ; the straw never fails
to burn well after the hot, dry summer, and the basal infected part of
the stubble is usually completely destroyed. ‘Although O. graminis
continues to survive in the infected root and crown left behind in the
soil, this source of infection is generally less massive, and therefore
likely to disappear more quickly, than the infected base of the straw.
Nevertheless, this practice of firing the straw is to be deprecated ex-
cept when dealing with extensive infections, since the rapid depletion
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of the soil humus is likely to lead to serious soil erosion in countries
with a climate like that of Australia.

Extraction of infected crop residues from the soil, either by hand
labour or by machine, is a measure deserving some consideration. No
such expedient seems to have been tried out against any of the i impor-
tant soil-borne diseases due to fungi; in the Anglo-Egyptian Sudan,
however, the carry-over of the leaf curl virus of cotton from one sea-
son to the next has apparently been prevented by hand-pulling (after
harvest) of the plants, which are “yanked” out of the ground by an
ingenious implement devised by Massey (1934). Treatment of the
soil by fungicides might seem to be the obvious method for destroying
infected crop residues, but this expedient is rarely economically sound
for field crops, although soil sterilisation by heat or by chemicals has
become a routine practice in intensive glasshouse culture (see chapter

15).

Preventing Dispersal of Parasite by Other Agencies: —
Dispersal by wind. — Wind dlspersal of fungus spores and in-
fected plant debris is probably of less importance than was formerly
supposed. Wind-borne fragnients of infected wheat straw and dried
grass haulm carrying Ophiobolus graminis were thought by Mc-
ALPINE (1904) to be reponsible for spread of the take-all disease in
Australia, and SAMUEL (1924) has described an apparent instance of
such dispersal; nevertheless, FELLows and Ficke (1939) tried ex-
perimentally to simulate such natural dispersal of infected soil by air
and water in Kansas, and concluded that spread of O. graminis in this
way must be slow and uncertain. Infection of roots by spores often
fails to occur in the absence of a food-base (see above, p. 29), though
provision of a food-base external to the fungus may be unnecessary
in the event of a “mass-infection” by a number of spores simultane-
ously ; the aggregate reserves of a sufficient number of spores pre-
sumably provide a food-base adequate to sustain the fungal invasion
and establish infection in spite of host resistance. Now wind-dis-
persal must eliminate opportunity for mass-infection by fungus spores.
The efficiency of spores in transmission of disease with the seed of
many species of plant may be attributed in part to the occurrence of
mass-infection ; thus HeaLp (1921) demonstrated a relationship be-
tween the spore-load of contaminated wheat seed and percentage of
bunted heads in the resulting crop. Similarly, SHEN (1940) demon-
strated that the percentage incidence and the severity of seedling blight
due to Fusarium culmorum in wheat seedlings depended upon the
spore-load of the seed.

The most convincing argument against wind as an important
agent for dispersal of soil-borne parasites is the efficiency of crop
rotation in controlling “these parasites; although instances of failure
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to achieve control of root disease by crop rotation are known (see
above, p. 83), there is little evidence to suggest that such failures are
at all frequently due to wind dispersal of the parasite. The best-
authenticated example of air-borne contamination of soil is that
afforded by bunt of wheat. Infection via the soil is especially impor-
tant in the Pacific Northwest of the U. S. A., according to HeaLp
(1932), for the following reasons: Winter wheat in the Pacific
Northwest is generally sown on summerfallow ; crops mature earliest
in the western or southwestern part of the area, and the “smut
shower” released by threshing of these early-maturing crops is carried
by the strong prevailing westerly winds over the summerfallows of
the rest of the Pacific Northwest area. The summers are exception-
ally dry with little or no rain in July and August to cause germi-
nation of the bunt spores that have fallen on the fallows ; the autumn
temperatures at and shortly after sowing time are favourable for in-
fection of the winter wheat seedlings by the bunt fungus.

Dispersal by water.— The contamination of water supplies by
the spores of parasitic fungi was investigated by BEwLty and Bupprn
(1921), who found surface water such as that from ponds and brooks
to be much more heavily contaminated than Company’s water or that
from deep artesian wells. Curzr (1927) found that Plytophthora
hydrophila, causing root rot of chilli peppers in Italy, was spread by
water ; a single irrigation was said sometimes to result in the com-
plete destruction of the crop. For the control of a similar disease
(here attributed to P. palmivora var. piperis) of chillies in Batavia,
MuLLER (1936) recommended that a network of shallow trenches
should be dug, with water pits at intervals to prevent the rain water
running off over the surface. If infection occurred in one of the
squares isolated by the trenches, the soil and diseased plants were to
be watered with 1% solution of copper sulphate, and weeding tem-
porarily discontinued. CrawForp (1934) has commented upon the
spread by irrigation water of the Fusarium annuum wilt of the same
crop in New Mexico. Tuunc (1932, 1938) found Phytophthora
parasitica var. nicotianae, the agent of black shank of tobacco in Java,
to be carried by water from old tobacco fields, manure heaps, and cur-
ing barns. The movement of water in erosion and drainage from
infected upper levels was considered by KiNG et al. (1943b) to result
in the infection of lowlands and deltas by Phymatotrichum ommnivorum.
PeLTiER (1937) repeatedly observed that when root rot occurred near
the headwaters of a stream, it was usually distributed throughout the
drainage basin, and that the incidence of the disease increased at the
lower levels. HEewrTt (1934) has made a similar observation on the
spread of Armillaria mellea. The dispersal of sclerotia of Sclerotinia
sclerotiorum by irrigation and flood water has been noted by BrownN
and BuTLEr (1936) in their study of lettuce “drop” in Arizona.
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The importance of the passive spread of pathogenic fungi by water
movement has thus been well established. Active spread by free-
swimming zoospores of Phycomycetes and Myxomycetes is probably
of negligible importance as far as actual dispersal is concerned. Thus
HaeNseLER (1926) found that zoospores of Aphanomyces euteiches
were apparently incapable of migrating even half an inch in the soil,
so that practically no spread of the disease in this way occurred in his
experiments.

Dispersal by cultivation operations and farm movements. — In-
fected soil may be carried on the feet of farm labourers, and on those
of draught animals and stock, as well as on implements. Such methods
of spread have been cited, for example, by Giess (1931a) for the
spores of Plasmodiophora brassicac on New Zealand farms, and by
Brown~ and BuriLer (1936) for the sclerotia of Sclerotinia sclero-
tiorum in Arizona. ‘

Dispersal by feeding diseased plant material to stock. — The feed-
ing of diseased roots to stock was shown by Gisss (19310) to con-
stitute another mode of dispersal of Plasmodiophora brassicac. BRowN
(1937) found Sclerotinia sclerotiorum to be spread in Arizona by
feeding farm animals on infected lettuce refuse; on the other hand,
sheep and other stock could be made to further the ends of plant sani-
tation by folding them on the infected plants after harvest, and quar-
antining them for four days, the maximum period for evacuation of
living sclerotia. McALPINE (1910) condemned the practice of feed-
ing farm horses on wheat hay infected with flag smut (Urocystis
tritici), and Crayron (1925) attributed the rapid spread of the
“disease in New South Wales to neglect of this advice, having shown
that viable spores of U. tritici are voided in horse dung. In South
Africa, VERwWOERD (1929) succeeded in obtaining some 45% infection
of test wheat seedlings not only with freshly voided horse dung, but
also with the same dung when tested again the following season ; sheep
dung was also demonstrated to act as a vehicle for living spores of
U. tritici.

" Dispersal in compost. — The compost heap has often been indicted
as a source of infection, whereby root-infecting fungi may be dis-
tributed over clean land. The high temperatures developing in a
properly made compost heap must, however, be lethal to the mycelium
and spores of many plant parasites. Thus GroosHEvVoY and LEVYKH
(1940) reported that compost heaps prepared for tobacco seed-beds
developed internal temperatures of 49°-63°C., which proved fatal
both to the chlamydospores of Thielaviopsis basicola and to the pseudo-
sclerotia of Rhizoctonia sp. Moreover, only a very small minority
of the root-infecting fungi are sufficiently vigorous saprophytes to
spread actively through a compost heap, in face of the competition of
obligate saprophytes. An example of such a one has been given by
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TroMpsoN (1940), who declared that compost heaps in Malaya were
sometimes heavily contaminated with Sclerotium rolfsii, and that the
use of compost carrying this organism had been the cause of loss
amongst ornamental plants in gardens.

Accelerating “Natural” Disappearance of Parasite from the
Soil: — There remain for discussion those procedures wheréby the
normal rate of disappearance of a parasite from the soil under fallow
or a non-susceptible crop can be accelerated by the farmer. Some field
crop plants, for instance, do not die after flowering and fruiting, with
the result that a root disease fungus may continue to survive and even
to spread on the still living roots after harvest. Thus TAUBENHAUS
and EzexieL (1930b) demonstrated the survival and spread of Phy-
matotrichum omnivorum throughout the winter on living cotton roots,
long after the tops of the plants had been killed by frost. Rea (1933)
reported that winter cultivations reduced the number of live, over-
wintering cotton roots, but that reduction in this source of infection
alone failed to reduce appreciably the incidence of root rot in the fol-
lowing season.

In general, the period of survival of a root-infecting fungus in the
interval between susceptible host crops is likely to be most brief under
those conditions most favourable for its vegetative activity, and there-
fore least favourable for dormancy. Under such conditions, resting
spores and sclerotia are likely to germinate more freely, and mycelium
in infected tissues more quickly to exhaust the food reserves of the
substrate. Thus BREMER (1924) considered that, in the absence of
host plants, Plasmodiophora brassicae was likely to survive for longest
in alkaline soils, which inhibited spore germination ; in alkaline soils,
moreover, the spores were most resistant to the lethal action of mer-
curic chloride or high temperatures. GARRETT (1938b) and FeLrows
(1941) concluded that the period of survival of Ophiobolus graminis
in infected host tissues was shortest in warm, well aerated and moist
soils, i.e. under just those conditions optimum for vegetative activity.

Methods most likely to be of use in hastening the disappearance
of a root-infecting fungus from the soil in the absence of host plants
may be listed under three heads: (i) cultivation, (ii) organic manuring,
(ili) use of selected rotation crops or catch crops. Several experi-
ments on the value of cultivation for eradication of Phymatotrichum
ommivorum have been carried out; results obtained by Rea (1933)
and RaTLIFFE (1934) were not encouraging, but STREETS (1937)
and Rea (1939) have since quoted more promising results, especially
from deep subsoiling. STREETS drew attention to survival of P. omni-
vorum below cultivation depths as one of the reasons for the limited
success of cultivation in eradicating the fungus, and REA connected
the greater success of modern trials of deep tillage with the more
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powerful implements employed. MiTcHELL et al. (1941) obtained
encouraging results from rotary tillage early in the autumn after cot-
ton harvest, as compared with the usual late autumn ploughing ; in the
following August, sclerotia were abundant between the 6 and 12 inch
soil levels of the ploughed plot, but absent in the upper 12 inches of
soil in all the rotary-tilled plots. This reduction in sclerotial popu-
lation was associated with reduction in the incidence of root rot in the
cotton crop; incorporation of farmyard manure or sorghum fodder
with the soil by means of the rotary cultivator still further reduced
losses from root rot (see above, p. 80).

MitcHELL et al., and CLARK (1942), by demonstrating that dis-
appearance of the sclerotia of P. omnivorum was greatly stimulated
by the addition of organic material to the soil, helped to explain the
control of cotton root rot through organic manuring reported by King
et al. (1934a). King’s success with this method in Arizona, as com-
pared with its failure in Texas (Rea, 1939), may be attributed in
part to the difference between irrigation farming in Arizona and dry-
land farming in Texas, and in part to the special methods for timing
and placement of the application recommended by King (1937):
“The method consists of applications of various organic materials
in deep furrows during the fall and winter, and in planting the cotton
over the buried material. The furrows for the manure should be from
10-14 inches deep, so that the buried material will not interfere with
the preparation of a seed-bed. . . . It has been found that as much as
20 tons of horse or cow manure from corrals or upen stalls per acre
may be used without injury to the cotton crop. However, 15 tons per
acre probably would be adequate for most conditions. Where green
material such as freshly cut alfalfa, clover, field peas, vetch or mustard
is available, 30 tons per acre may be used if furrnws are made deep
enough so that the material may be covered with 5 or 6 inches of
soil. . . . Irrigation water should be applied immediately (i.e. after
covering) so as to compact the soil and encourage the activity of or-
ganisms for decomposition. If possible, the organic material should
be applied, covered, and irrigated at least a month before planting
time, and a second irrigation should be made before planting to ensure
adequate moisture for germination of the cotton seed.”

Evidence for the view that rotation crops non-susceptible to in-
fection by a particular parasite may yet affect the period of its sur-
vival has already been discussed (p. 88). Germination of the resting
spores and sclerotia of root-infecting fungi may sometimes be stimu-
lated by contact with the roots of plants other than their host plants
(NoBLE, 1924) ; search for such plants seems to offer a promising line
of investigation.
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CONTROL OF ROOT DISEASE IN FIELD CROPS:
DISEASE CONTROL UNDER THE GROWING
CROP

In chapters 4-6, variation in the incidence of soil-borne diseases
was analysed as far as possible, and related to variation in the com-
ponent factors of the soil environment, viz. temperature, moisture
content, texture, reaction, organic content, and concentration of plant
nutrients. This chapter will be concerned with the practical appli-
cation of such information; control measures will be discussed under
the following heads: —

(i) mechanical methods

(ii) amelioration of soil temperature

(iii) management of soil moisture content and aeration, and variation in depth

of planting

(iv) modification of soil reaction

(v) use of organic supplements
(vi) application of artificial fertilisers.

Mechanical Methods: — Mechanical methods have attained
their greatest development as measures for control of root disease in
plantation crops, and have thus far found few applications in field crop
practice. Some use has been made of mechanical barriers for delimit-
ing the spread of Phymatotrichum omnivoruwm into clean areas, by
means of trenches filled with mixtures of soil and heavy oils, sulphur,
ammonia, carbolic acid or salt, both in Texas (TAuBENHAUs and
Ezexier, 1931) and in Arizona (STrEETS, 1937). Quite a different
type of barrier was developed in Texas by TAUBENIIAUS and EZEKIEL
(1931), who found that 4-12 rows of sorghum stopped the spread of
P. omnivorum the roots of the sorghum prevented those of the cotton
on either side of the barrier from making contact with one another.

A direct mechanical effect of inter-row cultivation of potatoes in
breaking root contacts between adjacent rows of the crop was sug-
gested by McKay (1926) as the reason for failure of Verticillium
albo-atrum to spread from one row to another during the growing
season, though it spread freely along the rows, as far as the second or
third plant away from the one first showing wilt symptoms. McKay
suggested that the practice of planting in check rows, so as to permit
of cultivation in either direction, would probably prevent the spread
of this disease, and that this procedure might eliminate the necessity
for “three-plant rogueing” in crops intended for “seed” production.

Amelioration of Soil Temperature: — Control of soil tempera-
ture cannot be directly secured in the field as it can in the glasshouse,
but the range of temperature under which the crop develops can be
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varied to some extent by alteration in planting date. Information
concerning the optimum temperature for the development of particular
soil-borne diseases and the safest time for planting of the host crops
concerned is given above in Chapter 4,

An interesting new method of root disease control, apparently
achieved through reduction of soil temperature, has been independently
reported by VAsubeva and Asurar (1939) in India, and by HaNs-
FORD (1940) in Uganda. Vasubkva and ASHRAF, investigating the
Indian root rot of cotton, which is caused by Rhizoctonia solani and
R. bataticola, found the optimum temperature for disease develop-
ment in Wisconsin-type soil temperature tanks to be ratlier high;
seedling mortality due to R. solani was highest at 35°C., and that due
to R. bataticola at 39°C. In a mixed crop of cotton and sorghum,
the deaths of cotton plants from root rot were significantly fewer than
those in cotton alone. VASUDEVA and ASHRAF attributed this re-
duced mortality to the shading effect of the sorghum in lowering soil
temperature ; the humidity of the air was higher in the mixed crop,
but no consistent increase or decrease in soil moisture content was
found. Vasupeva (1941) later reported further experiments con-
firming and amplifying these results. Whereas sorghum tended to
reduce the yield of cotton in mixed cropping even on heavily infected
land, the growth of “moth” (Phaseolus aconitifolius) in between the
cotton rows not only reduced the mortality in the cotton from more
than 50% in the pure stand to a negligible percentage in the mixed
crop, but also significantly increased the yield of seed cotton. Soil
and air temperatures were lower in the mixed crop, and humidity was
higher, than in the pure cotton. In a mixed crop of cotton and
“swank” (Panicum colonum), in which the “swank” got a poor start,
soil and air temperatures were no lower than those in the pure cotton
plots ; nevertheless, mortality due to root rot was significantly lower
in the mixed crop than in the pure stand of cotton. VASUDEvaA there-
fore concluded: “Temperature may be an important factor, but it is
likely that some other factor also comes into play which helps in re-
ducing the incidence of the disease, as in the case of swank where the
temperature was not materially affected in the mixed crop but the
incidence of the disease was reduced.” One such “other factor” that
is likely to operate in reducing mortality due to disease in a mixed
crop (where the plant used for inter-cropping is immune to infection)
is the interruption of root contacts between susceptible plants by the
roots of immune plants.

Hansrorp (1940) reported a similar result obtained by J. D.
JaMmEesoN in field experiments on the wilt disease of cotton (more
than 90% of which was attributed to Verticillium dahliae, and the
remainder to strains of the Elegans section of the genus Fusarium),
carried out at Bukulasa Station in Uganda. The incidence of wilt



Garrett — 100 — Root Disease Fungi

was diminished both by reducing the distance between the cotton
rows, and by interplanting with groundnuts or beans. The effect
was attributed to lowering of the soil temperature, which was stated
to vary at Bukulasa from 76°-86°F. (24°-30°C.). In the Eastern
Province of Uganda, on the other hand, where mean soil temperatures
were higher than at Bukulasa, the wilt disease tended to be more prev-
alent under shade.

Management of Soil Moisture Content and Aeration, and
Variation in Depth of Planting: — The incidence of a root disease
favoured by high soil moisture content can often be reduced by atten-
tion to field drainage. A reduction in moisture content of the soil
around the roots and base of the plant, with beneficial results in dimin-
ishing the incidence of a soil-borne disease, can sometimes be secured
by planting crops “on the ridge”, as advocated by Coons et al. (1941)
for control of black leg (species of Pythium, Rhizoctonia, and Aphano-
myces) in sugar-beets, and by Garcra (1933) for control of wilt
(Fusarium annuum) in chilli pepper.

Crops grown under irrigation form an exception to the general
rule that soil moisture content under field crops cannot be varied ex-
cept by indirect methods. More diseases, unfortunately, seem to be
favoured by high soil moisture content than are favoured by low soil
moisture content, so that the grower more often reduces incidence of
disease by abstention rather than by exercise of his advantage over
nature. A notable exception is offered by the cereal smuts, the con-
trol of which under irrigation has recently been investigated with
conspicuous success by JoNEs and SEIF-EL-Nasr (1940). As a brief
account of cereal cultivation under irrigation in Egypt is necessary
for comprehension of these results, that given by JoNEs and Serr-EL-
Nasr is quoted: “Wheat and barley under perennial irrigation in
Egypt are either planted by the herati method of broadcasting seed on
moist land and ploughing it in, or else by the afi¥ method of broadcast-
ing on dry land, harrowing in the seed with a baulk of wood and irri-
gating. . . . Examination of pairs of wheat fields in which all other
factors were said to be the same, but in which both methods of planting
were used, showed that herati-sown plots consistently gave more flag
smut than afir-sown plots. Later experiments showed that there was
two to three times more flag smut in herati-sown plots, and similar
tests with barley proved that the herati plots were six times more
heavily attacked by covered smut than the afir plots, thus explaining
satisfactorily the result. Later still, it was found that bunt of wheat
and grain smut of millet and broom corn were almost equally sensitive
to difference in method of planting. . . . The most obvious difference
between the herati and afir methods of planting is in soil moisture, the
herati plots being only moist enough for good ploughing, while afir
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plots, being irrigated immediately after sowing, are wet. A second
difference lies in the depth at which the seed is planted. In herats
plots the seed is covered with a plough set at 12-15 cm. depth, so that
the seed is buried at any depth between the surface and the plough
sole: seeds which happen to be left near the surface fail to germinate
owing to lack of moisture, while the most deeply buried seeds germi-
nate poorly, so that the average depth of effective planting is about 8
cm. In the afiir plots the seeds broadcast on the surface are covered
by harrowing with a wooden baulk while the land is dry, and are thus
buried only about 4 cm. deep before they are irrigated.”

JoNES and Se1r-EL-Nasr proceeded to determine the reasons for
this difference in incidence of cereal smuts under the afir and herati
methods of sowing, by comparing the incidence of smut in plots sown
under moist and wet conditions, and at 4 depths of planting, viz. 0.5,
4, 8 and 12 em. The moisture content uf the “moist” soil corre-
sponded to that of the herati plots, and the moisture content of the
“wet” soil to that of the afir plots. Experiments were carried out .
with the diseases caused by four smut fungi, vis. flag smut (Urocystis
tritici) and bunt (7illetia levis) of wheat, covered smut (Ustilago
hordet) of barley, and grain smut (Spacelotheca sorghi) of millet and
broom corn. The effect of higher moisture in decreasing the inci-
dence of smut was consistent throughout the experiments, all diseases
behaving in the same way. The effect of depth of planting was still
more pronounced, and almost as consistent ; the percentage of smut
increased with depth of sowing, presumably (as JonEs and SEIF-EL-
Nasr suggested) because the period during which the host was sus-
ceptible to infection was thereby prolonged. The only exceptions
to this rule were afforded by the incidence of bunt of wheat at 12 cm.
depth in wet soil, which was less than that at 8 crn. depth, and by the
incidence of grain smut of broom corn, which decreased as depth of
sowing increased from 4 through 8 to 12 em. In explanation of these
exceptions, JoNEs and SEIF-EL-Nasr suggested that under the con-
ditions of deep planting in wet soils the smut fungi tended to become
destructively parasitic, and to kill the infected seedling below ground ;
the apparent percentage of infected plants, as determined by counts at
harvest, would in this way be diminished. Nevertheless, infection by
all the smut fungi concerned in these experiments is favoured by good
soil aeration, as shown by the consistently higher incidence of infec-
tion in the moist as compared with the wet soils; it seeins possible,
therefore, that in the wet and less well aerated soil the advantage
offered to the fungus by deeper sowing, through prolongation of the
susceptible period of the cereal seedling, might be more than offset by
the disadvantage to it of further reduction in oxygen supply.

These exceptions, however, are of minor practical interest ; the ex-
tensive data collected by JoNEs and SeiF-EL-Nasr in these experi-



Garrett —102 — Root Disease Fungi

ments indicate that the advantage of the afir over the herati method of
sowing in smut control is to be attributed both to the shallower sowing
and to higher soil moisture content during the pre-emergence period.
As Jones and SE1F-EL-NAsr have pointed out, the logical extension
of the afir method of planting for better control of smut is “mud sow-
ing” at zero depth and maximum soil moisture ; this could be practised
on land prepared either as for herati or as for afir planting. Results
obtained by JoNEs and SErF-EL-NASR in two experiments to compare
the effect of different methods of planting on the incidence of flag
smut in wheat are given in Table 14.

TABLE 14. Effect of planting method on incidence of flag smut (Urocystis tritici) in wheat: —

Sor1L coNDI-
APPROX, TION AND PER-
RESULTANT CENTAGE MOIS-
DEPTH OF TURE* AT SOWING Frac smut(%)
PrLANTING CuULTURAL SOWING DEPTH AND AT
METHOD OPERATIONS (em.) SOWING TIME Exp.1 Exp.2
Herati Seed broadcast on 8 Moist, 25% 8.1 8.6
moist soil and
ploughed in
Afir (usual)  Seed broadcast on 4 Dry then wet,
dry soil, harrow- 8 then 32% — 3.2
ed in with a baulk
and irrigated
Afir Seed broadcast on 2.5 Dry then wet,
(modified) dry soil, covered 8 then 32% 2.4 —
by raking, and
irrigated
Mud sowing  Moist soil ploughed Nil Sodden, 41% 0.2 —

(method 1) and flooded: seed
broadcast on sur-
face 1 hr. later
Mud sowing  Dry soil flooded: Nil Sodden, 41% — 0.08
(method 2) seed broadcast on
surface 1 hr. later

* Approximate mean percentages of weight of the moist soil.

Concerning the very satisfactory control of flag smut obtained
through mud sowing, JoNEs and SErr-£L-Nasr declared that method 1
appeared to promise increased yields and better quality of grain, apart
from the control of smut, and that there was no sign of increased
tendency towards lodging, as might perhaps have been expected.
This method should be particularly valuable for control of flag smut
in Egypt, where infection, as in other countries, is soil-borne as well
as seed-borne (JonEs and Serr-eL-Nasg, 1939).

The method of preparing the seed-bed has also a most important
influence upon the occurrence of the take-all (Ophiobolus graminis)
disease of *cereals, which is encouraged by loose, badly compacted
soils; control must therefore be sought through preparation of a
particularly firm seed-bed for wheat. Such a seed-bed is best secured
through early preparation and sufficient working at the correct times,
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so that the underlayers of the soil become consolidated by the joint
action of implements and the weather ; the consolidating effect of rain
has been particularly stressed. A poor seed-bed, on the other hand,
results from too late and hasty a preparation, when a tilth has to be
“forced” by the use of implements, instead of maturing with time
and action of the weather. In the same way, the ploughing-in of long
straw or dry grass, which opens up the soil, or dry ploughing and
working of the land, which produces a similar effect, has been found
to encourage the disease.

Modification of Soil Reaction: — Control of the clubroot dis-
ease of crucifers by application of lime is too well “éstablished to
require detailed comment. For this purpose, the oxide and hydroxide
of Iim_e are much more effective than the carbonate, with which dis-
appointing results have frequently been reported. Thorough incor-
poration of the lime with the soil down to ploughing depth is obviously
essential for complete control of this disease ; for this reason, the lime
is best applied a year or so before the cruciferous crop is sown. The
widespread adoption of lime for control of clubroot owes much to the
fact that liming of acid soils greatly increases the yield, and often the
quality, of the majority of field crops, apart from control of clubroot.

In contrast to the general employment of lime against clubroot, the
adoption of sulphur as a soil-acidifying agent for control of such
diseases as Texas root rot of cotton, scab of potatoes, take-all of
cereals, and black root rot of tobacco has scarcely left the experimental
stage. The acidification of neutral soils by addition of sulphur is
likely to lower the yield of many crops; on highly alkaline soils, such
as those of arid regions (and especially soils under irrigation), the
application of sulphur may improve crop growth by recreasing soil
alkalinity, but the cost of the very heavy applications of sulphur neces-
sary to produce this effect is likely to be too high for commercial
farming. Although soil acidification with sulphur cannot as yet be
recommended as a practical measure for control of these diseases,
useful cautionary advice can be given to farmers on slightly acid or
neutral soils, viz. to be careful in the use of lime, and preferably to
leave the soil with a slight lime requirement.

Use of ‘Organic Supplements: — The control of cotton root rot
in Arizona through application of organic manures to the soil has
already been discussed (pp. 53, 79, and 97). The control of potato
scab by green manuring is sometimes extremely successful, especially
in private gardens and on small-holdings where grass cuttings, etc.,
can be incorporated with the soil in amounts that would be quite
impracticable in the field. In the field, indeed, green manuring is by
no means always successful in controlling scab, as Sanrorp (1939)
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has observed. In pot experiments demonstrating the control of scab
and other diseases by organic manuring, the green manure has usually
been dried and ground, so that incorporation with the soil has been
very uniform; in small plot experiments, the green manure has usually
been chopped up with a chaff cutter, for the same reason. When
green manuring is practised in the field, however, the organic material
is usually ploughed into the soil in swathes, so that the resulting
mixture of soil and organic material is far from homogeneous ; a more
uniform and thorough incorporation can be achieved by means of the
rotary cultivator. For the cotton crop, King (1937) has ingeniously
surmounted this difficulty by planting the cotton rows right on top
of the trenches in which the fresh organic material has been buried.

Even the most sanguine investigator should not be surprised,
therefore, if the history of his pot experiments fails to repeat itself
in the field. The slow progress made by such comparatively new
methods as organic manuring for control of root disease in field crops
is not surprising ; wherever possible, the farmer achieves a satisfactory
degree of control through crop rotation, modification of cultural prac-
tice, and application of artificial fertilisers.

Application of Artificial Fertilisers: — The effect of the con-
centration of plant nutrients in controlling or aggravating incidence
of soil-borne diseases has already been discussed in chapter 6 (p. 54
et seq.), and little more need be added here. Recommendations to
apply artificial fertilisers to assist in root disease control are more
likely to be adopted by farmers than most other suggestions made by
plant pathologists, because an increase in crop yield can usually be
guaranteed even in the absence of disease.
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CONTROL OF ROOT DISEASE IN PLANTATION
CROPS: ON VIRGIN AREAS

Any discussion of root disease in plantations must be concerned
chiefly with the diseases of tropical crops; root disease is of greater
importance in tropical plantations than in those elsewhere. The root
diseases of rubber have received the greatest attention, followed by
those of tea and cacao; the banana suffers from only one root disease
of any importance, viz. Panama disease, but that one disease has
caused, and is continuing to cause, enormous losses. An outstanding
contribution to our knowledge of the subject has been made by the
Rubber Research Institute of Malaya, and the principles of root
disease control that they have formulated are of general application
to plantation crops. No apology need be made, therefoie, for con-
centrating attention upon the root diseases of tropical crops in general,
and upon those of rubber in particular.

Tropical plantations are generally established, in the first instance,
upon the site of virgin jungle, which has to be cleared to a greater or
less extent before the crop can be planted ; various root disease fungi
occur throughout the root network of the original jungle, and some of
these find congenial hosts in the plants of the young crop. The
simplest solution of the root disease problem is to place the cleared
area under annual field crops, which are not susceptible to tree root
diseases, for a period of years, but this method has never found favour
with plantation owners, on account of the long delay involved. Thus
NaprrER (1934) commented upon the absence of root disease in
rubber planted on land cropped for long periods after clearing with
sugar-cane, rice, etc., and also upon the slight amount of root disease
to be found on the average small-holding. A specific example has
been cited by SHARPLES (1936) : “Tapioca was extensively cultivated
before the rubber era in certain districts in Malacca and Kedah.
These old tapioca areas were allowed to become derelict, in some cases
for many years, after being abandoned, and they became covered with
a heavy, coarse growth of ‘lallang’ grass (Imperata arundinacea
Cyrillo). Many of these areas were later planted up with rubber,
and usually there were few signs of jungle stumps or timber remain-
ing when the work was put in hand. Some of the estates in the
Malacca district are large properties, and practically no reports of
root disease have ever emanated from those opened up on ‘lallang’
land.”

Root diseases may develop from the stumps (i.e. stumps -~ roots)
of the original jungle trees, if these are left behind after felling and
clearing. Two additional sources of root disease are provided by the
stumps of trees that have to be thinned out because the original planta-
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tion was too closely planted, and by the stumps of shade trees that are
felled when they have fulfilled their purpose of providing shade for
the developing plantation crop. On the subject of thinning out in
rubber plantations, PErca (1921) remarks: “Close planting with
the intention of thinning out in later years, was never widely adopted ;
in the majority of cases estates were planted up at the distances it was
considered the trees would remain permanently. It needed, however,
only the efflux of time to demonstrate the truth of the prophecies of
mycologists who contended that Hewvea could not possibly exist in a
healthy condition when planted two hundred to the acre ; and the neces-
sity for thinning out all the earlier-planted Rubber is universally ad-
mitted.”

Early Methods of Root Disease Control: — A good account
of the classical methods for root disease control has been given by
Percu (1921). In the first place, clean clearing of the original
jungle was favoured wherever practicable, in order to remove all
possible sources of infection. Although PercH admitted the probable
presence of infected roots in the jungle stand, he laid much greater
emphasis upon another source of inoculum, provided by air-borne
spore infection of the cut surfaces of the stumps after felling. He
supposed that once spore infection of the cut surface had been estab-
lished, the parasite grew down into the roots of the stump, thence
eventually to emerge and infect the roots of the young plantation crop,
either through root contact or, with some fungi (e.g. Fomes lignosus),
by direct spread through the soil. Diseases considered especially
likely to spread in this way were white root disease (Fomes lignosus),
brown root disease (Fomes noxius), and charcoal root rot (Ustulina
zonata), but other root diseases, such as red root disease (Ganoderma
pseudoferreum), unknown to Percu in Ceylon, were not excluded
from the same category. This hypothesis was held to explain not
only the development of root disease from the stumps of the felled
jungle, but also that following the thinning out of shade trees. It isa
remarkable fact that no experiments to prove this hypothesis ever
seem to have been reported, although the technical difficulties in the
way of protecting the cut surface of the felled stump from spore in-
fection would scarcely seem to have been insuperable ; in the mean-
time the hypothesis held undisputed sway for many years, and was
acted upon in practice, either by extraction of the felled stumps, or by
cutting them off below ground level and covering with soil (Gapp,
1936b). Indeed, the discrediting of Percm’s hypothesis has been
brought about not by any direct experimental assault, but rather
through the gradual accumulation of circumstantial evidence in con-
flict with the hypothesis, and finally through the establishment by ex-
periment of an alternative explanation (see below, p. 112).
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For the treatment of definite patches of root disease, PErcHm
recommended the removal of all dead trees, decaying stumps and
buried timber in the affected patch, the application of lime to the soil,
and the isolation of the area by means of a deep trench. In remov-
ing the dead trees, the laterals had to be followed up and dug out;
the affected patch had then to be forked over, and all pieces of dead
wood collected and burned. The direction to apply lime was apparently
based on the assumption that “the majority of fungi prefer an acid
medium”, an assertion even less valid than most generalisations.
This assumption was shown by Bryce (1922) not to hold for Fomes
lignosus, the most important cause of rubber root disease in C eylon,
since when the application of lime has no longer been advised. The
last part of the treatment lay in the digging of an isolation trench,
which Petcit declared should enclose not only the diseased tree, but
also a complete ring of surrounding, apparently healthy treecs. He
recommended a depth of 2 feet, but the depth had to be sufficient to
ensure the severing of all lateral roots, so that a depth of 3 feet might
sometimes be necessary.

The method of trenching to stop the spread of a root disease is
an old established one; TuNsTALL (1940) remarks: “More than fifty
years ago the foresters in Europe sought to prevent root disease spread-
ing by encircling the diseased trees with shallow trenches. This method
was adopted in the case of rubber, tea and coffee.” Prrcu (1923)
evidently viewed the isolation trench as designed primarily to prevent
the spread of free mycelium through the soil, and only secondarily to
prevent spread of disease by root contact, as shown by the following
quotations: “Ustulina* usually attacks tea by spreading to its roots
from the roots of decaying stumps. The fungus does not spread
free through the soil, but only passes from the roots of the stump to
those of the tea bush when the two are in contact. Consequently
trenching might possibly be dispensed with in the case of this disease,
but it is better to err on the safe side and to trench. . . . As Armillaria
mellea produces thick black cords of mycelium (rhizomorphs), which
spread freely through the soil, it is essential that the diseased patches
should be isolated by trenching. . . . Since the mycelium of Fomes
lignosus spreads freely underground, affected patches must be isolated
by a trench.” Petcu (1921) laid great emphasis on the free mycelial
spread of F. lignosus through the soil, concerning which he remarks
elsewhere: “The majority of fungi only advance within dead wood,
but the strands of Fowmes lignosus can travel for a few feet at least
through the soil, unattached to any root or dead wood, except, of
course, at their starting point. It is always attached to its base, i.e.
the stump on which it originated, and it must derive its food from
that source until it meets with other dead wood, or a living plant

* Ustulina zonata.
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which it can attack. . . . Clear instances of the spread of the mycelium
through the soil are not uncommonly met with on estates. In badly-
infested areas its presence is often manifested by the appearance of
the fructifications on banks by roadsides, or the sides of drains, where
1o roots or timber is to be seen. In some of these cases the mycelium
follows small Rubber roots almost to the surface of the soil, but in
others there is no root or wood to be found immediately behind the
fructification. In other cases, it is often found running on the under
surface of large stones, and in these instances it is readily seen, as a
rule, that it is not following a root.” The accuracy of Percu’s field
observations has not been questioned by later investigators, though a
different interpretation is now put upon them; in the instance quoted
above, PETCH failed to discriminate between the spread of the fungus
and that of the disease (see above, p. 26).

The classical view of the behaviour of these tropical root discase
fungi, as presented by PETcH, may be summarised as follows: Root
disease fungi present on the roots of the original jungle trees persisted
on the roots of the stumps after felling; a more dangerous and wide-
spread source of inoculum, however, was furnished by air-borne
spores of the fungi, alighting on the cut surfaces of the stumps. From
the crown, the fungi were assumed to spread down into the roots of
the stumps, whence they infected the roots of the young plantation
crop either by root contact, or, with Fowmes lignosus, Poria hypo-
lateritia, and Armullaria mellea, by free spread of the mycelium through
the soil.

Napper’s Method of Root Disease Control: — The classical
theory of root disease control was undermined by the ohservations of
Narrer (1932-34), upon whose researches at the Rubber Research
Institute of Malaya modern views of the biology and control of rubber
root disease fungi are based. In the first place, NArrER considered
that all the root disease inoculum that gave trouble in the young
plantation crop was present on the roots of the original jungle, and
that spore infection of the felled stumps was of subordinate impor-
tance, if, indeed, it occurred at all. Thus NAPPER (1934) writes:
“Being so advantageously equipped for life under forest conditions the
root parasites have become generally distributed throughout the
jungle.  Since, however, they are normal members of the'jungle asso-
ciation they do no spectacular destruction amongst the jungle trees,
but here and there, like any other species, they become locally domi-
nant, each particular parasite forming its own pattern of root disease
patches scattered throughout the jungle stand. While the jungle is
growing undisturbed, these patterns are perpetually changing in shape
and position, but the total incidence of infection remains constant, and
the loss of stand never becomes serious.” Whereas PeTcr had
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stressed the difference between those fungi that spread as mycelium
through the soil, such as Fomes lignosus, and those that spread by root
contact, such as Fomes noxius, NAPPER, on the other hand, stressed
the essential similarity in behaviour of the three important fungi in-
fecting rubber roots in Malaya, viz. I. lignosus, F. noxvius, and Gano-
derma pseudoferrewm. In NAPPER’S view, all thrce fungi had de-
veloped the subterranean organ of propagation — the rhizomorph —
at the expense of the aerial organ, the {fructification. Secondly,
NarpeR’s field observations indicated that the importance of free
mycelial spread through the soil by Fomes lignosus had been unduly
emphasised, and that rhizomorphs could not grow (except under
special conditions, and for short distances only) directly through the
soil, but required as a vehicle a chain of solid surfaces, preferably
those of living host roots. It was true that rhizomorphs might be
found covering the underside of stones and boulders, and growing on
dead roots, but they were unable to obtain nourishment from any
substrate other than living host roots; the rhizomorphs could not,
apparently, invade tissues already colonised by other organisms.
NaPPER stressed this effect of microbiological competition in curtail-
ing the spread of the root parasites, whether on the exposed wood
surfaces of cut stumps, or on dead roots already occupied by other
micro-organisms.

From the results of certain experiments originally set up by J. R.
WEIR at the Rubber Research Institute of Malaya, on “clean clearing”
versus no clearing in preparation of a jungle site for rubber, NarPER
derived certain important conclusions as to the behaviour of rhizo-
morphs, which were to form the basis of a new and outstandingly suc-
cessful method for root discase control. The results of this experi-
ment are given in Table 15.

TaBLk 15. Percentage infection by Fomes lignosus of young rubber planted on
Jungle site: —

SECONDARY JUNGLE

CLEARED UNCLEARED (BELUKAR)
Block 1......oivviiiinn, 29.4 18.6 —_
Block 2......cciiiiiiiinn. 20.3 9.2 —
Block 3..... P — —_ 1.7

Two and a half years after planting, incidence of infection amongst
the young rubber was lower where no clearing had been carried out
than on the clean-cleared area; it was lowest where secondary jungle
(“belukar”) had been allowed to grow up as a natural cover. These
results were in direct contradiction to the postulate of the classical
theory that the amount of disease in the young plantation crop varied
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directly as the amount of actual and potential inoculum left in the soil
after clearing, and were explained by NApPER as follows : —

(i) If “absolute” clean clearing is carried out and even the small-
est pieces of buried timber are removed from the soil, ¢.g. by sieving,
no actual or potential source of inoculum will be left, and a healthy
young plantation will result.

(ii) Under “ordinary” clean clearing, as practised on commercial
estates, a small amount of generally distributed timber is left in the
soil. Now rhizomorph production does not start until the food
material in an infected root section has been almost exhausted by
the fungus (see above, p. 29) ; rhizomorph production therefore starts
the soonest in the smallest pieces of infected root. It is precisely these
small pieces of infected root that are left behind in the soil after
“ordinary” clean clearing.

(iii) The larger pieces of infected material must therefore be
considered relatively harmless to the young plantation crop, as they
will not arrive at the stage of rhizomorph production for some time ;
they are not merely harmless, however, but are actually beneficial,
as they represent solid surfaces upon which the growth energy of
the rhizomorphs must be expended. The greater the area of solid
surfaces, or obstacles, to be covered, the slower will be the advance
of the rhizomorphs from their source, with the result that some of
them may never achieve infection of the roots of the plantation crop.

Upon this last point, Narrer (1932a) comments: “If the above
reasoning is sound, then there is no difficulty in explaining why the
presence of a cover crop, even of a woody plant such as Crotalaria,
which is known to be parasitised by the fungus, tends to reduce the
incidence of Fomes lignosus upon the rubber trees among which it is
planted. . . . There is probably very much more mycelium in the soil
under a heavy cover crop than under clean weeded conditions, but
this is discounted as indicating the probability of a higher incidence”
of attack upon the rubber trees interplanted with a cover because of
the larger amount of material in the soil other than the roots of rubber
trees upon which the mycelium can feed.” NaPPER’s conclusions con-
cerning the effect of a cover upon incidence of infection in the young
plantation crop have been confirmed by CronsHEY and BARCLAY
(1939) in a well replicated replanting experiment of modern design
(see below, p. 126). ‘

An objection to the policy of planting on the uncleared site was
anticipated by Napper (1932a) in the following words: “Although
methods of planting under uncleared conditions, or conditions of
secondary jungle, may greatly reduce the loss of stand through root
disease during the early years of the clearing, the effect may be one
of delayed action only. It has been deduced above that the proba-
bility of attack upon the crop plant is greatest when other rottable
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material in the soil is nearly exhausted, and it may be that, in an estate
which was planted under uncleared conditions, or under conditions of
secondary jungle, the disease will attack the crop plant in an epidemic
fashion in later years when the jungle timber in the soil becomes ex-
hausted, or when the belukar (or other cover crop) is shaded out by
the rubber. . . .Evidence suggests that as the rubber tree grows older
it becomes more resistant to the attacks of Fomes lignosus on its
roots, and further, that the culture of Fomes lignosus in the soil of a
new clearing stales after a time and is not subsequently so active as
during the first few years after clearing. This evidence is based on
the observation frequently made that the incidence of the disease in a
new clearing tends to rise to a maximum during the period between
the second and the fourth years after burning off, and then to drop
to a comparatively low figure.”” Even where few or no control
measures against root disease are carried out, Fomes lignosus is
typically the root disease fungus of young rubber plantations, up to
ten years of age, whereas Ganoderma pseudoferreum is the root disease
fungus characteristic of mature plantations. SzArpLES (1936) ex-
plained this by reference to the differences in rhizomorph behaviour
of these two fungi. The rhizomorphs of F. lignosus grow very
rapidly, but soon exhaust their food-bases, whereas those of G. pseu-
doferreum grow much more slowly, and exhaust their food-bases only
after a much longer interval.

As a result of these discoveries Narper (19320, 1938b) worked
out a new method for dealing with root diseases, which is applicable
not only to the disease caused by F. lignosus, but also to those caused
by Ganoderma pseudoferreum and F. noxius as well; the method,
although primarily designed for young plantations established on
jungle sites, can be modified to suit the requirements of replanted
areas. The ground, after felling and burning of the jungle, is cleared
of the larger stumps, but the young rubber trees are themselves em-
ployed for the discovery of residual sources of infection, as follows:
Every four to six months, a pest gang of trained labourers makes a
tree-to-tree inspection of the whole plantation, in the course of which
the upper tap root and laterals of every young tree are examined for
rhizomorphs of the root disease fungi. The length of tap root that
must be exposed varies from 2 inches at one year after planting to 9
inches at four years, if the soil is a deep one, but the depth of inspec-
tion must in any case be sufficient to uncover the undersides of the
surface laterals. If rhizomorphs of a root disease fungus are found,
the root system is opened up further until the whole extent of the in-
vading mycelium has been exposed, and the source of infection dis-
covered. The source of infection is then removed (and destroyed)
and the roots of the jungle stumps are followed up systematically in
every direction until all infected material has been disclosed and re-
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moved. The root system of the young rubber tree is then pruned of
all root sections that have already been penetrated by the parasite.
The method depends for much of its success upon the fact that the
rhizomorphs of F. lignosus, the most common cause of root disease in
young Malayan rubber plantations, extend for 5-15 feet ahead of the
infected part of the root. The roots carrying such superficial or
epiphytic mycelium can be adequately treated simply by pulling away
the larger rhizomorphic strands, and then washing the root surface
with a 2% solution of copper sulphate. NAPPER states that this
epiphytic habit of the F. lignosus rhizomorphs renders it possible, by
this periodical treatment, to bring a stand of young rubber through a
heavy attack of F. lignosus without losing more than 20% of the trees
that have been attacked. The rhizomorphs of the other two members
of the Malayan root disease complex, G. pseudoferreum and F. noxius,
are epiphytic only for some 18 inches in advance of penetration, so
that a proportionately greater loss of trees infected by these two
fungi is inevitable. Owing to the fact that these fungi generally occur
sparsely by comparison with F. lignosus on jungle sites, however,
the efficiency of the control method is not seriously impaired. In
this way, root disease can be eliminated before the roots of the trees
have expanded into their full planting sites (after some 10 years);
once the roots of adjacent trees begin to interlace, spread of infection
becomes at once more rapid and more dangerous.

A noteworthy feature of this method is the rejection of trenching,
with the realisation that, as spread of these diseases takes place mainly
through root contact, trenching will be unnecessary before the root
systems of the young trees have expanded fully into their planting sites
and made contact with those of their neighbours; by this time, the
majority of the buried sources of infection should have been disclosed
and removed at the periodical tree-to-tree inspections. Trenching has
not, therefore, been advocated by NappEr (1937), except for control
of disease in mature plantations (see next chapter).

Infection of Moribund Stump Roots after Felling: — These
discoveries of NAPPER’S, whilst throwing doubt upon the hypothesis of
air-borne spore infection of jungle stumps, provided no explanation to
account for the undoubted association between outbreaks of root disease
in plantation crops and the operations of thinning-out or felling of
shade trees. Gradually, however, a suspicion grew up that an alternative
mode of infection was possible, and even probable, viz. a direct infection
from the soil of the moribund but still living roots of the stump, the re-
sistance of which to infection had been sharply lowered by the act of
felling. This implied, of course, the existence of inoculum dormant
before the actual felling, either in the form of infected timber lying
adjacent to the roots, or as root lesions that had been immobilised by
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the host defence mechanism. In the disturbance of the soil incidental
to felling and clearing of the virgin jungle, mycelium lying dormant in
buried timber might well be roused into activity, especially in low-lying
coastal areas where clearing and draining operations resulted in the
lowering of a water table too close to the surface for successful plant-
ing. The occurrence of latent infections, or localised lesions, of Fomes
lignosus in the roots of apparently healthy rubber trees was demon-
strated by pE JonG (1933) in Sumatra, who states, in the English
summary of his paper: “it was observed that Rigidoporus* decay fre-
quently stops without treatment and of its own accord. In such cases
the decayed patches become surrounded by callus and eventually heal
over completely. It is striking that the process of recovery ordinarily
started at about the time when the wood used for inoculation had itself
disappeared through decay. In certain instances, however, it was
observed that Rigidoporus decay continued to develop after the ex-
haustion of the original inoculating material. This situation probably
results when the decay has progressed to such an extent, before the
disappearance of the wood used for inoculation, that the tree becomes
seriously weakened.”

SuArPLES (1936) obviously appreciated the occurrence and signifi-
cance of the fall in root resistance to infection after felling, for he re-
marks : “Another point to remember is that a vigorous rubber tree dis-
plays a certain amount of resistance to attacks of G. pseudoferreum by
the production of adventitious roots, but there is no resistance offered
by the part of a rubber tree left in the soil after the upper parts have
been removed by thinning-out. When the trunk of a tree is removed,
the roots do not necessarily die with great rapidity. However, they
become moribund and ultimately death follows. The loss of resistance
to the attacks of the fungus may be considered an additional factor
which will lead to the rapid spread of root disease after thinning-out.”
The same point was also taken into account by Napper (1937) in a
discussion of replanting policy ; concerning areas of old rubber that are
apparently healthy at the time of felling he remarks: “Of greater
interest are the losses which occur in untreated soil, i.e. in areas of the
clearing which were apparently healthy at the time of felling. These
losses are invariably caused by contact with infected roots belonging to
the original stand, but the existence of such roots in ‘healthy’ areas is
sometimes rather difficult to explain. In general, however, they may
be regarded as old infections in which the disease has lain dormant for
very many years until brought into activity again by the process of
felling. The causes of dormancy are still somewhat obscure. The
most common cause in the field appears to be continuous saturation
with water. This is shown by the fact that losses of the type under
consideration are most abundant in low-lying coastal areas where the

* Rigidoporus microporus is a synonym of Fomes lignosus.
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water table was originally high, but has been extensively lowered in
the process of replanting. The causes of dormancy on inland soils are
less important and not so clearly understood.” A similar conclusion
has been voiced by Murray (1938) for rubber areas in Ceylon:
“When a stand of old Rubber, in which no case of root disease has
ever been recorded, is felled, it was at first supposed that the root fungi
were absent, and that there would be no risk of the young plants be-
coming infected from old roots left in the ground. Recent experience
has shown that this is not a safe assumption . . . . in every investigated
case . . .. it has been possible to trace the source of infection to an old
Rubber root bearing the typical rhizomorphs, the fungi concerned be-
ing usually Fomes lignosus or Poria hypobrunnea. This proves that
the fungus must have been present before the old trees were felled, and
it was probably present in the wood of a root in a condition of what may
be termed ‘subdued parasitism’. . . . When the trees are felled the
equilibrium is upset.”

Proof of this contention, however, was published neither from
Malaya, Sumatra nor Ceylon, but came from East Africa, in two con-
tributions by LEacu (1937, 1939), the importance of which it is diffi-
cult to exaggerate. In the first paper, LEAcH recorded his observation
that whereas the percentage of trees killed by Armillaria mellea in
virgin forest was very small, even in a pure stand of a susceptible
species, yet when the forest was cut down, the roots of many species
became extensively invaded by A4. mellea, this implied a breaking-down
of root resistance to infection. A similar observation had previously
been published by WALLACE (1935b) from Tanganyika Territory. In
his second paper, LEacE (1939) reported various experiments de-
signed to test the correctness of this conclusion. Twenty-six species of
native tree were selected for experiment ; in order to simulate the act
of felling, lateral roots 74-114 inches in diameter were sawn through
at a distance of 4 feet from the trunk, at the time of inoculation. Two
individual trees of each species were tested for resistance to attack by
placing pieces of infected Glyricidia sepium root in contact with the
roots of the tree. Six roots of each tree were inoculated, three being
cut through above the point of inoculation, and three being left uncut;
the roots were examined 4 months later. Examination of the uncut
roots showed that roots of 6 species were never invaded by A. mellea
and appeared to be completely resistant to attack. The roots of all
other species were invaded, but, with only two exceptions, were able to
confine the parasite within narrow limits, apparently by the formation
of gum barriers and callus. Examination of the cut roots showed that
roots of 24 out of the 26 species were susceptible to invasion ; in all 24
of these species, the fungus travelled freely down the roots, though in 5
species some of the roots still showed resistance. LEACH compared the
resistance shown by the uncut roots in this experiment with that
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demonstrated in the Myrobolan plum by THOMAS (1934), in his study
of infection of susceptible and resistant hosts by A. mellea.

As a result of these experiments, LeacH (1939) concluded: “This
experiment . . . . indicates that trees growing near dead stumps in
forests may have many localised lesions of Armillaria dormant in their
roots and that the fungus in these lesions may become active when the
forest is felled for a plantation crop. The fungus may spread from
these localised lesions even though the roots of the original dead stumps
may have been rotted by Armillaria beyond the stage in which they
would be capable of causing infection.” LEeacu records two other ob-
servations of particular interest: “Some roots on the ‘Msopa’ tree. . ..
had been invaded at two points close together but on opposite sides.
Such roots had lost the power of resistance below the points of infec-
tion, Armillaria having travelled freely down the root but not up to the
crown. . .. In Nyasaland, Eucalyptus trees are not considered suscep-
tible to Armillaria. . . . Observations showed that a Eucalyptus tree
forms localised lesions when invaded by Armilluria similar to those
described for the ‘Msopa’ tree. If the Eucalyptus tree, however, is
situated on ground containing a mass of diseased ‘Muula’ roots it some-
times succumbs to Armillaria root disease, its resistance being un-
doubtedly lowered by the large number of invasions made throughout
its root system.”

Ring-Barking and Tree Poisoning Methods for Reducing
Root Disease Losses after Clearing: — In addition to the im-
portant observations just described, LEacH (1937) announced another
discovery, which suggested a simple and very practical method for
avoiding such losses. In a microscopical study of the pathological his-
tology of infected tea seedling roots, LEACH noticed that hyphae of
A. mellea were virtually absent from the root cortex, but plentiful in
the pith ; whereas the cortex was devoid of starch, the pith was well
supplied. He concluded, therefore, that A. mellca required roots with
a high carbohydrate content for its development. In a search for
A. mellea on the roots of felled stumps of “Muula” (Parinariiun
mobola) trees, which are especially liable to infection by A. mellea
after felling, LEacH selected for examination 12 trees that had been
ringed some time before felling (and in which the roots must have been
depleted of carbohydrate before the trees were felled), and 24 non-
ringed trees as controls. Twenty out of the 24 stumps or trees not
ringed before felling were found to have roots (varying from 6 to 13
per stump) infected by 4. mellea; the other 4 had roots infected by
“dry-rot” fungi of the Rhizoctonia bataticola type. Of the 12 stumps
of trees ringed before felling, one stump showed one root that might
have been infected by A. mellea, whereas all other roots showed a “dry-
rot” due to saprophytic fungi. LEacH therefore suggested that if the
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forest trees were ringed well in advance of felling, their roots would
rapidly become devoid of starch, would die early and be invaded by
harmless saprophytic fungi instead of by 4. mellea. In the second
paper (1939), he reported experiments demonstrating that once roots
or woody prunings had been invaded by saprophytic fungi, they could
not be entered by 4. mellea.

In conclusion, LEacu (1939) suggests an explanation for the asso-
ciation of 4. mellea with the stumps of particular native trees in Nyasa-
land : “The results obtained in the experiment on the susceptibility of
indigenous trees, showing that nearly all species in a mixed forest are
susceptible to Armillaria after the roots are severed, raises the critical
question why a few only of these species are usually associated with
this fungus as a source of infection in tea estates. I suggest that many
trees escape infection because their roots die rapidly after felling before
Arwmillaria reaches them. Once dead, and invaded by saprophytes,
these quick-dying roots cannot be invaded by Armillaria. Unless,
therefore, roots of one of the quick-dying species are in close contact
with a centre of infection at the time of clearing a mixed forest, they
are unlikely to become infected before they die. . . . The species of tree
considered the most dangerous as sources of infection by Armillaria
are those of which the roots die very slowly after felling. In January
1938 a root of ‘Muanga’ (Afroformosia) was found alive at a depth of
3 ft. in a block of tea planted in 1934. ‘Muula’ (Parinarium mobola)
is another such tree. . .. The ability of the roots of ‘Muula’ to keep alive
so long after felling probably explains why a pure stand forest of
‘Muula’ trees often gives rise later to such widespread damage in tea
gardens, because starting from a few scattered infected stumps, as in
the mixed forest, Armillaria can spread unimpeded along a network of
moribund, but still susceptible, roots.” TunstaLL (1940), comment-
ing upon the association between stumps of felled shade trees and out-
breaks of root disease of tea due to Fomes noxius and Ustulina zonata
in North East India, remarked that the stumps of hardwood trees,
such as Nahor (Mesua ferrea), Sal (Shorea robusta), and Khair
(Acacia catechu), were more frequently associated with outbreaks of
root disease in the surrounding tea than were those of soft-wooded
trees, which decayed more rapidly.

The interest aroused by LEAcH’s discoveries has been quickened by
Naprper’s (1939) announcement that stump poisoning of rubber by
sodium arsenite produced a result apparently analogous to that of ring-
barking, by killing the roots of the stumps and so rendering them liable
to invasion by saprophytic fungi rather than by Fomes lignosus. This
result was obtained in the course of an experiment designed to test out
methods for prevention of root disease on a replanted area (see next
chapter). At the same time, NAPPER described another experiment
designed to compare LEACH’s ring-barking method, arsenite poisoning
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by injection, (i) of the living trees before felling, (ii) of the stumps
after felling, and an untreated control. Although results from this
particular experiment in terms of incidence of root disease after re-
planting are not available, NAPPER’s observations on starch content of
the roots in the different series are pertinent to the present discussion.
The ring-barking and tree poisoning were carried out early in June,
from 4 to 6 months before felling, and the stump poisoning shortly after
felling. Comparative estimates of the starch content were made at the
end of September, and again early in December ; root sections were cut
longitudinally, and the exposed surfaces planed, stained with iodine-
potassium iodide solution, and compared with similarly treated sections
from standing trees. It was found by visual grading that approximate
losses of starch were as follows: —

(i) In trees ring-barked 474 months before felling, the roots had
lost 52% of their starch content at 375-4 months, and 86% at 6 months
after treatment.

(ii) In trees frill-girdled and poisoned with sodium arsenite 4
months before felling, the roots had lost 98% of their starch at 515
months after treatment.

(iii) In stumps poisoned by injection with sodium arsenite im-
mediately after {elling, the loss was 65% at 2 months after treatment.

(iv) In untreated stumps the loss was only 4% during the first
214 months after felling.

NAPPER observed a fairly close relationship between the rate of loss
of starch from the roots and the rate of invasion by saprophytic fungi.

Air-borne Spore Infection of Exposed Wood Surfaces: —
So much, therefore, for the evidence for direct infection of the roots of
felled stumps via the soil. Such evidence, although impressive, by no
means excludes the possibility that infection of the roots may develop
from spore invasion of the exposed cut surfaces of the stumps; the ex-
tent and frequency of such hypothetical spore infection can only be
gauged by direct experiment. There is some evidence for the occur-
rence of such air-borne infection by Ustulina zonata, which is well
known not only as a root parasite of tea and rubber in Malaya and Cey-
lon, but also as a wound parasite of the stem, gaining entrance through
spore infection of pruning snags, and of hoe cuts in the stem just above
ground level. Fomes noxius can also, apparently, behave in a similar
way ; NappEr (1938a) has described an apparent instance of spore in-
fection of felled rubber logs used for terracing, wiz.: “At about six
months after felling numerous cases of Brown Root Disease appeared
among bush cover plants (Tephrosia vogelii) established below the logs
on the banks of the terraces. These infections were thought at first
to be caused by contact with infected roots overlooked during the clear-
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ing of the original stand. TField investigation showed, however, that
this was not the case; in every instance the source of infection was
found in a neighbouring log. There was no evidence to suggest that
these logs had themselves been infected by contact with the soil or with
buried infected roots. It was therefore concluded that infection had
been caused by wind-blown spores.” The question has been recently
revived by Gapp (1940), in connection with the aftermath of felling
shade trees on tea estates in Ceylon, concerning “an estate which felled
about 6,000 Grevillea trees which had been grown as shade for tea.
About two years after felling 30% of the stumps had given rise to
Brown Root Disease with the result that 3,000 bushes had to be re-
moved. The source of infection was attributed to wind-carried spores
which presumably found lodgment on the cut surfaces of the stumps.”

The discussion of this controversial question of stump infection
after felling may be concluded with NArper’s (1940) account of yet
another factor affecting the incidence of root disease in young planta-
tions on cleared jungle sites: “The most striking fact revealed was the
reduced incidence of root disease during the early years after planting
in areas cleared without burning, as compared with areas burnt off in
the usual way. . .. Up to the end of the third year from planting (which
is as far as the present records go) it appears normal to expect at least
twice as many root infections in burnt as in unburnt areas, and in one
experiment a ratio as high as 5 to 1 was observed. No satisfactory ex-
planation of the phenomenon has yet been advanced. It was thought
at first to indicate a delayed attack in the unburnt areas, due to the
greater bulk of timber left after clearing in these areas as compared
with areas burnt off in the normal way. Recent observations suggest,
however, that this is not the case, but that burning actually encourages
the spread of root infection among the root systems of the jungle trees
during the susceptible period after felling.”

Economics of Root Disease Control: — In the formulation of
a policy for root disease control on any area, it is not the mycologist but
the economist who has the last word. A valuable feature of the experi-
ments on root disease control carried out by the Rubber Research In-
stitute of Malaya has been the recording of costings for all operations.
In Sumatra pE Jone (1933), as a result of extensive observations and
experiments on estates where Fomes lignosus was the only important
root parasite of rubber, concluded that natural recovery of young rub-
ber from infection by F. lignosus was commoner than generally sup-
posed, and that conclusions based on a single root examination might
exaggerate the importance of this root disease. Much of the super-
ficial or epiphytic mycelium found on the roots at any examination
might never achieve infection ; even established lesions might become
surrounded by callus and heal over completely. De Jonc therefore
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criticised NAPPER’S (1932a) earlier conclusions on the score that an
estimate of the root disease situaton in any area should not be based up-
on incidence of mycelium on the roots, nor upon a single examination
for the presence of root decay, but rather upon repeated examinations
to show the progress of decay, or, better still, upon records of mortality
due to the disease. He therefore refused to make any general recom-
mendations for control of F. lignosus, preferring to consider individual
outbreaks of root disease in relation to local conditions on the area
concerned.

NAarpPER has justified his policy of periodical tree-to-tree inspection
by pointing out that the same treatment will bring not only F. lignosus
and F. noxius, but also Ganoderma pseudoferrewm (with which
DE JONG in Sumatra was not concerned) under control; G. pseudo-
ferreum is likely to cause most serious losses in plantations of 10 years
old and upwards if preventive measures are not taken earlier, as by
this time the root systems of adjacent trees are all in contact. This
view has been upheld by SmarrLes (1936) : “If pDE JoNG's investiga-
tions can be confirmed by observations in Malaya, it is obvious that
on lightly infected areas the disease caused by F. lignosus will
not call for special treatment, and that it may be possible, as certain
planters claim, to limit treatment to removing the roots and stems of
the trees killed by the fungus and re-supplying immediately. But if
this type of treatment is undertaken and no attention is given to eradi-
cating disease knots of Ganoderma pseudoferreum in the early years,
then it can only be expected that more time must be spent and further
expense incurred when the trees are about the age of ten years. It
cannot be emphasised too often that the recommendations now being
made for treatment of F. lignosus are largely dependent on the fact
that such treatment will also result in the early extermination of
disease knots of G. pseudoferreum.”
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CONTROL OF ROOT DISEASE IN PLANTATION
CROPS: IN MATURE PLANTATIONS AND ON
REPLANTED AREAS

The amount of disease in the mature plantation will depend upon
the previous vegetation, the method of clearing, and the thoroughness
with which measures for eradication of root disease have been carried
out in the earlier years of the plantation. Once the roots of the
plantation trees have expanded fully into their planting sites and made
contact with those of their neighbours, the spread of root disease be-
comes more rapid and more dangerous. It has then to be decided
whether to undertake ad hoc control measures to prevent further
spread of root disease, and if possible to eradicate it, or to clear and
replant. Replanting may be deemed advisable not only on the score
of root disease, but also because yield has fallen off for other reasons,
or compares unfavourably with that of more recent plantations. Thus
SuArPLES (1936) remarks: “We may justly inquire why, during de-
pressed financial periods, a policy of replanting uneconomic areas
should be undertaken. The reply is found in the probable yields of
rubber to be obtained by utilising modern methods of planting-up bud-
grafted material, 4.e. trees which have been proved definitely superior
and found to possess all the desirable properties. These strains of rub-
ber trees are expected to give greatly increased yields, even to the
extent of twice or three times the amount given by the ordinary mixed
material planted in past years.”

Root Disease Control in Mature Plantations: — Let us sup-
pose that a decision has been taken to keep on the standing plantation
for a further period. Even if replanting has been postponed in-
definitely, root disease control measures should be designed not merely
to limit the spread of disease, but to eradicate it wherever possible; in
this way, the cost of eventual clearing and replanting will be reduced.
The isolation of diseased areas by means of a trench should therefore
be supplemented by removal of dead trees and all buried infected
material from the area enclosed by the trench, as originally recom-
mended by Perca (1921). Percm directed that the isolation trench
should enclose not only the diseased tree, but also a complete ring of
surrounding trees, even although the latter were apparently healthy.
The trench had to be dug to a depth of about 2 feet and had to sever
all lateral roots; in deeper soils, a greater depth of trench might be
necessary. Further directions were given as follows: “It is now be-
coming customary to open up and examine the roots of trees which
are included within the isolation trench, in order to determine whether
they have already been attacked. It is of course impossible to follow
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up the roots to their extremities, but enough can be done to show
whether the tree is seriously affected. The roots should be exposed
for a radius of about three feet from the stem, and the tap root to a
depth of about two feet. . . . If upon examination the tap root is found
to be decayed, the tree should be removed. If the fungus is found
advancing towards the collar on one or two laterals, these may be cut
back into sound tissue, and the diseased laterals dug out. It must be
borne in mind that the mycelium usually travels along the underside
of the laterals, especially when the upper side is exposed; this is
particularly so in the case of Fomes lignosus. In the latter disease,
the external strands of mycelium fairly frequently extend over the sur-
face of the root in advance of the penetration of the fungus. The part
covered by the youngest mycelium may consequently not have been
attacked, or only attacked to a slight depth. In such cases, the my-
celium and any underlying decayed bark may be cut away and the
wound treated. This method is especially useful when the tap root
only has just been attacked. In Ceylon it is usual to dress the roots
from which mycelium has been scraped off with Brunolinum, or tar,
while in the Straits Settlements, Bordeaux paste has been used. It
must be remembered that the mycelium travels inside the root as well
as on its surface, and consequently, if the decayed parts of the root
are not cut away, any treatment is useless. The method is said to
have been attended with great success, trees which bore the mycelium
of Fomes lignosus having been completely cured.” It is interesting
to see in this early procedure, which PErcu declared to be applicable
also to control of the rubber root diseases caused by F. noxius and
Ustulina zonata in Ceylon, the germs of the method later to be de-
veloped so successfully by NAPPER in Malaya for a different purpose,
i.e. control of root disease and eradication of the causal fungi in young
plantations.

Percu’s directions for trench isolation and treatment of a diseased
area evidently proved fairly satisfactory in practice, for little has been
added to them; they were repeated by SHARPLES and SANDERSON
(1931) in their recommendations for control of Ganoderma pseudo
ferreum on old rubber areas in Malaya. For correct siting of the iso-
lation trench, SmarPLES (1936) has given the following instructions:
“The main requirement of an isolation trench is that it shall be cut
outside the advancing limits of the patch. If, therefore, in cutting
the trench all the roots severed are healthy, the trench must be ful-
filling this requirement. If, however, diseased roots are encountered,
the trench is known to be incorrectly placed. . . . The diseased roots
are the indicators for the location of the trenches, and these must be
taken further and further away from the diseased patch until all roots
severed are healthy.”

An improvement in trench maintenance was suggested by NAPPER
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(1937), who pointed out that the classical method of keeping the
trenches permanently open by clearing out all silt and vegetable debris
at regular intervals was completely effective only where a shallow soil
overlay a subsoil impervious to roots. In soils of normal depth, new
rootlets produced from the ends of the severed laterals found their
way down the sides and under the floors of the trenches, and within a
year or two of the original digging root contact was again established
between diseased and healthy areas. The trenches thus had to be dug
progressively deeper, and the work became more difficult and more
expensive at each digging. NAPPER therefore suggested that trenches
should be refilled as soon as they had been dug. All new root con-
tacts would then be established above the floors of the trenches, and
efficiency could be restored at intervals by redigging the trenches to
their original depth. Such refilled trenches were usually invaded by
small roots within six months of cutting and refilling, but the spread
of disease through this maze of rootlets was slow, and it was unneces-
sary to dig out the trenches more often than once every 114-2 years.
At each redigging, the root sections had to be examined in the usual
way, and any infected roots passing beyond the trench had to be fol-
lowed up and removed.

For controlling the root disease caused by Poria hypolateritia in
old tea areas in Ceylon, Gapp (19292) recommended trenching, with
removal and destruction of all bushes within the isolation area — since
these would sooner or later be killed by the disease if left standing.
In a later paper, Gabp (1936a) observed that whereas Fomes noxins
could usually be eradicated by the simple expedient of uprooting the
diseased tea bush and removing the source of infection, this procedure
Wwas quite inadequate to check the spread of Poria hypolateritia. This
was attributed to the fact that whereas F. noxius was a quick-killing
fungus, and usually killed an infected bush before the roots of neigh-
bouring bushes had become infected, P. hypolateritia was a slow-kill-
ing fungus, and had usually become well ‘established on the roots of
surrounding bushes before the first infected bush was visibly affected
by the disease. Later, GApp (1937) discussed the failure of current
control methods to check the spread of P. hypolateritia in old tea,
which he attributed to the placing of too much reliance upon isolation
trenches, at best a passive defence. He declared that control of this
fungus could be achieved only by removing a ring of hedlthy bushes
around every diseased one.

Gapp’s (1936a) conclusion is supported by TUNSTALL’S (1940) es-
timate of the root disease situation in the tea plantations of North East
India, where the two most important root diseases appear to be those
caused by the quick-killing but slow-spreading tungi, Fomes noxius
and Ustulina zonata. TUNSTALL no longer recommends the digging
of isolation trenches, deeming it sufficient to remove the diseased tea
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bush, together with all dead wood from the soil immediately surround-
ing it. Healthy bushes need be removed, according to TUNSTALL,

only when their roots occur in very close proximity to the roots of a
diseased bush.

Root Disease Control on Replanted Areas: — Any decision
concerning the extent of measures for root disease eradication to be
taken prior to replanting must be dictated by economic considerations.
The cost of the work varies from country to country, from district to
district, and even from one estate to another, according to soil, situa-
tion, and labour available, etc.; more important and more variable,
however, is the expectation of root disease in the replanted stand.
Few experimental results are available for guidance in making such
decisions, so that an experiment carried out by Naprrer (1938, 1939-
40) on rubber in Malaya, and another by CroNsiEy and BARCLAY
(1939) on rubber in Sumatra will be fully described.

The site of Narrrr’s replanting experiment was a rectangular block
of 80 acres in old rubber, where disease patches occupied at least 50%
of the total area. The main parasite was Ganoderma pseudoferreum,
but Fomes lignosus and F. noxius were also present. Six treatments
with § replications were arranged in randomised block design, giving
a plot unit of 224 acres ; the treatments were as follows: —

A. Uniform digging to 18 inches, all roots being removed to this
depth whether healthy or diseased.

B. As 4, but digging only to 10 inches.

C. Discase patches dug over to a depth sufficient to ensure com-
plete removal of infected roots. Remainder of the area dug uniformly
to 10 inches without collecting roots.

D. Disease patches dealt with as in C, but remainder of the area
left undug. Apparently healthy trees were felled by jack or grubber
to ensure removal of the boles and larger laterals, and to give a further
opportunity for root examination.

E. No systematic digging. Diseased trees were dug out indi-
vidually, all infected roots being followed up and removed. Healthy
trees were dealt with as in D.

F. No digging or removal of stumps. Trees (both healthy and
diseased) were cut off at ground level, the stumps being then poisoned
by injection with sodium arsenite.

The different treatments were completed by the end of 1937, and
the whole area was then planted with rubber; after planting, the
usual periodical tree-to-tree inspection for discovery and eradication
of sources of root disease infection, as developed for young planta-
tions on virgin land (see above, p. 111), was carried out over the whole
experimental area. The total incidence of root disease infection in
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the young rubber up to the end of the first and second years after
planting, respectively, is given below in Table 16. NAPPER also gives
numbers of bush cover plants killed by disease under the different
treatments, but as these figures run in much the same order as those
for infection of the rubber, they need not be quoted here.

TasBLE 16. Incidence of root disease in young rubber on replanted ares in
1938 and 1939: —

N UMBER OF RUBBER TREES INFECTED BY : —

TREATMENT PRIOR FoMmes (GANODERMA FoMEs
TO REPLANTING LIGNOSUS PSEUDOFERREUM NOXIUS
1938 1939 1938 1939 1938 1939

A 8 31 1 15 1 4

B 13 55 5 21 1 3

C 17 72 1 9 1 7

D 31 102 0 6 1 3

E 23 96 0 12 2 6

F 12 49 2 22 2 5

Comment upon the results obtained by the end of the first year
after planting (1938) is best given in NappER’s (1939) own words:
“In the first place they provide a striking demonstration of the fact,
which has gradually become apparent in recent years, that root disease
control in connection with replanting is not a single problem, but a
combination of two separate and unrelated problems which require
separate consideration when planning a policy of control, viz.: —

(a) Control of root disease in areas affected by root parasites in
the original stand, and

(b) Control in areas outside the old root disease patches, i.e. in
areas carrying healthy trees at the time of felling.

“The site chosen for the experiment was well adapted to effect a
separation and to permit separate study of these two problems, since
the parasite mainly responsible for damage in the original stand was
Ganoderma pseudoferrewm, whereas the parasite causing trouble
where healthy roots are left to rot in the soil is invariably Fomes
lignosus (see Annual Report for 1936, p. 83). It was expected,
therefore, that the rates of incidence of Ganoderma pseudoferreum
under the various treatments would provide a measure of the relative
efficiencies of the treatments in dealing with problem (a) and would
vary inversely with the amounts of digging carried out within the
boundaries of the root-disease patches, whereas the rates of incidence
of Fomes lignosus would provide a similar but independent measure of
the efficiencies of the treatments in dealing with problem (&) and
would vary inversely with the amounts of digging carried out outside
the boundaries of the root-disease patches. Reference to columns 7
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and 8 of Table 1* will show how closely this expectation has been
realised. The only inconsistency is the low incidence of Fomes lignosus
in treatment £, and here an additional factor had been introduced, viz.
the poisoning of the stumps of the trees after felling by injection with
sodium arsenite.

“The effect of stump-poisoning in lowering the incidence of Fomes
lignosus in the F plots is a matter of considerable practical interest.
The method has often been suggested by non-technical observers as a
means of controlling root disease at the time of replanting, but has
usually been regarded by its advocates as a method of destroying roots
already infected by root parasites, i.e. as a method of dealing with
problem (a). It is, of course, useless for this purpose, a fact which
is confirmed in the present experiment by the high incidence of Gano-
derma pseudoferreum in treatment F. The present results show,
however, that as a method of dealing with problem (b) the method
merits serious consideration. More green timber was left to rot in
the soil in treatment F than in any other treatment included in the ex-
periment, yet the incidence of Fomes lignosus under this treatment
was only half the incidence under treatments D and E in which the
chances of infection and spread were greatly reduced by the removal
of the stumps and laterals of the healthy trees, and no higher than in
treatments B and C in which all healthy roots were extracted to a
depth of 9 inches. . . ..

“The success of the method depends on the fact that poisoning
hastens the onset of decay, and therefore shortens the period between
felling and invasion by saprophytic organisms during which the roots
are green and abnormally susceptible to attack by Fomes lignosus.
It is during this period that the sources of infection are developed
which later give rise to losses in the replanted stand. Shortening the
period of susceptibility reduces both the number and size of these
sources, and thus provides a useful measure of control. It is still
difficult to explain satisfactorily where the Fomes lignosus comes
from. Some undoubtedly originates from dormant sources which
existed in the original stand. Spore infection of the partially exposed
and highly susceptible green root-fragments cannot, however, be en-
tirely disregarded.”

NarreEr’s conclusions on this experiment may be summarised by
saying that ‘trouble with Ganoderma pseudoferrewm in the young
plantations occurred only on the sites of root disease patches in the
old stand, and could be dealt with by the extraction of all buried in-
fected roots on such sites; trouble with Fomes lignosus, on the other
hand, was the result of leaving roots of healthy trees in the soil after
felling, and constituted, therefore, the same problem as that en-
countered in young plantations established on jungle sites. Concern-

*Figures reproduced in Table 16, above.
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ing the infections by Fomes noxius, NAPPER stated that nearly 60%
of these were directly traceable to contact with diseased rubber logs
lying on the surface of the soil ; these logs had undoubtedly become
infected after felling, most probably by wind-blown spores of the
fungus (see above, p. 117).

At the end of the second year (1939) of this experiment, the
figures for total root infections ran in the same order as those obtained
at the end of the first year, and so require no further comment.
Naprer (1940) was unable to decide whether treatment F, stump
injection with sodium arsenite, would eventually prove more eco-
nomical than the methods for dealing with the root systems of healthy
trees adopted in treatments B, C, D and E. He pointed out that
where infection by F. lignosus did occur under treatment F, it was
more expensive to deal with, and the higher cost per point treated
might outweigh the benefit derived from reduction in number of in-
fections. A full discussion of the costings for this experiment up to
the end of the second year after planting has been included in this re-
port by Narper (1940).

CronsHEY and BarcLay’s (1939) replanting experiment, of fac-
torial design, was carried out on the site of a 25-year old rubber
plantation on a flat coastal area of clay soil in Sumatra. The old
stand had originally been planted at the rate of 121 trees to the acre,
had been thinned to 80, and at the time of clearing averaged less than
60 trees to the acre. Collar inspection at clearing showed 15% of the
remaining trees to be diseased, Fomes lignosus being the predominant
parasite. Details of the experimental treatments (see Table 17 ) are
given by CRONSHEY and BARcLAY, as follows. Stumps were removed
with stump pullers, so that root collars and parts of the tap root and
larger laterals were extracted. Roots were removed by ‘“‘chang-
kolling” (a changkoll is a native hoe) to a depth of 15-18 inches. In
“holing”, planting holes 2 2 X 2 feet were dug, and refilled with top
soil free of roots. Losses (at the tend of 2 years after planting)
amongst the young rubber from root disease, declared by CRONSHEY
and BARCLAY to be due almost entirely to Fomes lignosus, are given
in Table 17.

These results provide a clear-cut answer to most of the questions
that this experiment was designed to elucidate. The presence of
cover reduced mortality by about 60% on an average of all com-
parisons. This confirms the earlier conclusions of NAPPER (19324q).
As might have been expected, “holing” has reduced the incidence of
disease. On an average of all comparisons, the removal of stumps
and roots has reduced mortality to little more than half that occurring
when neither stumps nor roots were removed. An interesting differ-
ence is revealed by the comparison of losses following the two treat-
ments “stumps left, roots removed” and “stumps removed, roots left”,
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TaBLE 17. Mortality in two-year-old rubber due to root disease (caused almost
entirely by Fomes lignosus) : —

STUMPS STUMPS STUMPS STUMPS
LEFT LEFT REMOVED REMOVED
ROOTS ROOTS ROOTS ROOTS
LEFT REMOVED LEFT REMOVED TOTALS

Clean weeded —no holing. 729 611 917 524 2781
Clean weeded — holing. . ... 671 518 712 400 2301
Cover —mno holing. ........ 406 421 321 194 1342
Cover —holing ......... .. 293 298 168 111 870
Totals ................... 2099 1848 2118 1229 7294

according to whether the area is clean weeded or under cover. CRON-
sHEY and Barcray have not commented upon this curious dis-
crepancy, for which the following explanation is here suggested. In
the clean-weeded areas, removal of roots, leaving stumps, has de-
creased disease losses as might have been expected, on the assumption
that roots form the more widely dispersed source of inoculum. But
removal of stumps, leaving roots, has actually increased disease
mortality above that where stumps and roots were left. Is it not
possible that violent removal of the stumps has increased the suscepti-
bility of the roots left in the soil to infection by latent inoculum of
F. lignosus, by analogy with the increased incidence of disease on
virgin jungle areas burnt after clearing, as compared with unburnt
areas (NAPPER, 1940) ? In areas under cover, on the other hand,
removal of roots but not stumps has not significantly affected the in-
cidence of infection, whereas removal of stumps but not roots has
substantially reduced it. To explain this paradox, let us assume that
the roots provide more sources of infection, but that these are of
smaller volume, whereas the stumps provide fewer but more massive
sources of infection. Under clean weeded conditions, where no ob-
stacles are interposed between the roots of the rubber and the inocu-
lum, the roots might be expected to produce the greater number of
infections; under cover, however, the “baffling” effect of the cover
roots upon the spread of the rhizomorphs, as postulated by NappER
(1932-34) ,»might prevent the fungus reaching the rubber from many
of the smaller sources of infection provided by the roots, so that the
fewer but more massive sources of infection provided by the stumps
might ultimately produce the greater number of infections.

Cronsuey and BarcLay themselves comment as follows upon
their results: “As is shown by the column totals in Table I1I*, stump-
pulling and changkolling are closely interrelated, neither being of much

* Reproduced above as Table 17,
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value in the absence of the other. Collectively, however, they have
reduced the losses by nearly a half, and it is noticeable that the effect
has been larger when other favourable treatments, holing and the es-
tablishment of a cover, were also done. In general, the combined
effect of the favourable treatments is greater than the sum of their
single effects, the percentage reduction being considered as the cor-
rect measure of efficiency.” They also pointed out that the presence
of cover had resulted in a slight reduction in growth of the young
rubber, as estimated by increment in diameter of the stem, and sug-
gested that the clean weeding of circles around the trees or of strips
along the rows might prove a satisfactory compromise.

On replanted rubber areas in Ceylon, according to MURRAY
(1938), the mortality in young rubber from root disease (due almost
entirely to F. lignosus,; occasional outbreaks due to F. noxius and
Poria hypobrunnea) is evidently much lower than that in Malaya or
Sumatra. Prior to the replanting of areas occupied by disease
patches due to F. lignosus in the old stand, MURRAY recommended
the entire removal, if possible, of all old roots; on healthy areas, how-
ever, laterals might be left to decay in situ. Infection amongst the
young rubber trees due to the development of latent inoculum of
F. lignosus adjacent to or in the laterals of felled stumps in such
previously healthy areas could be eliminated, according to Murray,
by prompt treatment of visibly-affected young trees and removal of
the source of infection. MuRRAY justified the adoption of this pro-
cedure as follows: “This policy could only commend itself if the num-
bers of plants so lost were small, and if the knots of infection were
disclosed before the fungus could spread a great distance. In most
of the replanted clearings of which I have knowledge the number of
casualties due to root disease amounts so far to considerably less than
1% of the total stand. Some of these clearings are quite recent, but
others are up to 8 years of age. Even 1% is an insignificant pro-
portion especially as the initial stand is usually much greater than the
final stand aimed at. In the first two years or so the casualties can,
of course, be replaced with supplies.” MURRAY goes on to suggest
that the root disease fungi are likely to spread actively along the
laterals of the old stand left in the ground only for the first few
months after felling, whilst the roots are still fairly fresh; as for
spread along the roots of the young rubber, this should not become
dangerously rapid until the root network of the rubber has been fully
developed, at an estimated age of 12-15 years. If the existence of
sources of infection has not been revealed by this time, such sources
may be regarded as dormant, and therefore comparatively harmless.

In a further communication, Murray (1939) reported data de-
rived from replies by 156 estates to a questionnaire on replanting
policy. Lateral roots had been removed from the ground prior to re-
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planting on 2465 out of 8124 acres; loss due to root disease fungi
(chiefly F. lignosus but a little F. noxius and Poria hypobrunnea) was
approximately 0.06% where laterals had been removed, and 0.14%
where they had been left in the soil. In the following year, MURRAY
(1940) declared the mortality from root disease to reach a maximum
in the second or third year from planting, and thereafter to show a
marked decline; although this was largely due, no doubt, to the dis-
closure and eradication of sources of infection by the method just
described, there was evidence that fungal activity tended to die down
even where infected old roots were left in the ground. No doubt, too,
the resistance of the rubber plant to F. lignosus increased with age
(DE Jong, 1933). Murray also stated that several estates with a
high incidence of F. lignosus in young replantings had been advised to
undertake the routine collar inspection treatment developed by NarpEr
in Malaya, and that this had proved quite feasible under conditions in
Ceylon ; it was doubtful, however, whether adoption of this treatment
would prove to be economically sound. MURRAY’S policy for re-
planted areas in Ceylon therefore seems to have been justified by the
low mortality due to F. lignosus amongst the young rubber in that
country, and by the absence of Ganoderma pseudoferreum; a similar
conclusion had been reached earlier by bt Jong (1933) in Sumatra,
and StuarrLEs (1936) has pointed out that a similar policy might be
followed in Malaya were it not for the widespread occurrence of the
more dangerous root parasite, Ganoderma pseudoferreum.

A suggestion that susceptible bush covers might be employed as
“indicators” of root disease in areas of young replanted rubber was
made by BerTrRAND and Minor (1937) in Ceylon. They recom-
mended a mixture of three bush covers, so as to reduce incidence of
stem and branch diseases, which would spread more rapidly in a pure
stand of a single species. MurrAy (1938) criticised this proposal on
the score that it would be impossible to grow such bush covers along
with creeping covers without the bushes being overwhelmed by the
creepers ; the bushes alone would not give adequate protection against
soil erosion on steep slopes. Moreover, bush covers would not stand
being lopped for green manure as did the creepers, and they were
likely to “indicate” other root diseases as well as those dangerous to
rubber, and thus waste pest gang labour. In a comparison of bush
covers and creeping covers for young rubber in Malaya, NAPPER
(1940) found the incidence of infection to be higher by a third on
the area under creeping cover ; from the point of view of root disease
treatment, however, creeping covers were more economical, on account
of the additional cost of treating the infected bushes. Both as regards
disease control and general requirements, therefore, creeping covers
appear to be preferable to bush covers.

In North East India, TunstaLL (1940) recommended that when
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areas of old tea were being cleared for replanting, patches of vacancies
and of infills should be marked off ; on these patches, all the roots of
both tea bushes and shade trees should be extracted as completely as
possible. The remaining bushes might be dug out without taking
any special care to remove all the roots from the soil.



Chapter 14

CONTROL OF ROOT DISEASE IN PLANTATION
CROPS: SPECIAL PROBLEMS

In the development of methods for control of root disease in
plantation crops, an outline of which has been given in the two pre-
ceding chapters, primary emphasis has been laid upon eradication of
the sources of infection. In the earlier days of plantation pathology,
the complete removal of all buried timber from the plantation site
before planting up was sometimes advocated, but this was generally
admitted to be a counsel of perfection. A revolutionary change in
methods of root disease control was brought about by Napper (1932-
34) at the Rubber Research Institute of Malaya when he proposed
that eradication of root disease fungi should be carried out under the
young plantation crop, instead of before planting ; a great economy in
labour was effected by this new routine treatment, inasmuch as exca-
vation was limited to actual instead of potential sources of root infec-
tion. A further advance was made by Leacr (1937) in Nyasaland,
when he demonstrated that the development of many potentially
dangerous sources of infection after felling of the jungle could be
prevented by ring-barking the jungle trees well in advance of felling.
Leacn’s discovery was followed by NaPPER’s (1939-40) development
of the tree and stump poisoning methods in Malaya for the same
purpose.

The amount of space thus far devoted to a description of these
sanitation methods reflects their relative importance to the plantation
grower. The usefulness of soil fungicides for root disease control in
plantations is strictly limited, though such fungicides may sometimes
be used in conjunction with other control methods, as in the em-
ployment of copper sulphate solution by NAPPER as described above
(p. 112). Soil fungicides have also been used, though not with con-
spicuous success, in various attempts to eradicate root disease fungi
introduced into “clean” areas (see below, p. 138). On the whole,
however, phytocidal chemicals, such as the sodium arsenite used by
NaprpeR (1940) for stump poisoning in Malaya, and the heavy gas oil
employed by Smita (1932b) for destruction of banana stumps in
Jamaica (see below, p. 136), are probably of more importance to the
plantation grower than are fungicidal chemicals. TunstaLL (1926)
has emphasised the difficulties of eradicating root-infecting fungi
ensconced within bulky pieces of timber buried at some depth in the
soil by any method except that of excavation. Nevertheless, soil
fumigation with carbon disulphide, applied through an injector, has
given promising results in attempts at eradication of Armillaria mellea
from the soil of Californian citrus orchards (TrHOMAS, 1938 ; THOMAS
and LAwYER, 1939 ; GrirFiTH, 1941).
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When choosing a site for establishment of a plantation crop, it is
well to remember that some soils are more favourable than others for
the development of a particular root disease. Some advantage of this
fact has been taken in banana growing, following REINKING’s (1935)
discovery that Panama disease (Fusarium oxysporum cubense) is
more prevalent on soils of light texture; according to WARDLAW
(1941), heavy alkaline soils are least favourable to the disease (see
above, p. 45). Low-lying sites, unless properly drained before plant-
ing, will predispose a plantation crop to attack by such a parasite as
Sphaerostilbe repens, the cause of violet root rot. Concerning the
relation between incidence of root disease and soil conditions, less
evidence is available for plantation crops than for field crops. De-
velopments in the manuring of field crops have outstripped those in
the manuring of plantation crops. Observations and experiments on
the relation between manuring and incidence of root disease (see
above, p. 54) have therefore been made almost exclusively on field
crops; only few and casual reported observations, such as that of
DE JoNG (1933) concerning the slightly greater incidence of Fomes
lignosus on rubber in manured plots, can be found on the relation be-
tween manuring and occurrence of root disease in plantation crops.

Certain root diseases, to which further space is devoted below,
require special precautions or treatment for their prevention or cure.
Such are the root diseases due to species of Rosellinia, which are
favoured by a humid atmosphere and accumulation of humus, diseases
due to fungi that are primarily wound parasites, such as Ustulina
zonata, diseases in which root infection, by fungi like Sphaerostilbe
repens, cannot occur in the absence of some such predisposing factor
as waterlogging, and diseases, such as internal root rot of tea, formerly
attributed to Botryodiplodia theobrommae, in which fungi are purely
secondary. These diseases, and the problem presented by the intro-
duction of a root disease fungus into a “clean” area, are more fully
considered below.

Root Diseases Requiring Special Treatment: — Root diseases
due to Rosellinia spp. — The growth habit and parasitic activity of
these fungi have already been described (pp. 50 and 61) ; it remains to
discuss the special control measures appropriate to such a fungal growth
habit. Little has been added to the recommendations made by NowELL
(1923) in the West Indies and by Percm (1923) in Ceylon. Ac-
cumulations of dead leaves and other vegetable litter, which favour
the saprophytic spread of these fungi, must be cleared away, leaving the
ground, in PETCH’s phrase, “as bare as a tennis court.” Ventilation
should be improved by severe pruning of bushes or trees surrounding
the diseased individual or group. As WATERSTON (1941) has pointed
out, however, parasitic activity of Rosellinia is not confined to those
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situations in which the fungus can make a rapid saprophytic surface
spread amongst vegetable litter under dense shade and high rainfall ;
Rosellinia may occur as a parasite under conditions of lighter shade
and lower rainfall, with little or no accumulation of surface litter. In
the latter type of situation, spread of the fungus is more or less con-
fined to movement along the roots of its host plants ; such subterranean
spread as a parasite is necessarily slower than the rapid surface spread
as a saprophyte. WATERSTON investigated the occurrence in such
situations of a root disease due to R. pepo on cacao estates in Trinidad
and Grenada, but was unable to correlate its incidence with soil reac-
tion, or with organic matter, nitrogen, phosphate, or potash content of
the soil. The disease occurred chiefly on soils of light texture — a
limitation attributed by WATERSTON to the aeration requirements of
the fungus.

Charcoal root rot due to Ustulina zonota. — The fungus causing
this disease, which is well known on tea and rubber estates in Ceylon,
and on rubber plantations in Malaya (PercH, 1921, 1923 ; SHARPLES,
1936), spreads from plant to plant underground by root contact, in
the same way as Fomes lignosus, F. noxius and Ganoderma pseudo-
ferrewm. U. zonata is also a well known stem parasite, gaining en-
trance through spore infection of wounds, so that certain special pre-
cautions must be observed when dealing with it. SmArrLEs (1936)
remarks that all authorities consider the collar to be the commonest
seat of infection. Whereas in Java emphasis has been laid on infection
through collar wounds made during changkolling (hoeing), in Malaya
it is thought that accumulation of scrap rubber at the base of the tree
provides suitable conditions for infection by U. zonata, through suffo-
cation of the cortical tissue beneath such air-tight pads. Control
measures should include prompt removal of felledl rubber logs on
which the fungus may develop as a saprophyte and later produce
fructifications, periodical removal of scrap rubber accumulating at the
base of the stem, and avoidance or adequate protection of wounds.

Violet root rot due to Sphaerostilbe repens. — Infection by this
fungus can apparently occur only under certain soil conditions that
lower the resistance of the roots; in Malaya, according to SHARPLES
(1936), the disease is most frequently seen on rubber areas that have
been flooded. TunstaLn (1940) remarks that violet root rot is
usually associated with badly aerated, stiff soils in the tea plantations
of North East India. In exceptionally sticky soils, single lines of
good plants may sometimes be seen along the edges of drains, with
the intervening bushes poor and most of them severely attacked by
S. repens. TUNSTALL also observes that excessive defoliation of the
tea bushes through plucking and pruning may lead to such a lowering
of the vitality of the roots that S. repens can effect entry; on the
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lighter soils, the place of S. repens is taken by Botryodiplodia theo-
bromae.

In the British West Indies, S. 7epens is commonly associated with
a condition known as red root disease of limes; BAKER (1938), who
has reviewed the history of this disease in the British West Indies,
has concluded that the status of S. repens as a primary root parasite
of limes is still unproven. He has recommended the budding of limes
on sour orange root-stocks, which are resistant not only to the red
root disease, but also to gummosis.

Internal root rot of tea, formerly attributed to Botryodiplodia theo-
bromae. — Ideas concerning this ‘“‘disease” of the tea bush were
revolutionised by Gapp (1928-1929)), who demonstrated that infec-
tion by B. theobromae was a secondary phenomenon, and that the
“disease” was really caused by cultural practices. Internal root rot
was stated by GADD to occur in Ceylon chiefly at middle and low ele-
vations, where the plucking rounds were most frequent, and the pruning
cycle the shortest ; it was manifested as a failure to make fresh growth
after pruning, and by subsequent death of the bush. Gapp showed
that failure to recover after pruning appeared invariably to be asso-
ciated with absence of starch reserves in the roots, and that this con-
dition actually preceded infection by B. theobromae. Lack of starch
reserves thus appeared to be the cause, and the subsequent general in-
fection of the weakened roots by B. theobromae merely an effect of the
disease. In tea grown at the higher elevations, where assimilation
could better keep pace with growth, the disease was almost unknown.
GaDD also observed that whereas roots infected by B. theobromae were
completely deficient in reserve starch, those infected by Poria hypo-
lateritia, Rosellinia spp., and Ustulina zonata showed a normal starch
content, This rather constant association of infection by B. theo-
bromae with low starch content of the roots is a phenomenon of con-
siderable mycological interest, especially in connection with the find-
ings of LEacH (1937) in Nyasaland (see above, p. 115). TuNSTALL
(1940) in North East India agreed that susceptibility to internal root
rot was almost always associated with lack of starch reserves, which
might also be occasioned through defoliation due to drought or attacks
of Red Spider. Of especial interest is his observation, cited above,
that the roots of trees weakened through defoliation were infected by
B. theobromae in light-textured soils, but in the heavier soils by
Sphaerostilbe repens.

Eradication or Immobilisation of an Introduced Root Dis-
ease Fungus: — No better commentary can be given upon the prob-
lems involved in eradication or immobilisation of an introduced root
parasite in a plantation crop than by recounting the story of Panama
disease of bananas in Jamaica, full particulars of which have been
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given by Cousins and SutrHERLAND (1930) and by SMITH (1932a).
The disease was identified on the Island early in 1912, and two more
outbreaks, in widely separated localities were discovered soon after-
wards. These outbreaks, considered to be of independent origin, were
attributed to plantation labourers returning from the diseased banana
lands of Central America, and bringing back infected tools and plant-
ing material, in spite of strict watch for such practices on the part of
customs officers and plant quarantine inspectors. The Jamaican De-
partment of Agriculture suspected from the first that Panama disease
spread from one plant to another by root contact rather than directly
through the soil ; Cousins and SUTHERLAND very aptly described this
mode of spread as “chain action”. A drastic Quarantine Regulation
was therefore drafted in 1912, whereby all plants within one-chain
radius of the original diseased plant had to be removed and destroyed,
making a quarantine area of four square chains around the site of
each diseased plant; the quarantine area was not to be replanted with
bananas. The selection of a one-chain (22 yards) radius was based
on the finding that the longest roots of a banana plant did not extend
for a radius of more than half a chain (11 yards). In proof of the
correctness of the original assumption that the disease spread by
“chain action” along the roots of the plants, CousiNs and SUTHER-
LAND cited as an example plots rogued by this method in 1915, where
in 1930 healthy bananas still surrounded the original quarantined
areas. This was considered to disprove the assertion that the causal
fungus, Fusarium oxysporum cubense, could travel independently
through the soil in the absence of the banana plant. The loss of all
the healthy plants on an area of four square chains was a heavy one
to the planter, in spite of compensation, and with increase in incidence
of the disease in any locality, a compromise was eventually made he-
tween economic considerations and the requirements of the rogueing
treatment. Under a Panama Disease Order of 1925, a graded reduc-
tion in the quarantine area was permitted, as follows. For the first
three cases on any property, an area of four square chains was to be
enforced, for the fourth and fifth cases, one square chain, and afier
the fifth case, an area of half a square chain was to be quarantined.
Thereafter, with approval of the Director of Agriculture, the quar-
antine area might be reduced to that of the “nine root system”, where-
by only the eight healthy plants surrounding each diseased one had to
be removed and destroyed. Cousins and SUTHERLAND remarked
that experience had shown the rate of spread of the disease to increase
with each relaxation of the quarantine restriction. SmrtH (1932a)
confirmed this conclusion, and stated that the quarantine regulations
had met with success at least in checking the rate of spread of Panama
disease. The ‘“one root system”, whereby the diseased plant alone
was removed and destroyed, was to be deprecated as very dangerous,
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and permissible only when the property was officially gazetted as in-
fected, and adjacent lands were not endangered.

At about this time, a considerable improvement in the method of
disposing of the plants to be destroyed was introduced by Smitm
(1932b). According to the method originally adopted, the diseased
plant was dug up and burnt immediately; the surrounding healthy
plants were dug up, chopped into small pieces and heavily treated with
lime. The area so treated was then fenced in, and maintained in
quarantine. Apart from the difficulties and expense involved in
destruction of banana plants by this method, there was the danger
attendant upon moving soil, especially on river banks and steep slopes
liable to wash. SmiTH therefore sought for a method of killing the
stumps of the felled plants in situ; many chemicals were tried, of
which heavy gas oil (the fraction from the “topping” process of refin-
ing) proved most satisfactory in all respects, including that of cost.
Only 2-3 pints are required per stump; after clearing away surface
trash, the oil is applied around the stump, rather than on the cut sur-
face. Oil so applied penetrates to the underground buds and kills the
“eyes”, from which new growth would otherwise start; large appli-
cations of oil to the cut surface of the stump were found to be quite
unnecessary. An indirect benefit resulting from this method, by
which sucker growth from the stumps is eliminated once and for all,
has been pointed out by SmiTm: “It has been found in the past that
the adventitious suckers growing in a quarantined area have an extra-
ordinary fascination for the small settler, who appears to prefer ob-
taining his planting material from such dangerous areas.”

Unfortunately for the strenuous and well-directed efforts of the
Jamaican Department of Agriculture, however, rogueing could pre-
vent only the active spread of the wilt fungus, and could not stop other
modes of dispersal. From the beginning, according to Smita
(1932a), the effectiveness of the quarantine operations was vitiated
by non-cooperation on the part of some of the planters, more particu-
larly small-holders, who not only failed to report infections, but carried
out the unauthorised one root treatment on their own. In efforts to
discover a “cure” for the disease, certain individual planters carried
out all sorts of secret experiments on their own land, generally with-
out taking proper precautions against the spread of infection. Dis-
eased material was sometimes burnt, but might even be thrown into an
adjacent stream, to avoid detection! Small settlers, again, had been
known to plant up a new area with diseased banana suckers obtained
from adventitious growth on quarantined land. One of the most
effective agencies for passive spread of Fusarium oxysporum cubense
had been that of flood and river water. SwmiTH considered that dis-
semination of the fungus by surface wash from local flooding after
heavy rains was of particular importance ; another dangerous practice
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was that of planting bananas right up to the banks of rivers bordering
plantations. Finally, after commenting upon the loss to banana culti-
vation of large areas of the best alluvial soils in the river valleys and
level lands, due to flood dispersal of the wilt fungus, SmiTH (1936)
reported the decision of the Department of Agriculture, taken in 1935,
to permit one-root treatment of the disease throughout the Island.

An apparently introduced root disease that has recently caused
considerable concern in the English hop industry is the wilt due to
Verticillium albo-atrum, which has been investigated by KeyworTH
(1942). Whatever the origin of this disease may have been, its sub-
sequent devastating spread in a number of hop plantations was not
properly anticipated, with the result that insufficiently stringent meas-
ures were taken for eradication of the parasite. KevworTH has
now given the following directions for eradication of a small out-
break of this disease in a new plantation: “Cut down and burn all the
bines of diseased plants and treat every adjacent plant similarly.
Then excavate a hole 1 yd. square and 1 yd. deep at each place where
a treated plant has been and remove the soil from the hopfield. Pour
8 gal. of 2% formalin into and upon the walls of this hole and then
fill with uninfected soil. Then treat the whole area where plants have
been removed with 8 gal./sq. yd. of 2% formalin, retaining this with
a bank if necessary. The spaces may be replanted after 3-4 weeks,
but the young plants and surrounding old plants should be observed
for wilt during the next season, and the procedure should be repeated
if any wilt is seen.”

This wilt disease of hops certainly presents unusual obstacles to
the successful application of the usual routine measures of plant sani-
tation. KeyworrH found that the fungus eventually reached all
parts of badly diseased bines except the bracts and bracteoles of the
hop cones. Such diseased bines were found to be dragged all over
the hop plantations by the tines of the cultivators; this fact was con-
sidered by KEYworTH to explain differences in spread of the disease
in “square-plant” hop gardens with cross cultivation, and in“Worces-
ter-plant” gardens with one-way cultivation. KEYWORTH also ex-
perimentally demonstrated that diseased leaves could act as inoculum,
and might thus further the spread of the fungus to other parts of the
same field, to other fields on the same farm, and even, perhaps, to
other farms. '



Chapter 15

CONTROL OF ROOT DISEASE IN GLASSHOUSE
CROPS

The control of root diseases of crops under glass presents prob-
lems similar in broad outline to those encountered in field crops; the
control measures may similarly be classified under the three heads of
crop rotation, plant sanitation, and checking of disease development
in the growing crop. The relative importance of these three groups
of control measures under glass is, however, very different to that
under field conditions. Whereas in the field, crop rotation is of para-
mount importance in root disease control, in the glasshouse its scope
is limited by high overhead costs, and consequently restricted choice
of suitably remunerative crops. Another factor limiting the choice
of crops for rotation is that of glasshouse design; a house ideal for
tomato culture is less suitable for the raising of cucumbers, which
require a higher temperature for optimum growth.

Under glass, the most important control methods are those com-
prised within the general term of plant sanitation. The greater value
of the crop under glass permits of closer attention to individual plants
than is economically possible in the field ; where plants are grown in
pots, raised beds, or otherwise in individual containers or compart-
ments, the practice of rogueing, with appropriate disposal of infected
soil and plant residues, is likely to be more effective than where plants
are grown directly in the ground. Moreover, the more rapid growth
of crops under glass, together with the greater opportunity for dis-
persal of parasites during cultural operations, necessitates a stricter
attention to the principles of plant sanitation ; especially is it important
to avoid introduction of parasites either with the seed, or in infected
propagating material, such as cuttings, etc. By far the most impor-
tant control measure to be included under the heading of plant sani-
tation is that of partial sterilisation of the soil, or “soil sterilisation”,
as it is commonly though inaccurately called. Methods of partial
sterilisation are described in detail below ; they form the basis of root
disease control in glasshouse crops.

The checking of root disease development by modification of the
soil or aerial environment of the growing crop should theoretically
prove more feasible under glass than out in the field. Nevertheless,
the requirements of the growing crop for optimum vegetative and
fruiting development must often conflict with the tentative recom-
mendations of the plant pathologist for root disease control. Just as
the efficiency of crop rotation for control of root disease in field crops
has been responsible for the still-birth of many ingenious but less
simple control methods, so the efficiency of partial sterilisation of the
soil has had a like effect under glass. Although soil moisture content,
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for example, is directly controlled by the glasshouse grower, little
practical advantage is taken of this possibility for root disease control.
Greater use is made by growers of their control over soil and air tem-
peratures. By BEWLEY’s (1922) method of controlling the Verticil-
lium albo-atrum wilt of tomatoes through raising glasshouse tempera-
ture to at least 25°C.,, a spectacular “cure” of this disease can be
effected. BEwLEY (1923) gives the following directions for control
of the disease in this way: “As soon as the wilt appears and it is
proved that Verticillium albo-atrum is the pathogen, the average tem-
perature of the houses should be raised above 25°C. by suitably in-
creasing the boiler heat, regulating the ventilation, and by closing
down the houses from two to four hours in the middle of the day. A
light dressing of whitewash on the glass makes the conditions still
more favourable for the plants. As little water as possible should be
given to the roots, as heavy watering merely aggravates the wilting,
but a light overhead damping helps the wilted plants to recover. The
plants should be encouraged to make fresh roots above the original
diseased ones by placing fresh soil round the base of the plant.”
BEWLEY records that, in one nursery where these control measures
were carried out, the percentage of wilted plants was reduced from
68 to 10 in a fortnight.

Another advantage enjoyed by the glasshouse grower over the
farmer lies in his greater degree of control over soil composition.
Glasshouse crops are often grown not in the original soil itself, but
in an artificial soil or compost. Even if the original soil is employed,
the heavy dressings of organic manures and artificial fertilisers com-
monly applied in glasshouse practice may rapidly change its physical
texture and chemical composition. In the making of composts, a be-
wildering variety of “recipes” was formerly employed by professional
gardeners; the number of composts in use by some of these artists
approached the number of plant species under cultivation. Order and
simplicity have recently been introduced into the practice of compost
making by LAWRENCE and NEWELL (1936, 1941). The prime in-
gredients for a compost have almost invariably been loam, leaf-mould
or manure, and sand. The leaf-mould or manure supplied both the
organic matter for production of the desired texture in the compost,
and some at least of the essential plant nutrients. Owing to the wide
variation in composition of these organic materials, according to their
original constitution and degree of decomposition, it has been impos-
sible to produce a standard compost from such components. Law-
rRENCE and NEWELL achieved standardisation by discarding these dual-
purpose organic materials, and employing peat as the source of humus.
The manurial value of peat is relatively low, and does not fluctuate
widely within any one type of peat; the physical properties of peat
make it a more desirable constituent of compost than leaf-mould or
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manure. As a result of their experiments, LAWRENCE and NEWELL
Rroposed formulas for two composts, suitable for seeds and for pot-
ting, respectively: —

Seed compost Potting compost
Medium loam ..................... 2 volumes 7 volumes
Peat ... ... 1 volume 3 volumes
Coarse sand ....................... 1 volume 2 volumes

LAawreNcCE and NEWELL found these composts suitable for growth
of a wide variety of glasshouse plants, when used in conjunction with
a balanced mixture of artificial fertilisers (for which they supplied a
formula), together with chalk. Standardisation of the compost, as
recommended by LawreNcE and NEWELL, may prove useful in the
solution of certain root disease problems as well.

Dunrar (1936) has suggested that control of damping-off in
seedling pans might be achieved more easily by raising <eedlings in
quartz sand moistened with a nutrient solution than in partially steri-
lised soil, wherein a re-introduced damping-off fungus may spread
with especial rapidity. An example of an extreme development in
this type of root disease control is afforded by the commercial culture
of glasshouse crops in tanks of nutrient solution (GERICKE, 1940).

After this brief general account of root disease control in crops
under glass, more detailed consideration may now be given to partial
sterilisation of the soil, which is as important to the glasshouse grower
as is crop rotation to the arable farmer.

Partial Sterilisation of the Soil: — This is by no means a new
practice. By partial sterilisation is meant any treatment of the soil
by heat, chemicals or other agent, whereby the soil microflora and
fauna are reduced and simplified. One object of partial sterilisation
is to kill all disease-producing micro-organisms and insect pests,
whilst leaving alive at least some of the beneficial soil micro-organ-
isms ; the spore-forming bacteria usually escape destruction, and iie
more common non-sporing forms are re-introduced and re-establish
themselves with little delay. Partial sterilisation produces not only
microbiological but also physical and chemical changes in the soil; a
notable effect of heat treatment is the liberation of plant nutrients,
especially nitrogen, in an available form through breaking-down of
complex organic compounds. Partial sterilisation by heat, in par-
ticular, may also improve the physical structure of the soil; according
to NEwHALL (1935), the water-holding capacity of the soil may be
lowered by steaming, but this is not necessarily a disadvantage.

The history of partial sterilisation, together with its modern appli-
cations, has been discussed by WaksmMan (1931), NEwHALL et al.
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(1934), NewnaLL (1935), RusseLe (1937), BewrLey (1939) and
Martin (1940). The inerease of crop following a fire over the soil
was well known to the ancients; such improved growth has usually
been attributed to the high potash content of the wood ash, but a
liberation of nitrogen through heating of the surface soil must also
occur. Concerning pioneer farming in the early days of the U. S. A.,
NEWHALL et al. (1934) write: “In newly-cleared land, places where
brush piles were burnt dotted the fields. The early settlers learnt
that delicate plants like watermelons, muskmelons, and even beans,
could be grown in these spots where they would damp-off otherwise.”
It is not surprising to find that authors disagree concerning the credit
to be given for the “discovery” of the benefits of partial sterilisation.
On this point, MARTIN (1940) remarks: “The first observations of
the increase of yield following partial sterilisation were made inde-
pendently by Girarp (2)* and by OBerLIN (3)* in 1894. These
workers had employed carbon disulphide as their sterilising agent.
Similar results were found after the application of other volatile anti-
septics, and in 1907, DarBisHIRE and RusseLL (4)* showed that
partial sterilisation by heat produced a like result.” WAKSMAN
(1931), however, has drawn attention to an earlier paper by FRANKE
(1888), who correlated the increased crop growth observed to follow
heating of soil with enhanced solubility of soil mineral constituents
and organic matter.

Much was done by RusseLr and his collaborators (see RUSSELL,
1937) in their investigation of the complex causes of soil sickness in
English glasshouses ; concerned in bringing about this condition were
not only parasitic fungi, nematodes, and insect pests, but also a deter-
ioration in the physical and chemical condition of the soil through
repeated heavy dressings of artificial fertilisers and continual heavy
watering. BEWLEY (1934) has since shown that the last evil can be
combatted by incorporating layers of fresh straw with the soil. What-
ever the causes of soil sickness, however, the cure advocated by Rus-
sELL and his co-workers in England proved such a success that partial
sterilisation of the soil has become a routine measure in English com-
mercial glasshouses. Although credit has probably been justly as-
signed to these investigators, inasmuch as the widespread adoption of
partial sterilisation was due largely to their efforts, yet it appears that
steaming of the soil was first tried out in the U. S. A. at a still earlier
date. Thus NEwHALL (1935) states: ‘“The first use of steam for
commercial greenhouse soil sterilisation seems to have been made in
1883 by W. H. Rupp in Greenwood, Illinois. He laid three steam
pipes perforated at 18-in. intervals in the bottom of a wooden bin 414
ft. deep and holding 480 cu. ft. of soil.”

Complete sterilisation of the soil, on the other hand, is not bene-

* Grearp (1894), OserLIN (1894), DarBIsHIRE and RusseLr (1907).
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ficial but harmfgl; in addition to extinction of all beneficial, as well as
harmful, soil micro-organisms, there is a loss of soil organic matter,
anq often a marked deterioration in soil structure, or tilth, as well.
Th}s may happen when dry heat is used as an agent for partial sterili-
sation as in baking, or in using the “New York type” of electric
partial steriliser with soil insufficiently moist. Concerning this possi-
bility, BEWLEY (1939) observes: “When baking a soil, it is possible
to overheat it, especially if the soil is on the dry side, and, when this
occurs, the soil becomes ‘dead’ and will not support plant growth.
Slfe’:’dlings planted in it turn blue and hard, and grow very slowly, if at
all.

Methods of partial sterilisation at present in use may be classified
as follows: —

(a) by heat (i) steam,

(ii) baking,
(iii) electricity,

(b) by chemicals.

By steam.— This is by far the most effective agent for partial
sterilisation as yet discovered ; unlike dry heat, it can be used to treat
the soil in sity in the beds. It has the advantage over all chemical
agents so far tried of being equally lethal to parasitic micro-organisms,
including plant-infecting nematodes, to insect pests, and to weed
seeds. Various contrivances have been designed for the steaming of
relatively small quantities of loose soil, intended for the filling of pots,
flats and seedling pans, etc. The chief practical interest centres,
however, in methods of steaming soil in the beds, of which a brief
description may now be given.

In the buried tile method, a system of 3-4-inch diameter clay
drainage tiles is laid 13-16 inches deep in rows 18 inches apart, in
permanent position in the beds (NewwHALL ef al., 1934). When
steaming is to be carried out, the system is connected up to the boiler;
the steam escapes into the soil from the cracks between the tiles. Ac-
cording to NEWHALL et al., such tile systems may be expected to last
for at least 12-15 years without resetting. An additional advantage
accruing from such a buried tile system is the use to which it can be
put either for sub-irrigation, or, in conjunction with flooding, for the
leaching of an excess of soluble salts out of the soil. Although ap-
parently popular in the U. S. A., the tile method of steaming is little
used in England, and no mention of it is made by BEwLEY (1939).

In the buried perforated pipe method, perforated pipes are laid
in parallel trenches 6-18 inches deep, and at a distauce apart depend-
ing on the depth, and covered with soil. One end of each pipe is con-
nected by an elbow to a short upright pipe, through which the live
steam is conducted into the buried perforated pipe. In England,
where this system is known as the “Hoddesdon”, the horizontal perfo-
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rated pipes are customarily 6-7 feet long (BEWLEY, 1939), but in the
U. S. A, they may range from 20 to 120 feet (NEWHALL et al., 1934).
Whilst soil steaming is proceeding through one set of parallel pipes,
the workmen lay another set in position. A variant of the buried
perforated pipe method employed in England is the small grid method ;
horizontal perforated pipes 2-214 feet long and 10-12 inches apart are
connected at their proximal ends to a cross pipe 8-10 feet in length.
The apparatus thus resembles a comb, built-up out of tubes.

By the steam harrow method, which is sufficienty described by its
name, the labour required for steaming, and consequently the cost of
the operation, is much reduced. The effect produced is more super-
ficial, however, and the method is not considered suitable for heavy
soils. The inverted steam pan method, which in England is known as
the tray method, is similarly characterised by lower labour costs, and
by a reduced effective depth of working ; it is therefore especially suit-
able for the treatment of seed-beds and raised benches, where depth
of soil is limited. Various mechanical contrivances for moving the
heavier types of pan are in common use. NEWHALL (1939) has re-
cently described an electrically heated inverted steam pan devised at
the Cornell Agricultural Experiment Station; steam is generated by
electric strap heaters operating in troughs of water placed inside the
inverted pan.

Certain precautions are essential to success in the use of all these
steaming methods alike. The steaming must, of course, be thorough
and must be effective to a sufficient depth in the soil. To conserve
heat, it is usual to cover the soil with sacking or other insulating
material. The soil should be neither too wet nor too dry, if the best
result from steaming is to be obtained ; BEwLEY (1939) suggests that
“generally speaking, a soil sufficiently dry for potting purposes is in a
suitable condition for steaming”. With such a suitable moisture con-
tent, optimum channels for conduction of the live steam are probably
provided by the pore spaces of the soil. If the soil is too dry, the
pore spaces are too wide, and the steam escapes before it has com-
pleted its work of partial sterilisation ; if, on the other hand, the soil
is too wet, then insufficient pore space is provided for thorough pene-
tration of the steam to all parts of the soil. Moreover, if the soil is
too wet, heat is wasted in raising the temperature of the excess soil
moisture to boiling point, and the soil will also take longer to dry-out
after steaming.

Further precautions, again, must be observed in the care and
use of soil after partial sterilisation by steam. Steamed soil is a
medium more favourable than unsteamed soil for the activity of most
root-infecting fungi; nutrients are set free by the steaming, and the
competitive effect of other micro-organisms is much reduced. For
this reason, HARTLEY (1921) suggested that steamed soil should be
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reinoculated with saprophytic micro-organisms before being used for
the raising of seedlings. Especial care js therefore necessary to pre-
vent contamination of steamed soil by untreated soil infected with one
or more of the root parasites ; the feet of workmen, for instance, may
so contaminate the freshly steamed soil during the actual progress of
steaming. BewLEY and Bubpin (1921) have shown that the glass-
house water supply may constitute an important source of infection
(sce above, p. 94). Where the soil beds are not separated from the sub-
soil, recolonisation of the beds by root-infecting fungi is only a matter
of time, since the suhsoil serves as a reservoir of infection, which may
be tapped by the roots of the first crop grown in the steamed soil.
Under such conditions, therefore, periodical soil steaming, like crop
rotation, serves not so much to eliminate root parasites as to restrict
the damage that they do, and keep it at a commercially unimportant
level. Where such spread of a root-infecting fungus from infected
subsoil is especially rapid, however, the culture of plants in raised
beds or benches, which can be treated in toto, may be adopted, as
recommended by WickeNs (1935) for control of the Verticillium
cinerescens wilt of carnation.

A further, though temporary, disadvantage of steamed soil is its
toxicity to most seedlings, and to delicate plants; the effect is least
noticeable with robust and “strongly feeding” plants like the tomato.
Steaming, or other heat treatment, is well known to increase the con-
tent of soil solutes very considerably ; the concentration of solutes in-
creases with the duration and intensity of the heat treatment. Jornson
(1919) demonstrated that the toxicity of steamed soil to seedlings
was due chiefly to the ammonia produced through the heating. The
toxic effect is greater in rich soils with a high organic content than in
poor soils; it is increased by addition of chalk or lime to the soil before
steaming (LawreNcE and NEweLr, 1936). In the past, it has been
deemed inadvisable to use steamed soil sooner than 3-6 weeks after
steaming ; alternatively, ammonium salts could be leached out of the
soil by flooding at least once with water —a wasteful procedure. A
better alternative is that of applying a sufficient dressing of super-
phosphate to the steamed soil to balance the excess of soluble nitrogen;
this valuable effect of phosphate in combatting the ammonium toxicity
in steamed soil seems to have been discovered by LAwRENCE and
NewerL (1936, 1941).

By baking. — Methods of baking soil by dry heat have been
described by NEWHALL et al. (1934) and, in greater detail, by BEWLEY
(1939). They are suitable only for relatively small quantities of
soil, and cannot be used to treat soil in situ in the beds, as in steaming.
If the soil is too dry when treated, there is danger of overheating, with
resulting loss of organic matter, and, in the extreme instance, with
complete sterilisation.
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By electricity. — The use of electricity to effect partial sterilisa-
tion of the soil was apparently first reported by ELVEDEN (1921) in
England, but further development of this method is due almost en-
tirely to American investigators, whose work has been summarised by
NewnALL and N1xon (1935). Two types of electric partial steriliser
have been developed ; in the Ohio type, the soil is heated directly by
passage of a current through the soil from one electrode to another,
whereas in the New York type, the soil is indirectly heated by passage
of a current through metal heating elements. In the Ohio type of
partial steriliser as well as in the New York type, the soil is partially
sterilised by the heating action of the current, and not by the wave
effect. Both types of partial steriliser have so far taken the form of
containers designed for treatment of limited quantities of loose soil;
no satisfactory method for effecting partial sterilisation of soil in the
beds seems so far to have been reported, although various attempts
have been made to solve this problem. According to NewHALL and
Nixon, uneconomic lengths of heating element would be required for
use of the New York method in this way, whereas use of the Ohio
method is complicated by the difficulty of getting satisfactory plate to
soil contacts in the uncompressed soil of the beds, by the development
of uneven temperatures, and by leakage of power, with attendant per-
sonal risk to the operator. If these difficulties can be overcome, elec-
tricity may eventually compete with steam as a method for partial
sterilisation of soil 7n situ. An interesting new machine for continu-
ous partial sterilisation of loose soil has been described by NEW iALL
(1939) ; approximately 7 cubic feet of soil, or enough to fill 18-20
flats, is turned out in an hour by this machine, the principle of which
is similar to that of an electric baker’s oven.

For satisfactory partial sterilisation by electricity, the soil must
be at a suitable moisture content. If it is too dry in the New York
container, it becomes overheated, with consequent loss of fertility,
around the heating elements. With the Ohio method, electrical con-
ductivity of the soil is too low for effective heating below a certain
limiting moisture content; for this reason, overheating of the soil is
impossible, as the current is reduced to zero as soon as the soil starts
to dry out. The electrical conductivity of quartz sand, as used for
propagating benches, is too low for satisfactory partial sterilisation
by the Ohio method, but this difficulty may be overcome, according to
NewnaLL and Nixon, by addition of 0.5% potassium nitrate to the
sand before treatment. Similar conclusions concerning the relation
between electrical conductivity of the soil and its moisture and salt
content were expressed by VAN DER MuvzENBERG and vaAN Rijn
(1936). from their experimental application of these American
methods in Holland.

By chemicals. — For partial sterilisation of the soil with especial
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reference to the need for controlling root-infecting fungi, the per-
formance of formaldehyde is at present outstanding ; the consideration
of other chemicals for this purpose is at present probably a waste of
time. As an agent for general purpose partial sterilisation, formalde-
hyde, like all other chemicals upon which report has thus far been
made, is inferior to heat; it is ineffective against nematodes, insect
pests, and most weed seeds, and is less lethal to fungal sclerotia than
are the heat treatments. On the other hand, it is a cheap chemical,
and has exceptional penetrating power ; HUNT et al. (1925) demon-
strated that its penetration was equal to that of the water carrying it
in solution. Concerning rate of application, NEWHALL ¢f al. recom-
mended that one gallon of formalin (40% formaldehyde in aqueous
solution) be diluted to 50 gallons with water, and that half a gallon
of the dilute solution be applied per square foot of soil surface.
Bewrey (1939) recommended a solution of the same dilution, to be
applied at either of two rates, which work out at half a gallon per 0.9
square foot and per 1.62 square foot, respectively. He suggested that
the soil should be turned over one spit deep after treatment, on the
same day. NEWIALL et al., on the other hand, directed that the soil
should be covered for a day or two after treatment in order to retain
the fumes of formaldehyde for as long as possible. An interval of 14
days after treatment is usually deemed sufficient for dissipation of the
gas; after this, the soil can safely be planted. Effective as formalde-
hyde is by comparison with other chemicals for partial sterilisation, it
cannot compete with steam where this is available. Some interesting
crop returns have been quoted by BEWLEY in a comparison of the
yield of tomatoes following treatment of the soil by steam, formalde-
hyde, and cresylic (carbolic) acid; yields of fruit were 51, 45, and
40.25 tons per acre, respectively, as compared with a yield of 37.9
tons on the untreated control soil.

A method was devised by Beacurey (1937) for treating soil with
a mixture of steam and formaldehyde vapour, by means of the in-
verted steam pan; the formaldehyde solution was vaporised by pump-
ing it through a heated coil. The formaldchyde vapour was found
to penetrate the soil as deeply as the steam; a deeper penetration was
thus achieved than when formaldehyde was applied as a liquid drench.
By using 1 lb. of formaldehyde per 100 square feet of soil surface
treated by the combined steam and formaldehyde method, the neces-
sary period of steaming could be reduced from 30 to 20 minutes, and
the cost cut from 1 dollar to 80 cents per 100 square fcet. Moreover,
most of the vegetable and flower seeds that were tested germinated
and developed satisfactorily when sown in soil treated only 24 hours
previously.

Many other chemicals have been tested as agents for partial steri-
lisation, but none can compete with formaldehyde for cheapness and
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fungicidal efficiency. The most promising, perhaps, is chloropicrin,
which is an efficient insecticide (Roark, 1934) and has been developed
by Goprrey (1935) and his collaborators (Goprrey et al., 1934) as
a nemacide. Goprrey (1936) later showed that chloropicrin was a
useful fungicide as well; it has since given encouraging results in the
hands of other workers, when employed against a variety of soil-borne
diseases, viz. black leg (Moniliopsis aderholdi) of cabbage (Ezers-
KAYA, 1937), black root rot (Thielaviopsis basicola) of tobacco
(GroosHEvVOY et al., 1940), wilt (Fusarium bulbigenum var. lycoper-
sict) of tomato (Younc, 1940), foot rot (Rhizoctonia solani) of
annual stocks (DiMock, 1941), southern sclerotial rot (Sclerotium
rolfsit) of sugar-beet (Davey and Leach, 1941), clubroot (Plas-
modiophora brassicae) of crucifers and other diseases (Howarp,
1940). Adequate confinement of the chloropicrin vapour is essential
for successful use of this fumigant; for this purpose GoprFrey (1934)
developed a glue-coated paper as a soil cover, with which Gobrrey
et al. (1934) obtained improved nematode control.

Non-persistence in soil is an essential quality for any chemical to
be used in wholesale partial sterilisation of glasshouse beds. This
requisite eliminates many chemicals of proved fungicidal efficiency,
such as the salts of copper and mercury ; for the same reason, sulphur
and sulphuric acid are unsatisfactory as a substitute for formaldehyde.
The only chemicals likely to be adopted by the glasshouse grower for
routine partial sterilisation are those that give a substantial temporary
increase in soil fertility, in addition to destroying parasites and pests.
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GENERAL INDEX

Actinomyces poolensis, 43, 47

Actinomyces praecox, 52

Actinomyces scabies, antagonism tow-
ards, 52

organic matter affecting, 51, 103

proof of parasitism, 2

saprophytic life, 86

soil moisture affecting, 43

reaction affecting, 47

texture affecting, 44

transmitted by sets, 91

Aeration of soil, effect upon root dis-
eases, 41, 42, 44, 48, 62, 66, 69, 78,
100, 133

Acrial dispersal of root-infecting fungi,
29, 93, 106, 108, 118, 126

[T

Alfalfa, damping-off (Pythium spp.)t/

Animals, dispersing infccted soil, 95

Antagonism, microbiological, 4, 37, 51,
109, 144

Aphanomyces euteiches, migration of
zoospores, 95

plant nutrients affecting, 56

soil moisture affecting, 41

—— survival of resting spores, 70, 85

Armillaria wmellea, carbohydrate re-
quirements, 115, 134

—— control by carbon disulphide, 131

by ring-barking, 115

dispersal by water, 94

forming mycorrhiza, 17

host resistance to, 114

inoculation experiments, 26, 114

on moribund stump roots, 114

proof of parasitism, 2

soil moisture affecting, 40

reaction affecting, 47

spread of rhizomorphs, 21, 26,

107, 114

BUSERRNN

BAKING soIL, 145

Banana, Panama disease ([Fusarium
oxysporum cubense), affecting choice
of plantipg site, 132

—— —— etiology, 3

—— —— flood dispersal, 41, 136

—— —— introduction into Jamaica,

134
~——— —— soil moisture affecting, 40
reaction affecting, 45,

46, 132

—— —— —— texture affecting, 45,
132

—— —— spread, 30, 135

Barley, covered smut (Ustilago hor-
det), control by seed treatment, 90
—— depth of planting affecting,

101

—— —— soil moisture affecting, 43,
101

reaction affecting, 47

Biological control, 51, see Antagonism,
microbiological

Broom corn, covered smut (Sphacelo-
theca sorghi), 43, 101

Browning root rot, see Cereals, brown-
ing root rot

Burning infected crop refuse, 92

—— jungle before clearing, 118

CasBace, YELLows ([Fusarium conglu-
tinans), 33, 39, 87

Cacao, root rot (Rosellinia spp.), 62

Calcium hypochlorite, for sterilising,
11

Calonectria graminicola, 40, 43, 47

Carbon disulphide, as soil fumigant,
131, 142

Celery, yellows (Fusarium sp.), 40

Cercospora beticola, 12

Cercosporella herpotrichoides, 43

Cereals, browning root rot (Pythium
spp.), crop rotation affecting, 58, 87,

|

plant nutrients affecting, 58,
89

snow mould (Calonectria gram-
micola), 40, 43, 47

snow mould (Sclerotinia gram-
nearum), 43

take-all (Ophiobolus graminis),
control by crop rotation, 83, 87, 89
by firm seed bed, 102
by stubble burniug, 92
etiology, 2

organic matter affecting, 52
persistence of disease patch-

n

[E T

plant nutrients affecting, 53,

54

soil moisture affecting, 42

—— reaction affecting, 48

texture affecting, 44

temperature affecting, 37

Chestnut, ink disease (Phytophthora
cambivora), 40

Chilli pepper, foot rot (Phytophthora
spp.), 94

ns
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—— wilt (Fusarium annuum), 40, 94,
100

~—— wilt (Fusarium vasinfectum), 41

China aster, wilt (Fusarium congluti-
nans), 47

Chloropicrin, as soil fumigant, 148

Citrus, mycorrhiza, 17

—— red root disease (Sphaerostilbe
repens), 134 .

Claviceps purpurea, 74

Clearing jungle for plantation,
109

Clover, stem rot (Sclerotinia trifolio-
rum), 44

Clubroot, sce Crucifers, clubroot

Coconut palm, root rot (Fomes luci-
dus), 44

Compost, infected, 95

Copper sulphate, as root dressing, 112,

105,

121, 131

Corn, bacterial wilt (Phytomonas
stewarti), 58

—— root rot (Pythium arrheno¥”

manes), 40

—— seedling blight (Gibberella saubi-
netit), 36, 43

—— smut (Ustilago zeac), 51

Cost of root diseasc control, 82, 118,
126

Cotton, Indian root rot (Rhisoctonia
solant & R. bataticola), 35, 99

—— leaf curl (virus), 93

—— Texas root rot (Phymatotrichum
ommivorum) :

control by crop rotation, 74,

77, 85

—— —— —— by cultivation, 80, 96

- ——— —— by fungistatic chemi-
cals, 98

~——— —— —— by organic manures,
53, 79, 97

——— = —— by root barricrs, 98

—— —— dispersal by water, 94

—— —— etiology, 2

persistence of
patches, 55

—— —— affected by plant nutrients,

55

disease

soil moisture, 42, 46
—— soil reaction, 46, 47
Cotton, wilt (Fusarium vasinfectum),
plant nutrients affecting, 46, 58
—— —— so0il moisture affecting, 41
reaction affecting, 47
texture affecting, 46
—- wilt (Perticillium dahliae), 99

Cover crops, tropical, root disease on,
110, 127, 129

Crucifers, clubroot (Plasmodiophora
brassicae), control by chloropicrin,
148

—— —— —— by crop rotation, 70,
85, 96

by liming, 47, 103

dispersal, 95

—— etiology, 2

—— plant nutrients affecting, 59

soil moisture affecting, 40

Cultivation of soil, for breaking root
contacts, 98

for eliminating

fungi, 71, 80, 96

for preparing seed-bed, 102

infected refuse spread by, 138

rotary, for mixing organic ma-

terial with soil, 80, 104

ARy

root-infecting

Curvularia ramosa, 59
P

’ DAMPING-OFF, 58, 141 U

Depth of planting, effect on discase,
35, 100

Disease-resistant varietics of crop, 7

Dormancy of root-infecting fungi, 70,
96

Drainage of soil, for root disease con-
trol, 100, 132 ’

EcoNoMICS OF ROOT DISEASE CONTROL,
82, 118, 123, 126, 135, 139

Electricity, for soil treatment, 146

Etiology of root diseases, 1

FEEDING INFECTED CROP REFUSE TO
STOCK, 95

Flax, wilt (Fusariim lini), crop rota-
tion affecting, 87

—— —— organic matter affecting, 51

seed transmission, 87

soil texture affecting, 44

—— —— temperature affecting, 34

Flood dispersal of root-infecting fungi,
41, 94, 136

Fowmes annosus, 44, 47 '

Fomes lignosus, control by Napper’s
method, 108, 121

—— by sodium arsenite, 116, 125

—— by trenching, 107, 112, 120

—— in mature plantations, 120

—— in replanted areas, 123

host resistance to, 112, 118, 132

inoculation experiments, 27

—— lime affecting, 107

I
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—— on cover crops, 110, 127

—— on moribund stump roots, 106,
112, 125, 128

—— plant nutrients affecting, 132

—— proof of parasitism, 2

spread of rhizomorphs, 21, 24,
106, 107, 109, 112, 113, 121

Fomes lucidus, 44

Fomes mnoxius, control by Napper’'s
method, 109, 119

by trenching, 112, 121

in mature plantations, 120

—— on replanted areas, 123

inoculation experiments, 27

on moribund stump roots, 117

soil texture affecting, 44

spread, 20, 106, 109, 112, 117

survival, 65

Fomes semitostus, see Fomes lignosits

Food-base behind root-invading hy-
phae, 26, 63, 74, 93, 107

Food-potential for saprophytic growth,
63

Formaldehyde, for soil treatment, 10,
138, 147

— —— in combination with steam,
147

Fumigation of soil, with carbon disul-
phide, 131, 142

—— with chloropicrin, 148

with formaldehyde, 147

Fungicides, for soil treatment, 10, 93,
131, 138, 146

for root dressing, 112, 121, 131

Fungistatic chemicals, use in trenches,
98

Fusarium annuum, 40, 94, 100

Fusaritum batatis, 43, 44

Fusarium bulbigenum var. Iycopersici,
control by chloropicrin, 148

—— plant nutrients affecting, 41, 57

soil moisture affecting, 40

reaction affecting, 47

temperature affecting, 34

Fusarium bulbigenum var. niveum, 38

Fusarium conglutinans, 34, 87

vars.ecallistephi & majus, 47

Fusarium cubense, see Fusarium oxy-
sporum cubense

Fusarium culmorwm, as saprophyte, 11,
64, 87

plant nutrients affecting, 59

Fusarium hyperoxysporum, 43, 44

Fusarium lini, seed transmission, 87

soil texture affecting, 44

—— survival, 87

[ETETT

—— temperature affecting, 34

Fusarium lycopersici, see Fusarium
bulbigenwm var. lycopersici

Fusarium orthoceras var. pisi, 40, 44,
47

Fusarium oxysporum, 91

—— var. nicotianae, 47

f. pisi race 1, 38, 57

Fusarium oxysporum cubense, affecting
choice of site for banana planting,
132

flood dispersal, 41, 136

introduction into Jamaica, 134

proof of parasitism, 3

soil moisture affecting, 40

reaction affecting, 45, 46

—— texture affecting, 45

spread, 30, 135

Fusarium solant var. ewmarrtii, 91

Fusarium wvasinfectum, non-host roots
affecting, 88

organic matter affecting, 51

plant nutrients affecting, 46, 58

soil moisture affecting, 41

—— reaction affecting, 47

—— texture affecting, 46

Fusarium spp., soil-inhabiting and soil-
invading, 13

anny

[T

Ganoderma pscudoferreum, CONTROL BY
Narper’s METIIOD, 108, 119

—— —— by trenching, 112, 121

in mature plantations, 120

on replanted arcas, 123

—— host resistance to, 113

—— proof of parasitism, 2

—— spread of rhizomorphs, 21, 109,
112

Geographical distribution of root dis-
cases, 33, 39

Gibberella saubinetii, 36, 43

HEATH PLANTS, MYCORRHIZA OF, 16, 17

Flelminthosporinin avenae, 43

Helminthosporium saticaom, antagon-
ism towards, 5, 6

plant nutrients affecting, 59

—— soil moisture affecting, 40

—— temperature affecting, 37

Hop, wilt (Perticillivm albo-atrum),
138

Hot-water seed treatment, 90

Hydrogen sulphide in water-logged
soil, 41

Hydroponics for root disease control,
141

Hyper -parasitism of soil fungi, 6
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IMPLEMENTS, DISPERSING INFECTED
soIL, 95, 135

Introduction of root-infecting fungi into
clean areas, 90, 134

Ophiobolus graminis, antagonism tow-
ards, 5, 37

—— host plant as test for, 12, 66

~“—— non-host roots affecting, 89

Irrigation, control of cereal smuts un-“Y —— organic matter affecting, 52

der, 100
—— spread of root-infecting fungi by,
94

Italian millet, seedling blight (Sclero-
spora graminicola), 40

KocH’s POSTULATES, 1

LETTUCE, coLLAR Rot (Sclerotinia
sclerotiorum), 40, 44, 94, 95

Lime, use of, 103, 107, see also Reaction
of soil

Lucerne, see Alfalfa

Maizg, see CorN

Manganese, affecting host resistance,
17, 59

Mercuric chloride, as soil fungicide, 10

for surface sterilisation, 11

tolerance of  Plasmodiophora
brassicae to, 72

Millet, covered smut (Sphacelotheca
sorghi), 43, 101

Minor elements, affecting host resist-
ance, 59

Mixed cropping, disease control by, 99

Moisture content of soil, affecting root
diseases, 40, 64, 100, 139

Monilochaetes infuscans, 47 .

Mycorrhizal fungi, 14

NAPPER'S METHOD OF ROOT DISEASE
CONTROL IN PLANTATIONS, 108, 129,
131

Nitrogen, affecting host resistance, 54,
55, 59 .

—— fixation by mycorrhizal fungi, 17

Nutrition of host plant, affecting dis-
ease resistance, 54, 104, 132

Oarts, coverep smut (Ustilago levis),
43

—— loose smut (Ustilago avenae), 43

—— mycorrhiza, 17

—— seedling blight (Helminthospor-
tum avenae), 43

Oil, for destroying banana stumps, 131,
136

Onion, smut (Urocystis cepulae), 10,
34, 39

Oospora scabies, see Actinomyces
scabies

—— plant nutrients affecting, 53, 54

—— proof of parasitism, 2

soil aeration affecting, 44, 66,
69, 96, 102

—— —— moisture affecting, 42

——— —— reaction affecting, 48

—— —— texture affecting, 44

—— spread of mycelium, 20, 24, 44,
48, 52, 83

—— survival, 32, 52, 55, 66, 83, 87, 89,
96

—— temperature affecting, 37, 66, 68,
96

Orchids, mycorrhiza, 16, 17

Organic content of soil, affecting root
diseases, 50, 61, 103

Ozonium auricomum & O. omnivorum,
see Phymatotrichum omnivorum

PARTIAL STERILISATION OF SoIL, 139,
141

Patches of root disease, persistance in
arable fields, 55

Pea, root rot (Aphanomyces cutei-

ches), control by crop rotation, 70, 85

—— —— plant nutrients affecting, 56

soil moisture affecting, 41

—— wilt (Fusaritum orthoceras var.
pisi), 40, 44, 47

— wilt  (Fusarium oxysporum f.
pisi race 1), 38, 57

Phoma lingam, 12

Phosphate, affecting host resistance,
54, 55, 58

Phosphatide excretion by roots, 15

Phymatotrichum  omnivorum, anta-
gonism towards, 53, 80

control by cultivation, 80, 96

by organic manures, 53, 79,

97

—— by root barriers, 98

—— by fungistatic chumicals, 98
dispersal by water, 94

host plant as test for, 12, 66
inoculation experiments, 28
plant nutrients affecting, 55
proof of parasitism, 2

sclerotia, germination of, 54, 75,

77

~—— —— production of, 75
—— —— survival of, 53, 77, 97
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~— soil moisture affecting, 42, 46
reaction affecting, 32, 46, 47
—— spread of mycelium, 20, 22, 65
96, 98
~—— survival, 32, 55, 65, 77
Phytocidal chemicals, use in disease
control, 116, 125, 131, 136
Phytomonas stewarti, 58
Phytophthora cactorum, 40 *
Phytophthora cambivora, 40 ¢
Phytophthora cinnamomsi, 40 -
Phytophthora fragariae, 41
Phytophthora hydrophila, 94
Phytophthora palmivora var. piperis
94

»

s

Phytophthora parasitica, 40

var. nicotianae, 12, 94

Pigeon-pea, wilt (Fusarium vasinfec-
tum), 51, 58, 88

Pine, damping-off (Pythium ultimum-
& Rhizoctonia solani), 58

—— mycorrhiza, 15

red rot (Fomes annosus), 44, 47

Pineapple, wilt (Phytophthora cinna-
momi), 40

Placement, of soil fungicides, 10

of organic manures, 104

Plasmodiophora brassicae, control by
chloropicrin, 148

—— dispersal, 95

as obligate parasite, 1

plant nutrients affecting, 59

proof of parasitism, 2

soil moisture affecting, 40

—— reaction affecting, 47, 72,

85, 96, 103

survival, 70, 71, 85, 96

Populations of resting spores, hetero-
geneity of, 72

Poria hypobrunnea, 128

Poria hypolateritia, control in mature
plantations, 122

spread of rhizomorphs, 21, 108

—— starch content of roots infected
by, 134

Potash, affecting host resistance, 58

Potato, podery scab (Spongospora
subterranca), 40, 44, 47

~—— scab (Actinomyces scabies), con-
trol by crop rotation, 86, 87

by organic manures,

[T

52, 103

by treating sets, 91
—— —— etiology, 1, 2

—— —— soil moisture affecting, 42
—— —— —— reaction affecting, 47

—— —— —— texture affecting, 44

—— —— transmitted by sets, 91

—— stem canker and tuber
(Rhizoctonia solani)

control by crop rotation, 86

scurf

——————>by shallow planting,
35
—— —— by treating sets, 64, 91
—— etiology, 2
—— organic matter affecting,

—— soil moisture affecting, 64
—— temperature affecting, 8, 35
—— transmission by set., 64, 91
wart  (Synchytrium  endobioti-
cum), control by crop rotation, 70
—— plant nutrieuts affecting, 59
—— soil moisture affecting, 40
reaction affecting, 47
transmission by sets, 91
wilt (Fusarium spp.), 91

wilt  (Perticillim  albo-atrum),
control by crop rotation, 84
ctiology, 2

—+— —— spread, 31

transmission by sets, 91, 92
control through field

[ el 1

LT

N

rogueing, 92
Propagating sets, infected, 91, 135,
136, 139
Pythium arrkenomanes, 40, 58
Pythium debaryanum, 38
Pythium ultimum, 58

QUARANTINE METHODS, 91, 135

RAISED BEDS, FOR DISEASE CONTROL IN
GLASSHOUSES, 139, 145

Raspberry, blue stripe wilt (Perticil-
lium albo-atrum), 84

Reaction of soil, affecting root diseases,
3, 45, 46, 103

Resting spores, survival, 70, 84

Rhizoctonia bataticola, 99, 115

Rhizoctonia solani, antagonism tow-
ards, 62

—— control by chloropicrin, 148

by soil shading, 99

—— organic matter affecting, 62, 86

—— parasitised by Trichoderma lig-
norum, 6

—— plant nutrients affecting, 58, 59,
87

—— proof of parasitism, 2

~—— saprophytic activity, 62

sclerotia, 63, 81, 86
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soil aeration affecting, 62

—— moisture affecting, 62, 64
—— reaction affecting, 48, 63
spread of mycelium, 20, 48, 62,

B

temperature affecting, 35, 99

—— transmitted by sets, 91

Rhizomorphs, 19, 28, 109

Rhubarb,
cactorum), 40

Ring-barking cotton plants with root
rot, 66

~— jungle trees before clearing, 115

Rogueing diseased plants, 92, 135, 139

Root barriers, against root disease
spread, 19, 98

Root contact, spread of disease by, 19,
98, 99, 107, 112, 119, 122, 133, 135

Rosellinia arcuata, 50, 62

Rosellinia bunodes, 50

Rosellinia pepo, 133

Rosellinia spp., control, 132

organic matter affecting, 50, 132

—— parasitic activity, 62, 132

——- saprophytic activity, 61, 132

—— starch content of roots infected
by, 134

Rossi-Cholodny slide technique, 53, 62

Rotary cultivation, 80, 97, 104

Rotation of crops, 82, 139

vitiated by weeds, 70, 85, 88

Rubber, brown root disease (Fomes
noxius), control by Napper’s method,
108, 119

—— -——— —— by trenching, 112, 120

—— ——- —— in mature plantations,

120

— ——— ——on

123, 126

replanted areas,

soil texture affecting, 44

spread, 106, 109, 112, 117

—— charcoal root rot (Ustulina so-
nata), 106, 107, 117, 133

—— red root disease (Ganoderma
pseudoferreum), control by Nap-
per’s method, 108, 119

—— —— —— by trenching, 112, 121

—— —— —— in mature plantations,
120

—— —— on replanted areas, 123
—— etiology, 2

—— host resistance to, 113
spread, 106, 109, 111, 112
violet root rot (Sphacrostilbe
repens), 133

|11

crown rot (Phytophthora -

—— white root disease (Fomes lig-
nosus), control by sodium arsenite,

116, 125
—— —— —— by Napper’s method,

108, 121

~—— —— —— by trenching, 107, 112,
120

~— —— —— in mature plantations,
120

——— —— —— on replanted areas,
123

—— —— etiology, 2

—— —— host resistance to, 27, 111,
113, 118, 129

—+— —— lime affecting, 107

—— -——— on cover crops, 110, 127,
129

——— —— on moribund stump roots,
106, 112, 125, 128

—— —— plant nutrients
132

—— —— spread, 106, 109, 112, 113

Rye, stripe smut (Urocystis occulta),
42, 49

affecting,

SALICYLIC ALDEHYDE IN WATER-LOG-
GED SOIL, 41

Sand culture, for damping-off control,
141

Sanitation of crops, 90, 139, 145

Saprophytic activity of root-infecting
fungi, 61, 86

Sclevospora graminicola, 40

Sclerotia, survival of, 70, 74, 77, 85

Sclerotinia graminearum, 43

Sclerotinia sclerotiorum, dispersal, 94,
95

—— sclerotia, 74

—— soil moisture affecting, 40

texture affecting, 44

Sclerotinia trifoliorum, 44

Sclerotium  rolfsii, active spread in
compost, 96

—— control by chloropicrin, 148

—— plant nutrients affecting, 57

sclerotia, 80

Seed transmission of disease, 87, 90,
139

treatment, 90

Selective culture media, 12

Shade trees in plantation crops, 106,
118

Sickness of glasshouse soils, 142

Silver nitrate, for surface sterilisation,
11

Site for plantation crop, choice of, 132
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Sodium arsenite, for tree injection,
116, 125, 131

Sodium chloride, affecting cotton wilt,
59

~8oil-inhabiting and soil-invading fungi,
13, 19, 61, 87

Sorghum, covered smut (Sphacelo-
theca sorght), 43

head smut (Sorosporium reilia-

num), 43

loose smut (Sphacelotheca cru-

enta), 43

root barriers against Phymato-
trichum ommivorum, 98

Sorosporium  reilianum, 43

Spacing of crops, effect upon root dis-
ease, 98, 99, 138

Specialisation of parasitism, 11, 83

Sphacelotheca cruenta, 43

Sphacelotheca sorghi, 43, 101

Sphaerostilbe repens, control, 133

defoliation reducing host resis-
tance to, 133, 134

—— soil moisture affecting, 40, 132,

133

texture affecting, 44, 133

spread of rhizomorphs, 21

Spongospora subterranca, 40, 44, 47

Spores of root-infecting fungi, air-
borne, 29, 73, 93, 106, 108, 117, 126

—— in compost, 95

— in dung, 95 -

—— resting, 70, 84

—— sced-borne, 90, 93.

-—— water-borne, 94, 145

Spore-load of seed and mass-infec-
tion, 93

Steam for soil treatment, 143

in combination with formalde-
hyde, 147

Steamed soil, toxicity to seedlings, 145

Sterile water, washing in, 11

Sterilisation of soil, see Partial steril-
isation

Strands, myecelial, 20

Strawberry, Ontario root rot, 12, 88

Strawberry, red core (Phytophthora
fragariae), 41

Stumps of felled trees, infection of,
air-borne, 106, 108, 117

via roots, 112, 125, 127, 128

—— killing by heavy oil, 131, 136

by sodium arsenite,

125, 131
Succession of micro-organisms in in-
fected roots, 11

116,

Sugar-beet, black leg, 47, 100"
root rot (Rhizoctonia solani),

—— root rot (Sclerotium rolfsii), 57,
80, 148

Sugar-cane, root rot (Pythium arrhe-
nomanes), 40

Sulphur, for soil acidification, 103

Surface sterilisation of infected tissues,
11, 65

Survival of root-infecting fungi, as ac-
tive saprophytes, 61, 83, 86

——as resting spores, 70, 83, 84

—— as sclerotia, 70, 74, 83, 85

——in infected plant tissues, 65, 83

—— methods for curtailing, 96

—— non-host crops affecting, 88, 97

Swede, damping-off (Pvthium de- :
baryanum), 38

Sweet potato, pox (Actinomyces pool-
ensis), 43, 47

—— scurf (Monilochactes infuscans),

47

stem rot (Fusarium spp.), 43, 44

Synchytrium endobioticum, plant nu-
trients affecting, 59

—— soil moisture affecting, 40

—— ——— reaction affecting, 47

—— survival, 70, 72

——— transmission by sets, 91

TAKE-ALL, sec CEREALS, TAKE-ALL

Tea, brown root discase (Fomes niv-
tus), control in mature plantations,
122

—— on moribund stump roots,
117

—— —— soil texture affecting, 44

spread, 106, 118

charcoal root rot (Ustulina so-
nata), control in mature plantaticns,
122, 133

—— —— on moribund stump roots,
117

—— —— spread, 106, 107, 117, 133

starch content of infected
roots, 134

—— internal root rot (physiological),
associated with lack of starch, 246,
134

—— ——— formerly attributed to Bot-
ryodiplodia theobromae, 46, 134

—— —— soil reaction affecting, 47

——— —— —— texture affecting, 46,
134
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—— red root disease (Poria hypola-
teritia), 122, 134

—— root rot (Rosellinia spp.), 50

~——— violet root rot (Sphaerostilbe re-
pens), control, 133

—— defoliation affecting, 133

—— —— soil moisture affecting, 41,
133

—— —— —— texture affecting, 44,
133

Temperature, soil, affecting root dis-
eases, 33

—— —— control in glasshouses, 140

~—— —— dependent on planting date,
98

interacting with microbio-

logical antagonism, 5, 37

—— reduced by shading with

crop, 99

lethal, to Plasmodiophora brassi-

cae, 72

~—— to Synchytrium endobioti-

cum, 72

~—— to Thielaviopsis basicola, 95

Texas root rot, see Cotton, Texas root
rot

Texture of soil, affecting root diseases,
43

Thiclaviopsis basicola, control by chlo-
ropicrin, 148

—— proof of parasitism, 2

-—— soil reaction affecting, 47

——— temperature affecting, 35

Tilletia tritici & T. levis, aerial spread,
73, 84, 94

—— depth of planting affecting, 100

—— organic matter affecting, 51

—— soil moisture affecting, 43, 100

texture affecting, 44

survival, 73, 84

Tobacco, black root rot (Thiclaviopsis
basicola), 2, 35, 47

black shank (Phytophthora para-
sttica var. nicotianae), 94

—— wilt (Fusarium oxysporum var.
nicotianae), 47

Tomato, wilt (Fusarium bulbigenum
var. lycopersici)

control by chloropicrin, 148

—— plant nutrients affecting, 41,

—— soil moisture affecting, 40
—— —— reaction affecting, 46
— temperature affecting, 34
wilt (Perticillium albo-atrum) :

[T el

—— —— control by raising glass-
house temperature, 34, 140

organic matter affecting, 51

—— —— plant nutrients affecting, 57

—— soil reaction affecting, 47

Trenches for root disease control, of
fungistatic chemicals, 98

open, 107, 112, 120

Trichoderma lignorum, 6

Urocystis cepulae, 12, 34

Urocystis occulta, 42, 49

Urocystis tritici, organic matter affect-
ing, 51

plant nutrients affecting, 48

soil moisture affecting, 43, 100

reaction affecting, 48

spore germination, stimulation of,

51

—— dispersal by stock, 95

—— survival, 73, 85

Ustilago avenae, 43

Ustilago hordei, 43, 47, 100

Ustilago levis, 43

Ustilago seae, 50, 51, 73

Ustulina zonata, as wound parasite, 133

—— control in mature plantations, 122,
133

on moribund stump roots, 117

soil reaction affecting, 47

spread, 106, 107, 117, 133

starch content of roots infected

by, 134

m

V ASCULAR PARASITES, 30

Verticillium albo-atrum, in potato sets,
control by field rogueing, 92

—— introduction into clean areas, con-
trol, 138

organic matter affecting, 51

plant nutrients affecting, 51, 57

proof of parasitism, 2

soil reaction affecting, 47

spread, 31, 98, 138

survival, 84

temperature affecting, 34, 140

Verticillium dahliae, 99 '

[T

WATER DISPERSAL OF ROOT-INFECTING
FUNGI, 41, 94, 136, 145

Water-melon, wilt (Fusarium bulbige-
num var. niveum), 38

Weed hosts of root-infecting fungi, 70,
85, 88

Wheat, bunt (Tilletia tritici & T.
levis), aerial spread, 73, 84, 94
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—— —— control by seed treatment,
90

—— —— depth of planting affecting,
100

—— —— organic matter affecting, 51

—— —— soil moisture affecting, 43,
100

—— —— —— texture affecting, 44

—— eye-spot (Cercosporella herpotri-
choides), 43

—— flag smut (Urocystis tritici), con-
trol by crop rotation, 85

—_—— by stubble burning, 92

—— —— depth of planting affecting,
100

—— —— organic matter affecting, 50,
51

—— —— plant nutrients affecting, 48

—— —— soil moisture affecting, 43,
100

~—— ——— —— reaction affecting, 48

—— — dispersal by stock, 95

—— loose smut (Ustilago tritici), 90

—— root rot (Fusarium culmorum),
87

——— root rot (Helminthosporium sa-
tivum), 37, 40, 87

—— seedling blight (Gibberella sau-
binetii), 36, 43

Wind dispersal of root-infecting fungi,
29, 93, 106, 108, 117, 126

Wisconsin investigations on soi! teni-
perature and disease, 33

Wound parasite, 133

Xylaria mali, 28, 65

ZINC, AFFECTING HOST RESISTANCE, 59
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