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ABSTRACT

This review comprises eight chapters, the first six of which attempt
to develop a modern concept of take-all in the UK by providing a general
background and discussion of the problems that face farmers and
researchers and the issues that arise from them. These first chapters
contain the justification for the practical advice to farmers given in
the seventh chapter and the reasons for the recommendations for future
research found in the eighth chapter. A system éf cross-referencing has
been used to allow a more open presentation of the information and there
is an extensive reference section in which the majority of entries
relates to the lést decade.
Take-all: backgrbund and current perceptions

Take-all is the most damaging root disease of wheat world-wide and
among the most important cereal diseases in the UK. It represents a
major challenge in plant pathology a) because of the losses it causes and
the constraints it imposes on rotational practices, b) because, being
caused by a soil-borne, root-infecting fungus, it does not respond
reliably to conventionally-applied fungicides and c¢) because no important
cultivar resistance exists. There has been much research on many fronts
over the last sixty years and this has contributed to take-all becoming
an important model for the study of soil-borne diseases generally. Some
relatively recent research from abroad, notably on the use of bacteria
as biological control agents and on particular forms of nitrogen-
containing fertilizers and chloride-containing fertilizers to control
take-all has been much publicized in the UK, but the optimism created has
not been supported by the performance of such treatments in British
farming conditions. Such geographical differences are therefore
discussed and emphasized in relation to the behaviour of take-all and its
response to treatments.

The geographical distribution of take-all is determined largely by
climate, as 1is the growing of its host cereals. Its incidence and
severity are determined principally by the proportion of susceptiblé
crops in rotations and by environmental factors such as soil type and
moisture content. Other farming practices such as sowing date and
methods of cultivation, the nutritional status of the soil and

application of fertilizers also affect the disease, but usually to a



lesser extent. Because significant take-all does not normally occur in
a susceptible crop (wheat, barley, rye or triticale) which is grown after
a non-susceptible crop in a rotation, it could be mostly avoided, but
there are often economic reasons why such rotations are not practised.
Therefore the risk of take-all imposes constraints on the husbandry
practices of farmers growing sequences of cereals. The ways in which
these are manifested are discussed in detail.

Some of the agronomic options open to the farmer for controlling
take-all are decreasing inoculum by growing a non-susceptible crop in a
rotation, minimizing the effects of take-all by growing a more tolerant
cereal host than‘wheat, delaying sowing, or judicious use of fertilizers.
Potential additions to the armoury of control measures are fungicides and
biological control agents (BCAs). The most obvious chemical approach is
to apply fungicides to the soil. Fungiéidal compounds need appropriate
physico-chemical properties to be effective in soil; whilst these are
reasonably well understood, suitable compounds for use in the complex
soils found in the UK are not presently available.‘ Biological control
using resident micro-organisms in the soil is already practised,
knowingly or unknowingly, on many farms where soil suppressiveness is
exploited either by inducing take-all decline (TAD) in long sequences of
cereal crops (this usually involves a severe attack of the disease to
induce the phenomenon), using fields known not to favour take-all, or
inducing the build up of antagonistic Phialophora spp. under preceding
grass crops (which delays the onset of severe take-all). On the other
hand, BCAs suitable for application to control the disease in high risk
situations are not available, despite much research. Bacteria, including
fluorescent pseudomonads and Bacillus spp., have offered most promise,
whilst an experimental fungus introduced at the beginning of a cereal
sequence is of current interest in the UK. Problems that have to be
resolved, and are at the centre of much foreign research concern, the
unreliability of BCAs because of their environmental requirements, poor
root colonization, lack of persistence, stability and probable regional
adaptation of the\organisms. There is also much ongoing research (again
mostly abroad) on proposed modes of action, including antagonism,
competition for nutrients, root stimulation, siderophores and various

mechanisms of antibiosis. Integrated control using combinations of



agronomic factors has been investigated in the UK. Whilst the importance
of delayed sowing was paramount and single fungicidev or fertilizer
treatments were more or less effective, combinations of treatments rarely
achieved better control than the best of the constituent treatments.

Control strategies are unlikely to be implemented successfully
without the ability to assess risk, which depends on a fundamental
understanding of the epidemiology of the disease. Modelling approaches
to explain the spread of infection and rates of epidemic development are
described, emphasizing spatial and temporal aspects and the importance
of host development. Detailed information from Ilong-running field
experiments is a scarce and valuable resource, useful for validating
models and provoking ideas. Recent developments in computer graphics
have helped the visualization of such large sets of data, showing trends
in disease over decades and making seasonal comparisons clearer. This
approach using disease progress curves has revealed a manifestation of
TAD in the latter part of the growing season, which calls into question
TAD studies based on seedling work only. Much more information is still
needed on disease build up and decline in relation to crop sequences and
sowing dates. The ability to identify the pathogen is also fundamental
to the study, and ultimately the control, of take-all. The take-all
fungus, Gaeumannomyces graminis var. tritici, is one of a complex of
similar root-infecting fungi, including Phialophora spp. Modern
serological and molecular biological techniques are being used to study
the taxonomic relationships among these fungi and may prove useful for
accurate diagnosis of taxa and quantification of infection.

Field experiments on take-all which rely on naturally-occurring
inoculum are beset by problems of unreliability because of the patchy
distribution and unpredictability of the disease. Current research to
overcome these problems concerns experimental design and wuse of
artificially-produced inoculum. Artificial infestation of field soil can
also be used to evaluate losses in grain yield and reductions in grain
quality without many of the confounding factors relating to crop
sequences and soil conditionms. Such results in conjunction with survey
data (which are few) help in assessing the importance of the diéease.
Mathematical models for yield loss can be developed from such data and

analysis of disease-yield relationships emphasizes the importance of



timing of infection, host growth, and factors influencing both.

Throughout this review a need to assess the importance of take-all
nationally and regionally emerges. This requires monitoring of disease
and measurements of yields throughout the UK over a series of contrasting
seasons and should be supported by a complementary series of field
experiments. Take-all has changed, presumably in response to changing
farming practices and weather trends. Continued research is required to
understand these changes so as to achieve a more reliable assessment of
risk. Similarly, understanding the complex nature of the disease demands
continued epidemiological, ecological and biological research involving
more coordinated and less fragmentary effort from the relevant research
groups than hitherto.
Advice to farmers :

Recommendations for minimizing losses from take-all are given. In

summary, these are: 1) avoid damaging take-all by using short rotations
or growing continuous cereals to exploit TAD; it may be possible to
achieve TAD witﬁout serious losses by using a more tolerant cereal (e.g.
barley) in the year of greatest risk; 2) ensure adequate availability of
nitrogen and avoid phosphate deficiency; 3) sow second, third and fourth
wheats (i.e. those most at risk) later than first and other wheats; &)
ensure adequate drainage and avoid loose seed beds; 5) apply lime to
prevent acid patches, preferably before a break or first cereal, and do
not overlime; 6) avoid the build up of perennial grass weeds, some of
which are hosts to the take-all fungus.
Research recommendations

In the following summary,; topics recommended for further research are
listed in four groups. In parentheses against each topic is a) the
authors’ assessment of its importance to achieving the objective
expressed in the title of its group, b) an indication that there is an
existing project (which may need funding for continuation or expansion)
or that a new one is required and c) suggestions of organizations to
undertake the work.
Establishing the importance of take-all
i. Surveys } (high; new; ADAS, IACR)
ii. Disease-yield relationship (high; existing; IACR, ADAS)



iii. Diagnosis (medium; existing; IACR, Universities
new; Universities)
iv. Economic evaluation (high; new; Universities, ADAS, IACR)

Improving forecasting and risk assessment

i. Data storage and availability

(high; existing; IACR, Universities,

ADAS)
ii. Forecasting (medium; existing; IACR)
iii. Agronomic and edaphic factors

(high; existing; IACR and ADAS)
Understanding take-all biology
i. Epidemiology (high; existing; IACR, Universities)
ii. Field work methodology (medium; existing; IACR, Universities)
iii. Gaeumannomyces-Phialophora complex

(medium; existing; IACR

new; Universities)
iv. Ecology of pathogen and antagonists
: (medium; existing; ADAS and

Universitiés)

Controlling takelall

i. Rotations ! (medium; existing; IACR and ADAS)
ii. Natural biological control phenomena

(high; existing; TIACR and ADAS)

iii. Introduced BCAs (medium; existing; ADAS and
Universities)
iv. Resistance - breeding (low; ?; ?)
V. Resistance - cross-
, protection (medium; new; IACR and/or Universities)
vi. Fungicides L (low; existing; ?)
vii. Integrated control (medium; existing; IACR, ADAS)
This review, completed in January 1991 and with 147  pages in the

full article, was funded by the HOME-GROWN CEREALS AUTHORITY, Hamlyn
House, Highgate Hill, London, N19 5PR, from whom copies may be obtained
at a price of f15 each (postage and packing included).
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NOTES AND ABBREVIATIONS

Much extra background information is available in Asher & Shipton

(1981) and Kollmorgen (1985).

Growth stage terminology 1is according to Zadoks, Chang & Konzak

(1974), unless otherwise specified.

Cross references are given as numbers with or without parentheses,

e.g. (see 2.) refers the reader to Chapter 2; in 4.2.1. refers the reader

to Chapter 4, section 2, sub-section 1.

The following abbreviations are used:

ADAS,
AFRC,
AUDPC,
BCA,
cfu,
CSG,
DPC,
Gga,
Gege,
Ggt,
IACR,
RES,
SW,
TAD,
TAR
TI
WW,

Agricultural Development and Advisory Service
Argicultural and Food Research Council

area under the DPC

‘biological control agent

colony-forming units

Chief Scientist’s Group

disease progress curve

Gaeumannomyces g}aminis var. avenae
Gaeumannomyces graminis var. graminis
Gaeumannomyces graminis var. tritici
Institute of Arable Crops Research
Rothamsted Experimental Station -
spring wheat

take-all decline (explanation 3.4. and 5.3.)
take-all rating (Dyke & Slope, 1978)
take-all index

winter wheat



CHAPTER 1. INTRODUCTION

1.1. Historical background

The name take-all was first applied to a devastating disease of
cereals in Australia about 150 years ago. Lawes and Gilbert (1870),
ignorant of the cause of the disease, commented from Rothamsted on
Australian experiences as follows: "Take-all... appears to flourish under
as wide a range of circumstances as to soil, and a much wider as to
climate. ... it occurs on the more as well as the less fertile soils,
and on newly broken-up as well as on exhausted land." This comment is
still true and today the disease is regarded as the most damaging root
disease of wheat world-wide (Heim et al., 1986).

The causal agent, an ascomycete fungus, was not fully proven until
the first quarter of this century, when it was known under the
misapplied name, Ophiobolus graminis. About that time the first
unequivocal reports of take-all were made in the UK, although earlier,
less certain, repdrts do exist. Until the name Gaeumannomyces graminis
var. tritici was published in 1972 there had been no valid name for the
wheat take-all fungus.

In farming circles take-all has always been notorious and this
reputation now owes much to the continuing lack of economic chemical
controls and resistant wheat cultivars for commercial wuse. Yet,
paradoxically, take-all has played a leading role in advancing our
knowledge of diseases caused by soil-borne plant pathogens. In the UK
it can be largely avoided by not growing susceptible crops consecutively,
but for decades a significant proportion of UK cereals has been grown as
second or subsequent cereals and has therefore been at risk from
take-all. The disease is usually a problem only under these conditions
in Britain, yet[this is the basis for a widely promulgated, general
impression of take-all as an intractable disease. Undue emphasis on
certain aspects of the disease has coloured opinions and attitudes
concerning the achievements of, and prospects for, take-all research and
has led to the perception by some that, because take-all still exists as
a problem, there has been no progress. Neither has cosmopolitan
generalization in the take-all literature helped understanding of the
disease as it occurs in Britain. Some of these issues and their

interactions are summarized in Figure 1.
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Figure 1. Five major concerns in take-all studies and how they interact.

It should be appreciated that many of the problems of take-all

familiar ground for those conversant with take-all:

Apart from avoidance of infested areas, management options
are more strategic [i.e. available only before the start of
the growing season] than tactical [i.e. available during the

growing season], involving rotation, choice of earlmeaturing

cultivars, organic and inorganic amendments of the soil and.

deep chisel ploughing. Each cultural practice has. on
occasion provided some level of control, but no one‘approach
has consistently proved effective and economic. There are
no resistant host varieties and no economic fungicide or
fumigant treatments. The development of basipetally-
translocaﬁed systemic fungicides may offer new opportunities
for contrél. Despite the lack of control options, weather-

basedlforécasting schemes would be beneficial in alerting

research are common to other soil-borne diseases that are difficult to
The following observations were made in the context of a study

of phymatotrichum root rot of cotton (Jeger & Lyda, 1986), but are mostly



farmers to potential losses.
1.2. Take-all in the UK today

1.2.1. The disease and its control

Take-all is changing. In the‘l980s patches of take-all were more
apparent in crops than in the 1970s. Patches ranged from a few infected
plants to extensive swathes and occurred on a variety of soils. Second
and third wheat crops were particularly affected. Some first wheats
suffered, which is uncommon, and even some continuous winter wheats
(e.g. a ninth wheat on London clay, July, 1987) developed patches:
usually a form of natural biological control, called take-all decline
(TAD), suppresses the disease in wheat monocultures. Patches were seen,
but less frequently in winter barley crops. In July 1990, on a trip to
Gleadthorpe EHF, the Cereal Root Pathology Group was shown severe and
widespread take-all on this typical sandland farm in Nottinghamshire.
Particularly surprising were first wheats and some barley crops suffering
badly from the disease, severely-infected rye volunteers in a winter
wheat crop, and all plants in some triticale and oat crops with similar
levels of sligh£ infection. Apart from dramatically exposing the
limitations of our generalisations, this experience raised many questions
about geographical 1location, soil type, different cereal species,
irrigation, sowing dates, weed control and previous cropping that remain
to be answered.

The disease was most severe in the first half of the 1980s. The
reasons suggested have ranged from weather changes to different
rotations. (Such observations draw attention to the fact that even if it
were possible to predict weather sufficiently in advance, it is still not
known in any detail which seasons are likely to favour take-all.) There
have been many reports of severe infections occurring in second wheats
after oilseed rape (see Table 9 and associated text for a possible
explanation), whereas in the 1970s second wheats were less often severely
infected. The upsurge in disease has renewed interest in its control,
but there seems to be relatively little research effort going into
breeding and fungicides. Biological control now holds centre stage,
after a change in emphasis from exploiting resident antagonistic micro-
organisms to the introduction of biological control agents (BCAs), a

research topic that has generated much enthusiasm and optimism, but as



yet no product for farmers.

Although farmers often inquire about novel methods of control,
fungicides, and resistant or tolerant cultivars, in practice they can do
no more than pay attention to good husbandry, assess risks (e.g. of
breéking a long run of cereals, or taking a third crop) and consider
options. Advisors too, deprived of the usual plant protection arsenal,
are limited to advice on a) how to avoid take-all or b) how to minimize
its effects by correct‘husbandry, and to weighing the pros and cons of
a limited number of options, such as shortening rotations or exploiting
TAD by staying in continuous cereal cropping.

1.2.2. Importance

Tables 1-4, incorporating data from a variety of sources, are an
attempt to establish some measures of the importance of take-all in UK
farming in the absence of critical data. They should not be regarded as
anything more than what currently seems a reasonable starting point for
discussion. Apart from the actual losses from take-all (see 4.), there
is the question of whether crops at risk from the disease need to be
grown at all. At present this seems unavoidable, bearing in mind the
shortfall which would otherwise occur, the decreasing world grain stocks,
an increasing UK export market and an insufficient variety of
economically-viable, alternative crops.

At ADAS Experimental Husbandry Farms on contrasting soils, second
winter wheats yielded, on average, 3% (Bridgets, 1982-89), 6% (Boxworth,
1969-89), 13% (High Mowthorpe, 1974-89), 14% (Rosemaund, 1978-89) and 16%
(Arthur Rickwood, 1974-89) less than first wheats. In the same periods
third wheats yielded 8% less than first wheats at Boxworth and continuous
wheats yielded 117% (Boxworth and Bridgets) and 20% (High Mowthorpe) less
than first wheats. At Arthur Rickwood in 1982-85 third and subsequent
wheats yielded 16% less than first wheats. In explaining these yields
there are many @onfoun@ing factors other than take-all. The area of
first wheats was greater than that of second wheats, which exceeded that
of continuous wheats. Cultivars usually did not have a uniform spread
throughout the crop sequences. In later years second crops were probably
sown later; Baytan seed treatment was probably used for second and
continuous wheats. Continuous wheats were likely to have suffered grass

weed problems. Further information for Boxworth is given in Table 9; in
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Table 1. UK cereal supplies in Mt per annum

(Source: MAFF)

1986 1987 1988 1989
Cereals
total home production 24.5 21.6 21.1 22.7
total home use 20.6 20.4 19.8 20.1
Wheat ‘
total home production 13.9 11.9 11.7 14.0
total home use 12.0 11.9 11.6 11.6
home-grown use
milling 3.6 3.5 3.8 4.2
animal feed 6.0 5.5 5.1 5.3
industrial 0.4 0.5 0.6 0.5
seeds & sundries 0.6 0.6 0.6 0.6
total 10.7 10.1 10.1 10.7
total (% of production) 77 85 86 76

'

Table 12 there are some data on the effect of N fertilizer on the
relative yieldslof first and subsequent wheats and in Table 17 the
effects of seasonal variation are shown for Rosemaund.

In experiment CS212 at Rothamsted first wheats yielded 4.5% (1986),
12.3% (1987) and -4.4% (1988) more than subsequent wheats.
1.2.3. Points arising

Estimates of the importance of take-all are elusive because:

i. It is difficult to establish whether growing wheat in rotations
where there is a high risk of take-all is absolutely necessary to meet
requirements. The implications of a move away from specialization and
avoiding intensiYe cereal production need studying. Some matters that
need taking into consideration here are the limited number of acceptable
break crops; the uncertainty over the future of global wheat production
in what appears to be a period of unprecedented climatic change; and the
possible turn round in markets should an industrial use be found either
for wheat itself, or for one of the major alternative (break) crops.

ii. The implications and feasibility of replacing wheat with

11



Table 2. Percentages of UK wheat fields growing first or
consecutive wheat crops and estimates of the percentage of
the national wheat crop at risk from take-all and the
percentage of the national wheat harvest coming from crops

not at risk from take-all

Years (19-)
76 77 78 79 80 81 82 85 86 87 88 89

Wheat crops

First (a) 70 60 63 55 51 52 48 47 56 45 49 57

(b) 18 19 20 14 16 11 14 12 13 11 9 11
Second 23 33 27 31 31 28 28 32 20 32 31 25
Third 4 4 5 7 11 9 10 10 10 10 9 7

Fourth & subsequent 3 3 5 7 7 11 14 11 14 14 11 11

%Z at risk from

take-all 48 59 57 59 65 59 66 65 57 66 60 54
% of harvest from
crops not at risk 55 44 46 44 38 44 37 38 46 36 43 49

(a), all first wheats. (b), first wheats after a cereal other than wheat.

Notes
i. Source, 1976-88, Polley & Thomas (1990); 1989 Wheat Disease Survey
for England and Wales (D.J. Yarham, pers. comm.)

ii. Crops at risk from take-all are taken here to be all wheat crops
grown as second or subsequent cereals, but this is a slight
overestimate because oaﬁs often behave as a non-susceptible break.

iii. The percentage of harvest from crops not at risk assumes first
wheat crops after non-cereal breaks yield 15% more than other
wheats.

iv. Consecutive wheat crops have a regional distribution

barley, which yields less and is still less profitable than wheat, at

periods of risk are not well-understood.
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Table 3. Estimated contributions to UK grain production of

wheat grown after wheat or another cereal

19861 19872 19883
I ITI III I II III I 11 III
Yield of wheat as
2nd & subsequent
cereals
(Mt per annum) 6.1 7.9 7.5 6.5 8.0 7.9 6.0 7.0 6.7

Balance of national
grain production
(Mt) 18.4 16.6 17.0 15.1 13.6 13.7 12.1 11.1 11.4
Balance shortfall
(note ii) (Mt) -1.6 -3.4 -3.0 -4.9 -6.4 -6.3 -7.2 -8.9 -8.6
(%) -8.0 -17.0 -15.0 -24.5 -32.0 -31.5 -36.0 -44.5 -43.0

Notes

i. Based on pércentages of wheats not grown as a first cereals (Table
2). Column I, excluding all first wheats; column II, including
wheat aftér a cereal; column I1I, as II, but corrected fog greater
yield of first wheats (15%)

ii. Assumes UK needs 20Mt of home-grown grain (Table 1)

iii. Could be made up by using surplus barley as animal feed?>

iv. Shortfall of 10%* suggested

v. Takes no account of value of exports®

vi. ! HMSO (1989a), 2 HMSO (1989b), 3 HMSO (1990), * D. Yarham (pers.

comm.), > Jim Orson, National Cereals Specialist, (pers. comm.)

iii. Take-all survey data are inadequate and usually not comparable
(see Table 7). Adequate surveys would require disease data from
different wheat sequences in different seasons in different locations.
iv. Estimates of loss suffer from a lack of standardization. The
following measures of disease have all been used:
% plants infected
SW, RES, 0.4% loss in yield for each 1% of disease

13



% plants with moderate and severe take-all

% tillers infected (results probably refer to % shoots)
WW, Rosser & Chadburn (1968) 0.35% loss in yield for
.each 1% of disease. Feekes growth stage 10.5, N range
64-102 units, average incidence of take-all, 23.2%
(incidence means moderate and severe categories only)
WW, Slope & Etheridge (1971) 0.6% loss in yield for

each 1% of disease

>

shoots infected

% roots infected
SW, RES, 0.44% loss of yield for each 1% of roots
infected

% whiteheads

% area'of prematurely-ripened shoots
SW, experiment at RES suggests relationship very
dependent on soil conditions

Take—ail rating (TAR) (Dyke & Slope, 1978)
WW, Gutteridge et al. (1987) l.4t/ha loss per
}OO TAR units (max TAR=300).

Take-a}l index (TI)
WW, (R.W. Clare, I. Ap Dewi and D.J. Yarham,
unpublished). 1.1 t/ha loss of yield for each 10%
increase in TI recorded during Nov.-Jan. A 0.56
t/ha loss of yield'for each 10% increase in TI
during grain filling (max TI=100).

v. Losses have varied considerably amongst years, but the
characteristics of years which favour take-all are not well understood.
vi. Dates on, or growth stages at, which take-all has been
estimated have varied, making comparisons of disease/yield relationships

difficult.
vii. The effect of slight take-all on yields seems variable and may
range from depression to stimulation.
Besides Austfalia and Britain take-all is a serious problem in many
other cereal regions, such as the Pacific Northwest of America, other
parts of Northern Europe and parts of South America. There are few

cereal-growing regions from which it has not been reported. In the
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Table 4. Estimates of losses in 2nd and subsequent wheats

due to take-all

19865 19872 19883

National average yield

of wheat (t/ha) 6.96 5.99 6.22
Estimated loss in crops '
(% of all wheat) 1 4 3
National loss (Mt) 0.139 0.476 0.351
Average price (f£/t) 117 115 116
Loss (fM) 16 55 41
Notes
i. Estimated losses based on a) the only national (England

ii.

iii.

and Wales) figures available, which are 0.9% for 1977,

2.6% for 1978 and 2.8% for 19797 and b) average loss for

WW in East Midlands 1963-65 of 3.8% (Rosser &

Chadburn, 1968).

Monitoring at Woburn and Rothamsted, and ADAS disease
intelligence reports suggest rankings for take-all:
1988>1987>>1986. However, the Fastern Region Crop Intelligence
Report for 22 July 1988 suggested that although disease levels
were greater inv1988, patchiness (see Table 7) and yield losses were
greater in 1987. '

Estimates of average loss are the weakest link in this

kind of exercise.

f/t is mean of prices for 3 kinds of wheat (bread-making,

other milling and feeding): proportions of each kind not
accounted for.

6 HMSO (1988), 7 Polley & Clarkson (1980); see Table 3 for other

references denoted by superscripts

Pacific Northwest it is estimated that the effective control of take-all

would increase winter wheat yields by 10-50% (Heim et al., 1986). Losses

in Western Australia have been put at 36-40% of yield in moderate-high
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risk areas and 5-10% of yield overall in South Australia (Cotterill &

Sivasithamparam, 1989).

Set-aside

Manganese

Couch
grass

Disease as
a tool

Cold and
frost

acute, particularly on
heavy land

Returning to normal cropping
after land has been withdrawn
from agricultural production
may result in disease
problems

Many reports from overseas
indicate manganese
deficiencies as an important
factor in take-all severity
(see 2.2.)

Treatment of couch-infested
land with glyphosate
(Roundup) associated with
increased take-all in
following cereals

Identifying soil problems on

heavy land

Plants with take-all sensit-
ive to cold and susceptible
to frost
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A summary of some practical concerns of farmers and

Comments and references

Leaching may be greater where
where plants have take-all
(Mielke, 1988); conflict be-
tween minimizing leaching of
nitrate (Anon., undated) and
take-all, e.g. sowing date for

One option for farmers, is
is to change the rotation
and use more break crops. If
a five-year rotation such as
WW/beans/winter cereal/WW or
WB/rape were adopted, there
would be fewer second and no
third wheats (Long, 1990).

Table 5.
environmentalists
Issues Problems

Nitrate Nitrate leaching from soil

and entering water supplies
WW.

Straw 1992 burning ban in UK;
“disposal disposal problems become

Little or no evidence to
support view that rye-grass
would preserve TAD (see
Farmers Weekly, 19 May 1989
and 2.1.)

No strong evidence to support
this as a major factor in
UK outbreaks (Hornby, 1985)

See sections 2.3.5., 4.3.5.
and Mielke (1988)

Take-all may highlight soils
in need of management (ADAS,
1989)

Claimed for autumn-sown
plants in Germany (Mielke,
1988)



1.3. Current research issues

The more important of these are tabulated either as issues arising

out of the practice of cereal growing (Table 5), or issues arising mostly

out of ongoing research (Table 6).

Most of these issues are discussed

Table 6. A summary of some current research issues
Issues Problems Comments
Biological No resistant cvs or A popular and attractive
control chemical controls alternative which is
proving erratic and
difficult to manage
Epidemiology Not fully understood Incomplete knowledge makes

Factors affecting
take-all

Generalizations

Artificial
inoculum

Yield-disease
relationship

Host damage

Diagnosis and
identification

Many recorded, but
relative significances
unclear

All too often
scientists discuss
take-all without regard
to regional differences

Severe, natural infect-
ion in soil cannot be
achieved to order in
field work

Not fully understood

The way in which take-
all causes root dys-
function is thought to
be straight-forward

Traditional methods
are time-consuming
and laborious '

17

it difficult to interpret data
and compare regional findings

Dominant factors need
to be identified and
interactions explored

There is growing evidence
and experience to show that
many findings are not
generally applicable
throughout the world

Artificial infestation
may overcome some
difficulties, whilst
creating others

One reason why it 1is
difficult to be precise
about the importance of
take-all

This affects yield
through the interaction
of remaining functional
root and environmental
conditions

Serological (e.g. ELISA) and
molecular biological (e.g.
DNA probes) methods are
under investigation



in more detail subsequently.

Hornby (1990) drew attention to the involvement of the rhizosphere
in take-all and outlined the significance of host-specific effects,
physico-chemical changes, changes in the microbiota, ectotrophic growth

of Ggt and fungicides in the rhizosphere.
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CHAPTER 2. FACTORS AFFECTING TAKE-ALL
2.1. Rotations

Since take-all in the UK is usually a problem only where cereals are
grown frequently, it can be avoided quite easily. Slope (1966) stated
that losses from take-all, eyespot and cereal root eelworm could almost
be prevented when the proportion of cereals was not more than 40% of the
total acreage in the rotation. In Germany, Mielke (1988) recommended that
susceptible cereals should not exceed 60% of the arable acreage if
rotation is to control take-all. .

The traditional rotations such as the Norfolk four-coﬁrse - wheat,
roots, barley, ley (Weston, 1944) - were well-balanced rotations which
limited diseases. In the 1970s lower returns on grassland enterprises
resulted in land being put into more profitable cereal production. Crops
such as potatoes, sugar beet and peas are grown under contract and have
limited acreages and so an alternative to growing cereals continuously
was sought. Field beans provided a good break, but yields were
disappointing and by the mid 1970s oilseed rape had become the preferred
alternative. A three-course rotation of rape, winter wheat, winter wheat
or winter barley emerged and is widely used today. The search for break
crops continues;‘sunflowers, linseed and lupins are being evaluated and
field beans, oats and rye re-evaluated.

Changes in rotations affected take-all and the intensification of
cereals put more fields at risk. 1In the late 1970s and 1980s severe
take-all was reported increasingly in second, third and fourth wheat
crops. There is an impression that take-all is more severe iﬁ second
wheats ‘after rape than after other break crops. This may be because
minimal cultivation (which would encourage volunteers from a previous
cereal crop) used before sowing rape and the fertilizer regime used on
the rape crop may favour the survival and/or increase of inoculum.
Usually only slight infections occur in first wheats after oilseed rape
and it may be that inoculum under first wheats after rape increases more
than inoculum under wheat after other crops (see 4.1.).

A current alternative to break crops is ’'set-aside’, where permitted
crops such as clover or rye-grass may affect take-all in subsequent
cereals. Work at Rothamsted has shown that rye-grass, alone or in

combination with lucerne or clover, is a better break than a ley of
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lucerne or clover alone. An experiment to look at diseases of winter
wheat grown after a set-aside programme is already in progress at
Rothamsted and take-all is also being monitored in ADAS 'set-aside’
trials. There is, however, still a need to assess new and conventional
break crops experimentally.

In the 1860s Lawes and Gilbert demonstrated that winter wheat could
be grown continuously at Rothamsted. Since then continuous cereal
growing has become a part of the agricultural scene, although it was
another 100 years before the take-all decline (TAD) phenomenon was fully
demonstrated. Yield losses during the peak take-all years before TAD is
established consgitute a major risk and may not be economically
justifiable or possible for many farmers. Recent work at Rothamsted
suggests that a major manifestation of TAD may occur for a short period
only well into the growing season. Also, it seems that an early onset
of severe take-all in consecutive cereals is linked to the soil
developing TAD more quickly, thus supporting the hypothesis that the
phenomenon is a consequence of take-all rather than previous cropping.
When winter barley was grown as a third cereal, earlier sowing resulted
in more severe take-all. In following winter barley crops, take-all
decline was more evident in sequences .of early-sown crops than in -
sequences of later-sown crops. ADAS experiments in 1986-87 on the
combination of drilling dates in consecutive wheat crops revealed that
the second wheat in a sequence with early drilling had about twice the
percentage of roots infected in April than the second wheat in a sequence
with late 'drilling. This was thought to reflect inoculum levels
consequent upon the date of drilling the first wheat and the earliness
of disease establishment consequent upon the date of drilling of the
second wheat. By July 1987, however, a reversal of this relationship,
with a lower take-all index for the second wheat in the early drilling
sequence, suggests that TAD was already beginning to operate in that
sequence. Grasses may interfere with the TAD phenomenon and this may
explain patches of the disease in sites reported to be in declinel(see
also 4.3.5.). At Rothamsted, after two years of Holcus lanatus, a
carrier of the take-all fungus, severe take-all developed in a subsequent
first wheat and continued in the next two wheat crops.

It is assumed that a one-year break in a sequence of cereals showing
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TAD will not totally destroy the decline factor(s), but it is not known

what frequency of breaks would eliminate TAD.

2.2. Host resistance

Hollins et al. (1986) ‘found little difference in susceptibility to
take-all amongst currently available winter wheat cultivars. One report
suggests that cultivars may differ in how much they aid increases in
small populations of the take-all fungus (Widdowson er al., 1985): at
Saxmundham in Suffolk there was twice as much inoculum after cv. Avalon

(bread quality) as after cv. Norman (feed quality).

IMMUNIZATION
(biological control: UK, France)

% \
Resistance within . Variable amongst cvs
cvs (Australia) (France)

A

RESISTANCE BREEDING
(Expectations low for winter wheat)

II lI
\% % \%

Resistance amongst Resistance from
cvs Tolerance other spp.
(N, Mn: Australia, USA) (Mn: USA) triticale (UK)

emmers (Israel)

Figure 2. Some connections with the effects of minerals and locations
that exist in reports of resistance to take-all (further explanation in

text).

Expectations for finding useful resistance in winter wheat are small
in Britain (Scott et al., 1989), although resistance from other cereals
is feasible (Figure 2). 1In the USA higher levels of Mn in tissues of
take-all-tolerant wheat are correlated with smaller populations of

Mn-oxidising bacteria in the rhizosphere. In Australia and the USA
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resistant cultivars are efficient users of Mn and in the world wheat
collection there is a graded response to N of plants with severe
take-all. Immunization or induced resistance by avirulent root parasites
apparently varies amongst cultivars, according to French work (Lemaire
et al., 1982). This immunization is a biological control phenomenon
originally researched in France and Britain and may have been responsible
for the better plants seen in the field in Australia and selected as
'resistant lines’ on the basis of fewer lesions.

Decreased cortical cell senescence in oats may be a contributory
factor in their relatively low susceptibility to root invasion by G.
graminis (Yeates & Parker, 1986). Other factors that have been
considered are the production of a fungitoxic glucosidic compound,
avenacin, and (for barley) disease escape by a more vigorous production
of secondary roots.

The exploitation of known resistance in other cereals would require
the collaboration of breeders and/or molecular biologists. An example
is the possibility of transferring the ability to produce avenacin,
thought to be a cause of resistance to the wheat take-all fungus, from
oats to wheat, or to root-inhabiting microbes. Much research into
biosynthetic pathways and creating transgenic wheat plants will be
required to develop this approach. The subsequent behaviour of the oat
take-all fungus; which currently has a restricted distribution in
Britain, would be a major factor in the eventual use of such engineered
organisms. Australian reports of oat-attacking wheat take-all fungi are
also worrying in this context.

Triticale 1is intermediate between wheat (susceptible) and rye
(resistant) in its susceptibility to take-all (Hollins et al., 1986).
Work at Rothamsted showed that in the presence of severe take-all, wheat,
barley and triticale were all severely infected, but rye was not (but see
1.2.1.). The differences between barley and wheat in the effect of the
disease may be explained by different rates of crop development. Under
wheat, take-all increases rapidly between May and July and is most
strongly related to yield at host growth stage 69-71. Barley reaches
this stage in early June, whilst wheat is usually in boot (growth stage
45), and most ofithe grain filling in winter barley is completed before

take-all reaches its peak. There is approximately a three-week period
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between barley reaching growth stage 69 and wheat reaching the same
stage, during which time the take-all rating on wheat may double. This
is one reason why barley has been proposed and tested as a 'bridge’ over
high risk periods in sequences of wheat. This hypothesis, extended to
include other less susceptible cereals, is currently under test in a
large, long-term field experiment at Rothamsted.
2.3. Disease-environment interactions
2.3.1. Introduction

Take-all is able to develop where the soil pH is between 5.5 and 8.5,
where soils are between 5° and 30°C (although severe infection 1is
restricted to a ﬁarrower range, given as 5-15°C (Cook, 1981) and 12-20°C
(Hornby, 1981)), near to field capacity and sufficiently well-structured
for aeration to be good. In many regions these conditions either occur
naturally or are created artificially by 1liming, irrigation and
cultivation, for the benefit 6f the crop (Cook, 1981). As a result, the
disease is widely distributed throughout the temperate wheat-growing
regions of the world and has been recorded on wheat at high altitude in
sub-tropical or even tropical areas (Garrett, 1981).

The effect of take-all on crop yield is dependent on the balance
between disease development and host growth. Certain seasonal weather
patterns, as described in 2.3.2., are often associated with severe
‘take-all years’. These weather patterns exert their effect by
encouraging pathﬁgen growth and/or by reducing the plants’ ability to
tolerate root loss. This general example of a disease/environment
interaction illﬁstrates the need to consider both the environment
encountered by the pathogen and the environment encountered by the host.

Environment can therefore be taken to include below ground (soil
temperature, pH: texture, structure, nutritional status and water status)
and above ground (air temperature, humidity, wind speed and sunshine)
conditions. Many ,of these factors can be controlled to some extent by man
as part of normal crop husbandry and can therefore offer a method of
disease management (see 4. and 7.). Underlying these man-made effects,
however, are the natural variations in soil type, weather and climate

that occur among different seasons, different areas of the UK and

different countries.



2.3.2. Weather and seasonal effects (UK)

'Take-all years'’, when visible effects of take-all are widespread,
represent the most severe end of a spectrum of disease intensity that is
weather-dependent. As weather patterns determine, to a large extent, the
national loss suffered through take-all in a given year, an understanding
of the weather/disease relationship would.be desirable.

In 1948 take-all was described as " ... more widespread and
destructive in England than it has been at any time since the disease was
first recognised here some thirty five years ago" (Moore, 1949). Moore
attributed the severity of the epidemic to early planting in the autumn
of 1947 (the soil being dry) whilst the fungus was still active in the
stubble residues, and the following mild winter which permitted active
growth of the fungus along the seminal roots. Exceptionally heavy rain
in January 1948 caused much soil nitrogen to be leached and root growth
was retarded. This favoured the disease, but the balance was restoreé a
little by dry weather in early spring; which checked fungal growth along
the roots and helped prevent a general occurrence of the true take-all
symptom (i.e. plant death). With the onset of wet conditions, however,
the fungus renewed its activity and whiteheads were prevalent well before
harvest in most Parts of the country.

In 1948, many crops which followed a one-year break without cereals
were affected by take-all. Moore traced the origin of this to the wet
summer of 1946 and the severe winter that followed. Stubbles were not
ploughed under until late in the spring of 1947 or; if they were, the
stubble residues remained frozen and unrotted in the ground. The cold
winter was folloﬁed by a hot dry summer with very dry soils and in many
districts the stubble was still unrotted when autumn sowings began. This
almost nullified the effect of a one-year break.

Thus it seems that weather conditions well in advance of sowing can
influence the take-all that develops subsequently. Today we are little
further ahead in relating weather to take-all development - due primarily
to a lack of quantitative information on take-all severity, collected on
a national basis. As in Moore’s time, much of our understanding is based
on qualitative information or field experience.

Hornby (1978) studied the inter-relationship between seasonal weather

and take-all levels, using descriptive information on take-all severity
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from 33 years of the Report of Rothamsted Experimental Station. Take-all
levels were described as ‘rare’, ’‘prevalent’, 'damaging’ or 'severe’.
After dividing the weather data into autumn, winter, spring and summer
and ascribing values above or below the long term mean for temperature,
rainfall and sunshine, certain trends were apparent. Both ’'prevalent’ and
'damaging’ take-all years occurred when summers were warmer and drier
than average, but 'prevalence’ was associated with cold, bright springs
and 'damage’ with warm, dull springs. He suggested that it was a host
response to weather that determined the difference between the two
categories of years. The picture is confused, however, by those years
when take-all was categorized as ’'severe’, as these were generally
associated with below average temperatures and rainfall during the
summer. Clearly, a finer breakdown of the cropping cycle would be
desirable. ‘

During the spring and summer, winter wheat goes through a number of
developmental stages within a few weeks; as a result, short-term weather
effects could be critical. For example, 1987 was generally wet during
the spring and summer, but a short, hot, dry period in late May/early
June was sufficient to put crops under moisture stress at a critical
point in their development. Even winter wheat with modest levels of
take-all had patghes of disease.

Hornby & Henden (1986) reported on take-all data collected from 16
years of continuous spring barley grown on sandy loam at Woburn, Beds.
Although changes in cultivar, nitrogen rates and sowing dates may have
accounted for some of the changes in disease level seen, it was suggested
that the epidemics recorded were weather-determined and reflected a
general, long term, trend in the UK and Ireland. The dry years of 1975
and 1976 may have decreased inoculum and wholly or partially eliminated
take-all decline, so that a build up of disease followed, similar to
those after breaks from cereals.

The ADAS CGereal Disease Survey has collected data on take-all
severity from a random sample of winter wheat fields (stratified by
region to reflect the area of wheat grown). In 1977 to 1979, root systems
were assessed and the percentages of plants with slight, moderate or
severe take-all ;ecorded. In 1985, 1987, 1988 and 1989 the disease was

assessed on a field scale by crop growth and premature ripening, using
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the following scale: 0 = no take-all seen; 1 = a scatter of plants
showing premature ripening; 2 = occasional small patches (less than 5m
across) showing premature ripening and/or stunting affecting less than
1% of the field; 3 = many small or few large patches affecting 1% to 10%
of the field; 4 = many large patches, affecting more than 10%Z of the
field. Roots were checked to ensure that take-all was associated with the
symptoms.

(Patches of prematurely-ripened plants are often referred to as
‘whiteheads’, an imprecise term which covers symptoms ranging from
bleached, unfilled ears, often occurring singly and often of origins
other than take-all (e.g. Fusarium) to stunted plants with small, but not
bleached, ears, ripening early.)

Table 7 shows the results of the ADAS survey from 1977 to 1989
(Polley & Thomas, 1990; 1989 data unpublished).

Table 7. National take-all severity at growth stage

73-75.
Percentage plants Percentage fields
1977 1978 1979 1985 1987 1988 1989
Severity Patch
rating on ‘ rating
roots in crops
Slight 8.9 29.8 24.9 1 13.7 24.9 16.8 16.3
Moderate 1.6 8.1 7.1 2 7.0 22.8 5.4 8.5
Severe 1.3 2.4 3.1 3 4.3 13.2 6.1 5.4
4 4.7 9.1 0.7 3.5
% crops
affected” 58 91 93 29.7 70.0 29.0 33.7

*, 1977-79 data are not comparable to 1985-89 data.

There are a number of problems in interpreting these data because:
i. data were collected for a limited number of years (ten years is

probably the minimum to allow valid analysis of weather effects),
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ii. the two methods of assessment cannot readily be related,

iii. take-all severity was not compared with visible crop effects
or yield. Nevertheless, the severity of take-all in 1987 is readily
apparent (as discussed in 4.3.6., where more detailed effects of weather
at a single site are also discussed).

2.3.3. Temperature and soil water potential

According to work from the USA, Ggt cannot grow in wheat tissue at
a water potential belbw about -45 bars (4.5 MPa) and its growth rate is
halved below -20 bars (2 MPa). Wheat plants.in dryland conditions in the
USA are reported to be commonly at -25 to -35 bars between the tillering
and heading stages. Wheat at -50 bars was recorded during an
exceptionally dry season in the Pacific North-West of the USA (Cook,
Papendick & Griffin, 1972; Papendick & Cook, 1974). Under dry conditions
therefore, growth of the pathogen within the root tissue can be halted.
If this occurs at a time when further root development can still occur
then the effects of the disease may be reduced. If, however, the
development of the crop is too advanced for substantial root growth to
occur then the additional stress of dry conditions may combine with the
restricted root system to exacerbate crop loss.

The use of soil and plant tissue water potential data would appear
to offer a useful means of interpreting the effects of weather on
take-all development and yield loss, as it is a direct measure of water
availability. Unfortunately such data are both scarce and difficult to
interpret. Soil water potential varies with depth down the profile, and
plant tissue water potential fluctuates diurnally and is dependent on the
crop canopy, sunshine, temperature and wind speed, amongst other factors.
Furthermore, calculation of the soil water potential frém the more
commonly recorded rainfall or soil moisture deficit data is fraught with
difficulty.

Although 1little or no firm information is available on the
relationship between soil water potential and take-all development in the
UK (but see 4.3.6. and 5.6.), field experience in Eastern Region in 1989
suggests strongly that take-all development was arrested in dry soil
conditions from April onwards. Many similar observations have been made
in the past.

In predicting the extent of fungal growth towards host roots in soil,
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Heritage et al. (1989) took into account the effect of different soil
water contents. Percentage water-filled pores (% WFP) was used as the
measure of soil saturation (40% WFP corresponding to approx. -1.0 bar on
the sandy soil used). In glasshouse experiments growth towards roots was
not affected in the range 40 to 70% WFP, but was less at 80% WFP. This
reduction in growth of the take-all fungus as the soil approached
saturation was attributed to an increase in anaerobic activities (such
as denitrification) and a decrease in aerobic activity due to decreased
soii—gas exchange. An indirect effect of an antagonistic microflora,
reduced susceptibility of roots to infection, or the production by the
roots of a fungal inhibitor under diminished soil oxygen conditions may
also have been involved. It was calculated that all growth of the fungus
would cease at 86% WFP.

There has been a considerable amount of study on the saprophytic
survival of the take-all fungus (Shipton, 1981). Temperature and water
potential are important in determining microbial activity, and hence
inoculum survival. Shipton (1981) cited Australian work in which
survival of the take-all fungus was tested in naturally-infested soil
subjected to a range of temperature and moisture regimes. Viability
remained almost unaltered for 45 weeks if the soil was maintained either
dry (-250 to -980 bars soil matric potential) and cool (15°C) or moist
(-4.0 to -7.0 bars) and cool. Considerable wviable inoculum still
remained after soil was kept very dry (-980 bars or less) and hot (35°C)
or wet (-0.1 to -0.2 bars) and cool. Only in hot, wet soil was the
fungus eliminated within 4 weeks.

Wong (1984) in Australia studied the saprophytic survival of the
take-all fungus and three avirulent fungi in soil under controlled
temperature and moisture regimes. In general all. of the fungi tested
survived longest in cool (15°C) dry (< -10 MPa) soil, followed by the
warm (30°C) dry soil. All the fungi were eliminated from warm, moist
(-0.3 MPa) soil within 3 months. Survival wés intermediate under cool,
moist conditions, which favoured Ggg more than the other fungi tested.
There were also differences in survival between different isolates of Ggg
and of Phialophora graminicola. These findings have implications for the

maintenance of TAD as well as for the selection of potential BCAs.
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2.3.4. Soil type
The texture, structural stability, depth, available water capacity,

pH and nutritional status of the soil can all affect take-all severity.

Nutritional status and pH are manipulated routinely by man and are
discussed elsewhere in this review. Soil pH may interact with soil
structural stability and an example of this is found on the chalky
boulder clays of East Anglia. These are soils of a texture (clay or
heavy clay loam) that would normally be prone to structural problems.
However, in some series (notably the Hanslope series) the high pH
maintained by the soil’'s natural calcium carbonate content encourages
stable aggregates to form. The combination of good soil structure,
allowing uninhibited rooting, and adequate available water makes take-all
problems rare. In contrast, the boulder clays of the Ragdale series are
often deeply decalcified and can suffer from poor structure and
waterlogging in winter; take-all problems are more frequent on these
soils (Catt, Gutteridge & Slope, 1986). This effect of pH in relation
to soil structure contrasts with the normal situation in which high pH
is associated with severe take-all.

Moore (1949), drawing on earlier work of Garrett at Rothamsted,
stated that "... the fungus travels along the roots more quickly when the
soil is of a light texture, alkaline, moist and warm .... Thus the light
textured, alkaline soils of the Yorkshire and Lincolnshire wolds, the
East Anglian ridge, the Chilterns, the chalk downs of Hampshire and
Wiltshire, and the Cotswolds are the chief danger areas for take-all in
this country." This statement covers several aspects of the soil
environment and its effect on take-all. "Light texture" can have two
effects: firstly, by tending to produce a loose seed bed which favours
spread of the fungus and secondly, by having poor water availability
which subjects plants with damaged root systems to water stress late in
the season. Furthermore, such soils are often shallow due to erosion by
water and wind, thus restricting rooting depth. The relationship of
texture to "moist and warm” soil conditions is more complex. In ’‘normal’
seasons even light soils can be assumed to be near field capacity in the
early spring. Lack of water is therefore unlikely to limit growth of the
pathogen until late spring or early summer. Even if its growth is halted

early, sufficient root damage may already have occurred for the ensuing
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moisture stress on the plant to have a severe effect. Ggt is likely to
be more active in light soils than in heavy soils in the spring because
they warm more rapidly. The damage caused to the crop depends on the
balance between the growth of the root system and the growth of the
fungus. Crop growth increases as the temperature rises in the spring and
the ability of increased plant growth to compensate for increased
pathogen activity depends partly on the effect of temperature on
partitioning between root and shoot growth. This subject has been
discussed in detail by MacDuff (1989) and 1is complicated by
inter-relationships between soil temperature and soil moisture effects
and by transient and acclimatization responses by the plant.
Nevertheless, there is some evidence that increasing soil temperature
towards the optimum for root growth results in an increase in the
shoot:root dry matter ratio. The plant may therefore be diverting more
of its resources into shoot growth just at the time when root growth is
required to overcome the effects of increased pathogen activity.

2.3.5. Soil type and climatic éffects world-wide

The severity of take-all in different countries is determined by
cropping patterns (which may be determined by take-all) as well as by
climate and soil type. This section briefly summarizes experience in
other countries and is based partly on a report by Yarham (1981).

In Australia the disease is reported to be worse on calcarious sands
and sandy loams than on clay loams and clays. Severe attacks can also
occur on acid sandy soils in Western Australia (WA) (cf. acid old pasture
sites in England, 4.2.4.). Take-all is worse in Squthern Australia than
in the northern wheat belts: north of latitude 32°S it does not
constitute a major problem to wheat growers. Severe attacks are usually
associated with above-average rainfall in winter and spring and in the
wetter parts of Australia (rainfall above 450mm) the prevalence of
take-all and Septoria results in little wheat being grown. Recently,
Cotterill & Sivasithamparam (1989) compared the behaviour of the take-all
fungus under the Mediterranean-type climate of WA with that reported frbm
cool, temperate regions such as the UK. It seems that inoculum of the
take-all fungus is present at a greater density and is more infectious
in WA than in the UK because of differences in climate, soil type and

agricultural practice. It was postulated that hot dry summers promoted
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the survival of the fungus and that the sandy and nutritionally-poor
soils favoured the disease. Because of the nutritional status of the
soils, wheat is'commonly rotated with pasture or legumes in order to
build wup soil nitrogen. Unfortunately, pasture grasses in WA are
predominantly of a type which carries the take-all fungus and they
effectively maintain the disease between crops. Low microbial activity
in the soil may also favour survival of inoculum.

In Indiana, USA, take-all was considered to be of limited importance
until the early 1970s, when the availability of cultivars resistant to
the Hessian fly allowed wheat to be sown earlier in the autumn, which
greatly increased take-all, such that in 1977 root diseases (primarily
take-all) were estimated to have reduced the Indiana wheat crop by 30%.
TAD occurs in wheat, although its effect is less apparent on light sandy
soils than on silt loams or clays. Occasional, severe attacks of take-all
have been recorded in first wheat crops after pasture, lucerne or, more
especially, soya beans. There is a controversial report of isolates of
Ggg from soya beans which are highly virulent to wheat. In the Pacific
North-West of the USA, take-all has long been recognized as a problem in
intensively-grown cereals west of the Cascade mountains. The drier areas
of the Columbia basin account for over 90% of the region’s wheat acreage
and take-all was of little importance until the 1960s when irrigation of
wheat increased dramatically. The combination of virgin (previously
desert) soil, the lack of antagonists and abundant water resulted in
losses of as much as 50% of yield in recently reclaimed fields. Farmers
in the irrigated areas mnow practice rotation, or utilise TAD in
continuous wheat. Where annual rainfall is 200-400mm, wheat is
alternated with fallow. Take-all seldom, if ever, occurs, although brown
foot rot (Fusarium) can cause severe damage (Yarham, 1984).

Take-all is less of a problem in the spring-sown crops of Canada than
in the predominantly winter-sown crops of the mid-western states of
America. It does however cause occasional losses, chiefly on the black
soils of the prairie provinces.

In the late 1970s take-all began to pose serious problems for the
major wheat growing states of Brazil. Wheat is sown in the autumn and
harvested in the spring to be followed by soya bean as a summer crop

harvested in the autumn. In general, this double cropping is repeated

>
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year after year and, combined with high soil moisture 1levels,
temperatures of 12-20°C and heavy dressings of lime (to benefit the soya
bean crop),‘it results in severe take-all. There is no evidence of TAD
in this system, perhaps because the soya bean crops prevent the
establishment of an antagonistic microflora.

Within Europe, take-all is not considered to be particularly damaging
in Belgium, where wheat monoculture is rarely practised. One-year breaks
normally provide effective control, except on light or acid soils where
a two-year break is recommended. In contrast, take-all is found almost
throughout France and in 1981 it was considered to be a major obstacle
to the desired intensification of wheat production. TAD has been
reported to occur in France (Lemaire & Coppenet, 1968). Experience in
the Netherlands is similar to that of the reclaimed silt land of eastern
England, where because of intensive sugar beet and potato production
potato/wheat/sugar beet/wheat rotations are practised. Take-all problems
are therefore rarely seen. Switzerland has some of the longest runs of
intensive cereal cropping in the world, with some high altitude fields
cropped with spring barley for over 200 years. Take-all in these fields
is negligible, yet it does occur in barley grown in rotation at lower
altitudes in the same area. The soil from monocropped high alpine fields
has been shown to be extremely antagonistic to take-all, although this
is not necessarily the usual TAD effect. Not a single example of TAD had
been recorded in monocropped wheat in Switzerland.

In Germany take-all occurs on good, aerated soils (e.g. loamy sands,
sandy loams and peaty soils) where wheat follows wheat (Mielke, 1988).
Measures to prevent or decrease take-all are a) rotation with 'leaf’
crops; b) not exceeding 60% of susceptible cereals in the arable acreage;
c) one-year breaks to minimize risk; d) utilizing microbial antagonism
through using green manure; e) sowing cereals after grass-clover mixtures
to utilize biological control by Phialophora; f) controlling couch; g)
using cultivars with better rooting; h) using rye in preference to wheat
or barley; i) careful working of stubble from diseased cropé; j) deep
ploughing; k) late sowing; 1) shallow sowing and lower seed rates; and
m) an additional 60kg N/ha early in the year. Because of saprophytic
growth of the take-all fungus on couch rhizomes following glyphosate

application, the herbicide should be used in the non-cereal rotation
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crops. Oilseed rape is claimed to be a carrier of the take-all fungus
and so cereal volunteers should be controlled after sowing rape. The
most effective measures in controlling take-all in Germany are choice of
site, rotation and previous cropping.

Severe attacks of take-all were common in Sweden in the 1950s and
1960s, but during most of the 1970s the disease was of minor importance.
This change may have been due in part to the increased usage of nitrogen
fertilizer, but the main reason seems to have been a change to warmer,
drier summer weather. A return to wetter conditions in 1978 and 1979 led
to a resurgence of the disease.

In South Africa, the severity of take-all is related to soil type and
climate; it is most serious in areas of winter rainfall in the Cape
Province and in the eastern Free State where monoculture of wheat is
practised on light-textured soils. The disease has been reported to be
very severe in wheat following lucerne or lupins and in rotation with
soya beans or groundnuts.

Factors influencing take-all world-wide are discussed further in
5.4.3.

2.4. Recommendations

2.4.1. For take-all control

Some soils with an intrinsically high risk of take-all (e.g. peat
soils) are suited to intensive vegetable and root cropping, making
wheat/break/wheat/break rotations possible, whilst others (e.g. shallow
sandy soils) that are marginal for wheat may support barley cropping
despite the presence of take-all. Such cropping decisions which decrease.
risk of losses from take-all are made on financial grounds and are well
established. Husbandry practices can and should be used to ameliorate
the effects of take-all (see 4.).

2.4.2. For research

i. A structured national survey over a number of years is needed

to provide qualitative and quantitative information about take-all.

There should be supporting agronomic and weather data and the weather
should be recorded during all phases of cultivation (e.g. harvest of the
previous crop, sowing) and stages of crop growth (e.g. seminal root
development, crown root development, cessation of root growth and grain

filling).

33



ii. Further investigation of the relationship between water tension

(in soil and plant), take-all development and root growth is needed.
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CHAPTER 3. THE DISEASE PROGRESS CURVE

An epidemic is defined as a change in disease intensity in a host
population over space and time (Kranz, 1974). The study of plant
pathogens in populations of plants may take several forms: |

i. qualitative, e.g. where do epidemics of take-all occur?,

ii. quantitative, e.g. estimating amounts of disease and changes
in disease over time and/or space and

iii. analytical, e.g. description of relationships among disease,
time and/or environmental and biological variables.

Such descriptions are frequently empirical, but can also be
mechanistic, using a mathematical equation (the 'model’) to predict
disease or some component of the disease cycle.

| The DPC is central to the study of plant disease epidemiology,
presenting a picture of disease dynamics and a summary of the
interactions among the host population, pathogen population and
environment.
3.1. Description

DPCs may be plotted as disease intensity against a measure of time
or host growth, or described in terms of a mathematical function of time.
To determine whether certain aspects in the ‘shape’ of the DPC are
significant usually requires fitting the disease progress data to a
mathematical function such as a simple polynomial regression equation.
Except for some controlled environment experiments (e.g. Asher, 1972;
Wildermuth & Rovira, 1977) and detailed studies of the dynamics of
inoculum in soil over several years (Hornby, 1975), the take-all progress
curve has been somewhat neglected in the past and.it received no mention
in the index of Asher & Shipton’s (1981) book. Recently it has
received more attention in:

i. first, Second and longer sequences of winter wheat at Rothamsted
(Hornby & Gutteridge, 1988; Werker et al., 1991),

ii. analysis of selected agronomic variables in multi-factorial
experiments (Bateman, 1986; Christensen et al., 1987; Werker & Gilligan,
1990) and

iii. comparison of different models to describe take-all epidemics
in first and longer sequences of wheat (Brassett & Gilligan, 1989).

Models to describe DPCs range from a simple straight line
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relationship to a series of linked equations incorporating host growth
and inoculum decay. Linear models are easily calculated by regression and
are very flexible in terms of shape (Gilligan, 1985). Non-linear models
require iteration to fit and are less flexible, but appeal intuitively
because of biological-like properties with respect to shape and the
parameter values which describe these properties such as the upper or
lower asymptote. There are however very few examples where disease
progress data for take-all have been fitted to either linear models or
non-linear models. The cost of obtaining disease progress data for
take-all and the variability in the shapes of disease progress curves may
have contributed to this. Linear models may be useful in smoothing out
oscillations in the data which are not real statistically and in
separating out long term trends in inoculum or disease from shorter
fluctuations within growing seasons (Werker et al., 1990).

3.2. Interpretation

Whilst there is a lot of flexibility in how DPCs can be described,
the models frequently reveal 1little of the wunderlying biological
mechanisms responsible for the shapes of the curves. Quantitative
relationships between the various components of the infection chain, such
as inoculum density, inoculum decay, the rate of new primary infections
and subsequent spread of the fungus, are often such that shifts in the
balance may cause significant changes in shape of the DPC (Brassett &
Gilligan, 1988). Jeger (1987) noted that including root growth and
inoculum density as variables in a model of a monocyclic root disease
often leads to a sigmoid curve, so if certain data are well described by
a logistic function (non-linear model), it cannot be concluded that the
disease is polycyclic, or that the intrinsic rate of disease increase is
constant. Biological properties under consideration must have an
experimental basis from which models may be developed and tested.

It is known that the amount of initial inoculum of the take-all
fungus is important and that this is determined primarily by cropping
history, the severity of disease in the .previous crop and the rate of
inoculum decay. It is also known that the amount of inoculum at sowing
is not always correlated with the disease at harvest and that certain
environmental and biological properties of the soil, such as moisture and

suppressiveness, significantly influence the rate of disease progress.
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Werker et al. (1991) ascribed the differences in shape observed amongst
take-all epidemics in first, second and continuous wheats to differences
in the initial inoculum densities and rates of disease spread (secondary
infections). It was proposed that the primary mechanism of TAD,
manifested by a reduction in disease severity between the fourth and
-sixth years of continuous cereal growing, was a reduction in the rate of
disease spread caused by unknown biological factors (certain groups of
fluorescent pseudomonads have been proposed by workers outside Britain).
This decrease in the rate of secondary infection may occur relatively
early in a sequence of consecutive cereals, but may be camouflaged by the
presence of high inoculum densities following second and third wheats
(Werker er al., 1991). More detailed analysis has revealed that
continuous wheats may show more disease towards the end of the growing
season than do second wheats. This may be a seasonal effect where a
predominance of primary infections rendered secondary infections
significantly less important. The absence of TAD, therefore, is not
necessarily the explanation, but this cannot be discounted. Brassett &
Gilligan (1989) fitted data for the progress of take-all in first wheats
and in second and subsequent wheats to:

i. a linear model (third order polynomial),

ii. standard non-linear models (the logistic and logistic with
allowance for host population growth) and

iii. custom-built non-linear models (incorporating parameters for
primary and secondary infection and with allowance for host-population
growth and decay of inoculum).

The last group yielded a description of the data that was consistent
with biological constraints and fitted the data equally as well as the
polynomial.

3.3. Analysis

There are sophisticated methods available for comparing DPCs (e.g.
Madden, 1986; Gilligan, 1990a), but these have rarely been applied to
take-all, where separate analyses of variance for each sampling occasion
have been usual. The effect of treatments on the dynamics of the disease
have not therefore been subjected to statistical rigour. Werker &
Gilligan (1990) used the AUDPC and the linear and quadratic contrasts

(equivalent to the slope and amount of curvature below or above the line)
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to distinguish between categories of effects of treatments and
interactions on disease progress. Later sowing typically caused an
initial decrease in disease, but by harvest, after subsequent increases,
the differences in disease among sowing date treatments was small or
insignificant. In one year, however, the DPCs diverged, perhaps because
later sowing resulted in a decrease in primary infections and high soil
moisture caused a decay of inoculum, so that there was a greater
dependence on existing infections for subsequent disease development.
3.4. Some practical problems

It is not easy to explain how relatively small amounts of infection
in one year can give rise to severe disease in the following year. Slope
et al. (1979) showed that soil infectivity, measured by wheat-seedling
bioassay, differed after the harvest of different crop sequences and that
this difference was reflected in take-all in the following crops. In
first and second wheats grown after ’‘clean’ breaks, soil infectivity
increased from May to harvest and the more infective the soil in April
the more rapid the increase in soil infectivity. If 20% of roots or more
are infected in a soil biocassay in September, that field should be
regarded as having a high risk of take-all for a following susceptible
cereal. Severe take-all in winter wheat in summer may be related in some
cases to the amount of autumn infection and, in general, the earlier
severe take-all occurs, the'greater yield losses will be.

The importance of primary and secondary inoculum in models has been
emphasized, but measuring these in practice has so far proved to be
impossible. !

In the last 20 years large sets of disease data have been collected
from long-running field experiments at Rothamsted and Woburn. These and
computer graphics allowed epidemics to be pictured in ways hitherto
impossible. Graphical displays provide the best summaries of data,
simplify the aspect of the data by appealing to our natural ability to
absorb visual images, and (hopefully) provide a global view of the
information, thereby stimulating possible explanations (Greenacre, 1988).
Figure 3 shows a take-all epidemic in an experimental site in terms of
the interaction of cropping, season and one measure of disease. It
shows a complexity that 1is all too often ignored.v Perhaps one of the

most obvious features of this representation is the fluctuation in the
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TAKE-ALL:CS212, 1978-84, 1986-89

Figure 3. Take-all in CS212, a phased sequence experiment on winter wheat
at Rothamsted.

%all = % total roots infected; days = number of days from lst

January (range is approximately a few weeks after emergence to a few
days before harvest); years and sequences = each block represents a
year and the slices represent disease progress in different wheat
crops starting from the left as follows:

Year Wheat crops compared

1978 lst only |

1979 1st, 2nd |

1980 1st, 2nd, 3rd

1981 1st, 2nd, | 4th

1982 1st, 2nd, | 5th

1983 1st, 2nd, | 6th

1984 1st, 2nd, | 7th
1986 lst, 2nd, 3rd, | 9th
1987 1st, 2nd, 3rd, | 4th 10th
1988 lst, 2nd (x3) | 4th 5th 11th
1989 1st, 2nd, 3rd (x2)] 5th 6th 12th

Fourth and subsequent crops assumed to be in TAD. Non-vertical
lines in the walls and twisting in the tops of the slices are due to
interpolation.
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Figure 4. A sketch illustrating DPCs in successive crops. Curvatures increase
until after the third crop, then disease ceases to develop at about anthesis. The
classical TAD relationship amongst the sequences in July is to the right.

amount of disease through the years, which to some extent reflects what
happened nationally. There was little disease generally in the mid-
1970s, which led to premature relegation of take-all to an unimportant
problem in cereal production. By 1983, a resurgence of the disease
necessitated the reinstatement of take-all as a priority research
objective in the AFRC. Such studies of the ’'anatomy’ of. epidemicsA
provide new insights. For example they have suggested that the rate of
disease increase increases annually in the first few consecutive crops,
but then, usually in a fourth crop, it is dramatically capped in June
(Figure 4). This may be a major manifestation of the take-all decline
phenomenon that has previously been ‘overlooked. Normally TAD is
visualized by comparing disease in different crop sequences once in the
summer. Most of the research into the mechanisms of take-all decline,

as well as on suppression by introduced BCAs, has concentrated on
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seedlings and young plants, for the obvious reasons of ease and
convenience. Results from such work may not explain effects occurring
later in the season.
To avoid naive and uncritical adoption of foreign ideas a global
framework for take-all is needed to help in:
i. reconciling data from the high input systems of Britain with
data from the low input systems in places like Western Australia;
ii.'understanding the discrepancies in reported behaviour of host,
pathogen and disease and )
iii. assisting in unravelling complex natural phenomena such as
take-all decline.
Unjustified generalization and simplification have created
expectations which continue to be unfulfilled.
3.5. Conclusions and future research
No one model describes ﬁhe progress of take-all in all or even the
majority of situations. Exponential, monomolecular or logistic models
contribute little towards explaining the biological mechanisms that
generate the DPC. The long duration of a take-all epidemic, infections
arising from two sources of inoculum (a dwindling reservoir of infested
plant remains and an increasing reservoir of infected roots) and the
sensitivity of the pathogen to changes in the soil environment (expressed
as a variable infection rate) do not lend themselves to conventional
modelling. However, epidemics in which some of the variables predominate
may be satisfactorily described by, for example, models that incorporate
components for primary and secondary infection (Brassett & Gilligan,
1988), additionally allow for inoculum decay and host growth (Brassett
& Gilligan, 1989), or alternatively allow for variable infection rates
as a function of seasonal factors such as temperature and moisture
(Waggoner, 1986). Whilst such models increase in sophistication,
validation of the individual components with experimental data lags
behind, because of problems such as the infrequent attainment of an
asymptotic level of disease prior to harvest. The appeal of many models
lies in their equilibrium behaviour, but the stability properties of
epidemics of plant pathogens in general have received little attention
and it is not apparent that these should dictate the structure of models

for disease progress (Gilligan, 1985). Interpretation of parameter
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estimates of DPCs relies on the fact that these apply throughout the
sampling unit and that the associated errors amongst them are independent
(C.A. Gilligan, pers. comm.). It is widely recognized that diseases are
not distributed randomly throughout the crop, and indeed that the spatial
distribution of disease is an integral part of the dynamics of host and
pathogen in which initially small and well defined disease foci grow and
coalesce (e.g. Hornby et al., 1989). When dispersal of a pathogen is
localized, as in soil-borne diseases, heterogeneity in inoculum density
and in the disease conduciveness of the soil environment may obscure the
interpretation of epidemiological mechanisms where disease progress is
derived from a process of averaging.

"Despite the undisputed influence of mathematics and the computer on
the thinking approach to research problems of epidemiologists,
epidemiology remains an experimental discipline. Experiments provide the
data bases for models and in turn help to test them. It is from this
mutual interplay of theory and empirics that epidemiology derives its

scientific thrust and charm.” (Kranz & Rotem, 1988).

42



CHAPTER 4. TAKE-ALL AS A COMPONENT OF PRODUCTION CONSTRAINTS
4.1. Introduction and literature review.

It has been estimated from the results of ADAS trials and disease
‘surveys that the leaf and stem base diseases of wheat cost growers in
England and Wales about £244M p.a. (£113M in lost yields + £131M in the
cost of fungicides without which yield losses would be much greater)
(Cook & Polley, 1990). These figures serve to put into context the
losses caused by take-all, against which we have no reliable fungicidal
control and which (at a conservative estimate) is costing the nation
around f40M p.a. (Table 4) as a result of its effects on the second and
subsequent wheats which with some seasonal variation make up about 50%
of our wheat acreage (Table 2). A single root disease, which affects
only half the acreage, is thus having an effect on farm incomes a sixth
as great as all the other diseases put together.

The importance of the disease extends, however, beyond this simple
yield loss statement. In the absence of chemical controls, the risk of
serious yield losses in intensive wheat situations imposes significant
additional constraints on arable farmers relating to:

- flexibility of cropping,

- fertilizer practice (particularly nitrogen usage),
- flexibility of sowing date,

- choice of cultivation technique,

- weed control practices,

- the sensitivity of crop yield to climate.

4.1.1. Rotational practices

The effects of rotational practices on take-all have been discussed
by many authors and are introduced briefly in 2.1. Their effects on
inoculum and saprophytic survival of the fungus have been reviewed also
(Hornby, 1981; Shipton, 1981). The disease builds up ‘during the first
few years of a sequence of susceptible cereals but if a non-host crop is.
introduced into the sequence inoculum levels are normally so reduced that
a subseqpent wheat or barley crop will escape severe infection. in three
years of experiments at Rothamsted, for example, wheat after barley
suffered severely from take-all and yielded, on average, 2.2 t/ha less
than wheat after an oat bréak (Prew et al., 1986). However, while

intensification of cereal production aggravates take-all, growing cereals
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continuously can reduce its effects as a result of TAD (a topic reviewed
by Rovira & Wildermuth, 1981). Crops are at highest risk from the
disease between the 2nd and 4th years of a cereal sequence.

Ley farming can reduce the risks of severe losses in second wheats
as the antagonist Phialophora graminicola, which develops on the roots
of the ley grasses, suppresses the development of the pathogen in the
early years of any subsequent sequence of wheat crops (Deacon, 1981;
Prew, 1981).

The relative susceptibility of the major cereal crops to take-all has
been reviewed by Scott (1981). The pathogen reduces the yield of wheat
more than barley. Rye shows a measure of resistance to the disease and
the susceptibility of triticale is intermediate between that of its two
parent species. Oats are little affected by Ggt though they can be
damaged by Gga which occurs in some areas of western Britain.

4.1.2. Crop nutrition

The influence of crop nutrition on take-all has been reviewed by
Huber (1981) and Hornby (1985). Deficiencies in both major and minor
nutrients can increase infection and exacerbate yield losses caused by
the disease.

Deficiencies of P (see 5.1.1.), K and Mg have all been shown to
exacerbate take-all; although of the three, P is the most important in
this respect (the effect is a complex one and excessive application of
K to a P deficient soil can actually increase disease levels). It is,
however, the effect of nitrogen which is wusually seen as being of
greatest practical significance to the UK farmer.

In the absence of a host crop high nitrogen levels favour the
saprophytic survival of the pathogen. An infected cereal cfop, however,
generally benefits from additional nitrogen as this helps the plants to
cope with the root losses caused by the disease. The practical
significance of this will be immediately apparent - the higher the
disease risk the higher will be the cost of ﬁitrogen fertilizer to offset
its effects.

The form of nitrogen can also influence disease development. There
is evidence from many countries that use of NH,*, rather than NO; , as.a
source of nitrogen will decrease the severity of the disease (e.g. Cook

& Reis, 1981; Macnish & Speijers,1982). Pot experiments have shown,
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however, that NH,* can actually increase take-all (Darbyshire et al.,
1979). Hornby and Goring (1972) suggested that there was an optimum ratio
between the NH,* and NO;~ forms of nitrogen for minimizing the effects of
take-all. Christensen & Brett (1985) suggested that the use of chloride-
containing fertilizers could help to maintain this optimum ratio by
slowing down nitrification - i.e. the conversion of NH," to NO;~ in the
soil. [The authors have subsequently rejected this hypothesis and
postulate that the chloride effect is more likely to be due to the fact
that Cl™ uptake lowers the osmotic potential of the leaf tissue thereby
enabling the plants to retain.turgor despite root 1bss due to the disease
(Christensen et al., 1990).]

Deficiencies of certain minor nutrients can also exacerbate the
disease. The effects of copper deficiency, for example, have been
investigated by Wood & Robson (1984), and the effects of manganese have
received considerable attention especially in America and Australia (e.g.
Rovira et al., 1985; Wilhelm et al., 1988). In the Australian experiments
foliar application of Mn had little effect on disease but application of
MnSO, to the seed or, more particularly, to the soil effectively reduced
take-all.

4.1.3. Early sowing

That early sowing can increase the severity of take-all has been
shown in many tfials (e.g. Powelson et al., 1985; Clare et al., 1986;
Prew et al., 1986; R.W. Clare, I. Ap Dewi and D.J Yarham, unpublished).
The interaction between sowing date and rotational position on the yield
of winter wheat has been pointed out by Yarham (1986). At Rosemaund EHF
a 2-3-week delay in sowing until mid-October decreased the incidence of
take-all and increased yield by 1.4 t/ha.

4.1.4. Cultivation technique

The effect of cultivation technique on take-all has been reviewed by
many authors (e.g. Neate, 1988; Yarham, 1981). The effects recorded have
been very variable both between and within the countries where trials
have been carried out. In the Pacific North-West of the USA, for example,
direct drilling has been found to increase take-all (Moore & Cook, 1984)
while in Czechoslovakia it is said to decrease the severity of the
disease (Novotny & Herman, 1981). In the UK, trials carried out in the

1970s (most of them on sites where straw had been burned) failed to show
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any strongly consistent effect of cultivation technique on take-all
(Yarham & Norton, 1981l) but in more recent work the disease has often
been observed to be more severe after tine cultivations than after
ploughing, although the effect was generally small (Jenkyn et al., 1988).

The effect of a loose seedbed in aggravating the severity of take-all
is well documented and was recognized by Australian farmers even before
the true cause of the disease was known (Garrett, 1981).
4.1.5. Herbicides

The effects of herbicides on root diseases has been reviewed (Altman,
1985) . Several authors have dealt more specifically with the effects of
weeds and herbicide use on take-all and this literature has been reviewed
briefly by Yarham (1981). Perennial grass weeds such as couch grass play
an important role in carrying infection through non-susceptible break
crops and, by competing for nitrogen and other nutrients, weeds can
increase crop susceptibility to the disease. On the other hand the
application of <certain herbicides (e.g. mecoprop and benzoic acid
derivatives) have been shown occasionally to exacerbate the effects of
the disease (Nilsson, 1973a,b; Tottman & Thompson, 1978). Mekwatanakarn
& Sivasithamparam (1987) found that trifluralin, diquat+paraquat, and
(more particularly) glyphosate increased take-all on unsterilized, but
not on sterilized, soil. They attributed this to the herbicides causing
'a shift in soil microbial populations away from those antagonistic to
the pathogen’.
4.1.6. Weather

The findings of various authors on the effects of weather on take-all
were summarized by Clarkson & Polley (198l) (see also 2.3.2.).
4.2. Current perception in the UK

4.2.1. Rotational policies

Farmers' rotational policies are certainly influenced by the
knowledge that take-all can cause significant yield losses during those
years in a cereal sequence when the disease is at its peak. Farmers with
soils most conducive to the development of the disease are most likely
to take this into account.

Table 8 shows recent estimates by ADAS of the costs of rotations
suitable for farms on heavy land in East Anglia (K. Butterworth, ADAS,

Cambridge, pers. comm.); it illustrates some of the rotational options
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available to the arable farmer, and highlights the fact that take-all is
not the only disease that has to be considered in planning a rotation.
The figures are based mainly on data produced at Boxworth EHF where crops
on boulder-clay soil (Hanslope Series) seldom suffer severely from the

disease (see 2.3.4.).

Table 8. Approximate gross margins for rotations based on

combinable crops

Total gross margin (£)

on a 600 acre farm

OSRS¢ /WW/WW/WW/WBa 118,560

1.

2. WBebf/WW/WW/L1iS/WW/WW/WBa/OSRS®/WW 124,450
3. PeSf/WW/WBe"f/WW/WW/WBa/OSRS/WW 124,725
4. WBe'f/WW/SBest/WW/Oa/WW/WBa/OSRSC/WW 124,050
5. WBebf/WW/WW/OSRS®/WW/WW 126,000
6. WBe'f/WW/WW/WBa/OSRSC/WW 126,500
7. WBef/WW/WW/OSRS®/WW 130,200
8. WBetf/WW/OSRSS/WW 133,950

WW = winter wheat, WBa = winter barley, WBe = winter beans, SBe = spring
beans, OSR = oiiseed rape, Oa = oats, Li = linseed.

Crops susceptible to take-all are underlined.

¢ susceptible to club root, f susceptible to fusarium/phoma foot rot

t

S susceptible to Sclerotinia ‘sclerotiorum, susceptible to S.

trifoliorum.

The relative profitability of these rotations will obviously be
determined by thé relative prices received for their various components.
To maintain his overall gross margins a farmer needs to retain such
flexibility of cropping as will enable him to adjust his rotation to take
account of price changes. Take-all losses greatly limit this flexibility.

0f the rotations listed, the most profitable is so short that, in the
longer term, it increases the risks of Sclerotinia sclerotiorum and

club root in the rape, and of S. trifoliorum and the fusarium/phoma foot
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rot complex in the beans. While fungicidal control of S. sclerotiorum is
possible in rape it increases the costs of production and, once the
pathogen is present in a field, it puts at risk most other non-cereal
break crops. Although S. trifoliorum attacks few crops other than winter
beans and clover, its presence limits the choice of non-cereal break
crops to species susceptible to S. sclerotiorum. If the fusarium/phoma
foot rot complex develops in beans grown in too short a rotation it
limits the opportunity of introducing spring beans or, more particularly,
peas into the system. Thus even when a range of break crops is.available
it is often judicious (to reduce disease risks on those crops) to
lengthen the rotation by the introduction of short runs of wheat or
barley. Take-all reduces the profitability of introducing such measures.

On light land or on the more poorly-structured heavy soils, where
take-all losses in the 2nd and 3rd wheats are likely to be much greater,
the relative profitability of the various cropping sequences would be
markedly different from the Boxworth-based figures quoted in Table 9.
On light soils in particular, winter barley is often grown as a second
cereal in place of the more vulnerable wheat. On very light land such as
that of the East Anglian.Brecklands triticale or rye offer even safer
alternatives.

Recently, an additional rotational concern has been provided by the
implementation of the Government’s "Set Aside" policy. If land is set
aside for one year as part of an arable rotation how should it be managed
during the set-aside year to reduce take-all risks in any subsequent
wheat crop? How important are cereal volunteers in carrying a) the
pathogen and b) the take-all decline microflora through the uncropped
year? What are the effects on the disease of the currently recommended
cover crops and how should they be managed?

4.2.2. Nitrogen application

That sub-optimal rates of nitrogen can exacerbate the effects of
take-all is widely recognized by the farming community. However, not only
does the need for extra nitrogen add to the costs of growing second and
third wheats but, if supra-optimal rates are used, the risks of nitrate
pollution of ground water are increased. The problem of matching nitrogen
application to crop requirement is exacerbated by the disease and is

further aggravated by the difficulty of predicting disease severity in
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any particular year (so much will depend on weather conditions after the
main nitrogen dressing has been applied).

The use of ammonium, as opposed to nitrate, as a source of nitrogen
has been less important in this country than in Australia and the USA.
It has been argued (L. V. Vaidyanathan, ADAS, Cambridge, pers. comm.)
that on many UK soils the rate of nitrification is likely to be so rapid
as to convert the NH,” ions to NO;~ before they can have much effect on
the disease. In practice most farmers continue to use ammonium nitrate
as their nitrogen source (though in recent years increasing use has also
been made of urea). Ammonium sulphate is, however, becoming more widely
used because manufacturers producing it as a by-product are beginning to
exploit the agricultural market and extraction of SO, from power station
emissions is leading to an increased need for sulphur-containing
fertilizers.

In 1983 a lecture given in the UK by Dr Neil Christensen of Oregon
State University caused considerable interest in the use of chloride-
containing fertilizers for reducing the effects of take-all, but
experimental work suggests they are likely to have little effect in UK
conditions. At least one fertilizer company explored the possibility of
marketing a chloride-containing product. There has also been considerable
interest (both farmer and commercial) in the possible use of manganese
for decreasing the effects of the disease.

4.2.3. Sowing date

It is on the poorly structured heavy soils that the effect of sowing
date on take-a111is likely to be of particular importance. Early sowing
increases the risks of severe attack, but to delay sowing if conditions
in September are good is to court the risk that a wet October will so
delay drilling that yields will suffer despite the lower level of
disease.

The recent trend towards the autumn sowing of spring cultivars of

quality wheat has led to an increasing interest in the use of late sowing

to reduce take-all.
4.2.4, Cultivations

There is general recognition amongst farmers that good drainage, good
soil management and the preparation of a good firm seedbed are important

if take-all losses are to be minimized. In this respect the method of
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cultivation has generally been perceived as being of less importance than
excellence of cultivation, though at least one consultant has advocated
direct drilling as a means of reducing the severity of the disease.

Soil management practices include the maintenance of suitable pH

levels as well as cultivations. Severe attacks of take-all are not

infrequently associated with acid patches in fields and one consultant
is known regularly to advocate liming for the control of the disease.
Since take-all-is normally considered a disease of alkaline soils (Reis
et al., 1983) this appears at first sight to be anomalous. 'Acid patch
take-all’ has, however, been reported from Australia and Sivasithamparam
& Parker (1981) pointed out the great variability amongst G. graminis
strains in respect of their tolerance of pH ranges. Careful assessment
by ADAS of a sandy clay loam site ploughed out of old pasture in East
Suffolk showed a negative correlation between pH and take-all (log
transformation of % roots with take-all) at pH values above 5.4 (below
pH 5.4 the pathogen is likely to be inhibited). The correlation
accounted for 35% of the variance. It was considered likely that a third
factor (e.g. soil organic matter) was influencing both pH and disease.
4.2.5. Weed control

Farmers often fail to recognize the importance of linking their weed
control and rotational practices so that action for the control of couch
infestations is taken before, and not after, a break crop.

4.3. Recent UK experience

4.3.1. The effect of take-all on flexibility of cropping

Field data accrued over a number of years at Boxworth EHF have shown
a relationship between the rotational‘position of a winter wheat crop and
the yield of grain achieved (Table 9).

The marked difference between the yields of first wheats following
oilseed rape and those following winter beans is due to a number of
factors including the effects of residual nitrogen (which is greater
after rape than after beans) and the fact that wheat after beans will
tend to be later-sown and often, therefore, will not achieve its full
potential. The differences may also reflect, at least in part, the
differences in root disease levels in the two rotations. Because of the
different herbicide programmes used in the two crops, cereal volunteers

(potential carriers of Ggt) are more likely to survive in rape than in
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Table 9. Yields of wheat at Boxworth Experimental Husbandry

Farm (Bowerman, 1989)

Yield as % of continuous wheat

(continuous wheat yields 7.2 t/ha)

After oilseed rape After winter beans
lst wheat 117 ' 109
2nd wheat 102 107
3rd wheat 101 99

beans. Moreover, the higher levels of nitrogen under the rape will favour
the saprophytic survival of the fungus which will then build up rapidly
in the following early sown wheat. Taken together, these factors are
likely to lead to a greater level of inoculum following a first wheat
after rape than foilowing a first wheat after beans. In neither case will
the first wheat itself suffer greatly from the disease, but the higher
level of inoculum present at the end of the first season will lead to
greater losses in the second wheat after rape than in the second crop
after beans.

Given that continuous wheat on the Boxworth farm yields 7.2 t/ha and
knowing the yields, prices and marginal costs of other crops grown on the
farm, one can readily estimate the costs of a range of alternative
rotations for use at Boxworth. Making certain assumptions about the
yield losses caused by take-all, it becomes possible to recalculate these
figures to ascertain what the gross margins would be in the absence of
the disease. Although it is seldom very severe at Boxworth, take-all may
be responsible for more than half of the differences in yield bgtween lst
wheats and 2nd/3rd/4th wheats. On many soils the effects of take-all
will be considerably greater than this, so in the cost estimates of the
'worst case scenario’ (Table 11) it is assumed to be responsible for 75%
of the yield differences. The other assumptions made in calculating the
gross margins are as given in Table 10.

Assuming thaé take-all is responsible for 75% of the decrease in

yield, and that a price of f£110/t is obtained for the wheat, then on a
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Table 10. Yields and growing costs of arable crops at

Boxworth EHF.

Yield Price Marginal costs
t/ha £/t Seed Ferti- Agro-  Contract

lizer chemicals windrow

First wheat (see tables 8&9) 32 64 77
Second wheat « .. .. LoD 32 80 77
Third wheat .. .. L) 32 80 93
Fourth wheat” « .. .. o) 32 80 93
Oilseed rape 3.21 220 22 105 106 33
Winter beans 1.35 148 45 18 27

*, assuming some recovery of yield in the 4th year due to TAD.

Table 11. Gross margins of arable rotations with and without

take-all.
Rotation Gross margin (£/HA)
Feed wheat @ £100/t Milling wheat @ £110/t
Actual Theoretical Actual Theoretical
in absence in absence
of take-all of take-all
I 1I 1 II
1. R/W/B/W 537 537 537 578 578 578
2. R/W/W/B/W/W 546 556 561 598 609 615
3. R/W/W/W/B/W/W/W 538 557 567 595 616 627
4. R/W/W/W 540 570 585. 597 630 646
5. R/W/W/W/W 535 565 581 595 629 645

B = winter beans, R = oilseed rape, W = winter wheat.
I and II assume take-all responsible for 50% and 75%, respectively, of

the loss in yields.
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200 ha farm the disease would be costing the farmer £10,000 p.a.
(equivalent to the cost of employing a tractor driver).

While barley remains the most popular alternative to wheat as a
second cereal on soils where take-all risks are high, trials on the peat
soils of the Arthur Rickwood EHF have shown the value of triticale in
this situation. Experience on the light soils of Gleadthorpe EHF has
shown that rye may be cropped with impunity as a second cereal but has
underlined the fact that, despite its relative resistance to the disease,
it cannot be used (as oats may be used) as a break crop in a cereal
sequence.

The use of rye as a catch crop to reduce nitrogen leaching in the
autumn and winter is also likely to increase the risk of take-all in any
subsequent cereal. Catch crops of non-susceptible species could reduce
the severity of the disease in the following crop by using up in the
autumn the nitrogen necessary for the saprophytic survival of the fungus
and by subsequently releasing that nitrogen to the benefit of the crop
during the following season (cf. Garrett & Buddin, 1947).

The as yet limited data from the current series of ADAS fallowing
trials suggest that there is a link between the number of volunteers
surviving througﬁ the set-aside year and the severity of the disease in
the subsequent wheat crop.

4.3.2. The effect of take-all on fertilizer practice

Data obtained from trials carried out by ADAS Soil Scientists between
1981 and 1986 are in Table 12.

Note that in both the 'no N' and the ’'optimal N’ treatments yields
fell and then recovered as the fields passed through what would have been
the peak take-all yéars, but the yield decreases were not so great where
optimal levels of nitrogen were given. The amount of N necessary to
achieve optimal yields was greatest during the peak disease years.

While additional nitrogen will usually decrease the losses caused by
take-all the effects of this nutrient on the disease are complex and
variable. Werker & Gilligan (1990) noted that this variation was
particularly high in high input crops such as those they monitored at
Boxworth EHF (on the chalky boulder clays of west Cambridgeshire). In
three years of these trials they found no significant effegt on disease

of increasing nitrogen rates from 160 to 200 kg/ha.
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Table 12. Yields of successive wheat crops (as % of yields

of first wheats) in relation to N fertilizer

lst wheat 2nd wheat 3rd wheat 4th wheat >20th

wheats
No of crops
in sample 57 34 8 2 2
.No N applied 6.43 t/ha 70% 627% 57% 79%
Optimal N 9.40 t/ha 87% 867% 78% 90%
Optimal rate
of N (kg/ha) 156 183 220 196 188

The effect of nitrogen (at least of NO;7) on the ability of a crop to
withstand an attack of take-all may be due more to its increasing the
numbers of healthy roots than to its decreasing the numbers of diseased
ones, as illustrated by data from ADAS Soil Science Department trials

carried out in the Eastern Region (Table 13).

Table 13. Effect of nitrogen on take-all and root production

(1983)
Nitrogen % roots witﬁ Roots per Tillers Roots Healthy roots
rate (kg/ha) take-all tiller per m? per m* per m?
0 43 13 461 5802 3290
120 - 33 15 702 10252 6910

(Data in Tables 12 and 13 from L. V. Vaidyanathan, ADAS Cambridge, pers.

comm. )

Recent experiments at Rothamsted have revealed no significant effect

on take-all of ammonium sulphate, ammonium chloride or urea, as compared
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with the commonly-used ammonium nitrate. At one of seven ADAS trial
sites take-all levels were significantly higher with calcium nitrate +
ammonium nitrate + urea than with ammonium nitrate + urea + ‘Didin’ (a
nitrification inhibitor). The application of chloride-containing
fertilizers had no more than slight and transitory effects on disease
levels in the ADAS trials, some of which were monitored by Werker &
Gilligan (1990).

Experiments at Rothamsted have shown the benefits, especially after
wet winters, of applying an early dressing of nitrogen (40 kg/ha) in late
February/early March (Hornby et al., 1987). Werker & Gilligan (1990)
found no significant effect of delaying this treatment from mid February
to early April, but in some seasons the application of 40 kg N/ha in the
autumn did lead to a transitory reduction in disease levels.

Severe attacks of take-all associated with phosphate deficiency occur
often in farm practice (see also 4.1.2. and 5.1.1.).

Limited experimentation in the UK has failed to find a close link
between manganese and take-all (cf. Table 25 and associated text).
4.3.3. The effects of take-all on flexibility of sowing date

Because the autumn labour peak, especially on an arable farm on heavy
land, can be very high; it is obviously of great importance to sow autumn
crops before the weather breaks. Many farmers like to sow as much as
possible of their cereal acreage in September. Whilst such early sowing
can be an advantage in first and long term wheats, it can have a negative
effect in the-peék take-all years (Table 14) and result in losses (Table
15).

At the Arthur Rickwood Experimental Husbandry Farm early sowing of
first wheats appeared to increase the risk of take-all in the following
wheat crop. At Rosemaund EHF early sowing of second wheats tended to
decrease the severity of take-all in third wheats, especially when these
also were sown early. Early sowing of a succession of wheat crops
appears to favour the early development of TAD.

4.3.4, Take-all as a constraint in cultivation practice.

Quality of cultivation. Wheat in the first year after a break will
often produce a good crop, despite faulty in husbandry. In the second
year, however, with take-all destroying part of its root system, a much

higher standard of soil management is required to produce a satisfactory
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yield.
Table 14. Effects on wheat yields of sowing in Séptember
compared with sowing in the first half of October in East

Anglia

Yields in t/ha

(number of crops in the sample)

lst wheats 2nd wheats 3rd wheats 4th wheats

September-sown 7.64 7.07 6.96 7.33
(108) (83) (42) (94)
October-sown 7.44 7.32 7.09 7.17
(103) (115) (81) (140)

(data from Cousins, cited by Yarham, 1986)

Table 15. Effect of sowing date on the severity of take-all
and the yield of infected wheat at Rosemaund EHF
(R.W. Clare, I. Ap Dewi and D.J. Yarham, unpublished)

Take-all index Grain yield
November/January Harvest t/ha

Sowing date:- . Sep Oct Sep Oct Sep Oct
Second wheats

1983 ‘ 70 22 93 72 2.07 5.05
1984 19 1 22 17 10.38 10.51
Third wheats

1983 33 20 77 53 8.08 8.57
1984 18 5 93 59 7.35 9.41

Figure 5 is an aerial photograph, taken in 1987, of a field on the
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Essex boulder clays. For some years the farmer had neglected the drainage
of the field and the mole drain channels had become blocked. A first
wheat crop in 1986 had appeared satisfactory but, as the photograph
shows, the second wheat performed very badly except in the immediate
vicinity of the underlying tile drains (good crop appears dark on the
photograph) . Examiﬁation of the root systems showed them to be severely
infected with take-all.

Figure 6 shows the result of poor husbandry prior to an outbreak of
take-all. Two years before the photograph was taken the field had
carried peas at the top end and potatoes at the bottom. The potatoes had
been irrigated, after which it had rained. When potato lifting began the
soil was still too wet to work easily and lifting was abandoned until the
soil had dried out. As in the previous case the first wheat presented
no problems, but the second wheat showed a large area of severe take-all
where the potatoes had been harvested under wet conditions and where soil
structure had, in consequence, been damaged. .

These examples underline the need for good soil management to
minimize losses from take-all. In the past few years, however, ADAS has
encountered a number of severe attacks in situations where the farmer has
been justly proud of his cultivations and seedbed preparation. It seems
that it is possible to prepare a fine, friable seedbed which is ideal for
sowing with a modern air drill, but which is also ideal for the spread
of Ggt on roots. The use of the para-plough to improve soil structure
also has been associated occasionally with increased severity of
take-all.

Method of cultivation. That direct drilling prdduces a firmer
seedbed than traditional cultivation techniques may explain why, since
the first UK trials in the 1960s (Brooks & Dawson, 1968), there have been
reports of less take-all after direct drilling than after mould-board
ploughing. However, in a lafge series of ADAS trials in the 1970s
(mainly on heavy soils and on sites where straw had been burned) no
consistent effect of cultivation on take-all was found and, averaged over
29 comparisons, final levels of disease (% plants infected) were: plough
35%, reduced culfivation 37%, direct drill 36% (Yarham, 1981).

In recent investigations by ADAS and Rothamsted the effects of straw

incorporation on take-all have been rather inconsistent, but the
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Figure 5. Take-all showing as pale areas in winter wheat on
poorly-draining chalky boulder clay where moling had been
neglected for the last ten years. The dark lines show better
growth over the tile drains. Nuthampstead, Herts., 14 July
1987. (Panchromatic)
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Figure 6. Severe take-all in winter wheat showing as pale
areas where soil structure was damaged by lifting potatoes
in the previous, wet July. Heveningham, Suffolk, 9 May 1988.

(Panchromatic)




incorporation of straw without ploughing has increased the incidence of
the disease at some sites. Two trends emerge from a study of the data:-
i. Where straw was incorporated there was a tendency for take-all
to be less in ploughed than in minimally-cultivated treatments. The fact
that no such effect had been detected in earlier trials on similar soil
types where straw had been burned sugge;ts that this was not simply the
result of burial of inoculum in the ploughed treatment.
ii. Straw burning sometimes, though not invariably, decreased the
disease compared with tine incorporation.
In a cultivation trial at Boxworth EHF take-all in ploughed
treatments (with or without the addition of a ’'straw digester’) was
marginally less than in tine cultivated treatments. In the following

season (1987/8) the blocks of a seed ﬁreatment trial were coincident with

the earlier cultivation treatments and although there was no effect of

seed treatment on take-all, there was a highly significant block effect

which reflected the previous year’s treatments‘(Table 16).

Table 16. Residual effects of cultivation on plant growth and

take-all

. Plant and disease data, 22 April 1988
Block v
cultivations, Mean number Dry weight of. Mean % plants Mean %roots

autumn 1986 tillers/plant 10 plants (g) with take-all with take-all

CultiQate 2.93 12.97 18.3 2.81
Plough + D 2.57 6.11 - 37.2 6.69
Plough + D 2.44 5.70 41.7 6.62
Plough 2.30 3.11 37.8 7.08
Plough 2.88 4.12 42.8 7.70
Cultivate 3.15 6.68 24.9 3.88
VR ©7.51 . 12.86 . 3.8 4.1
SED 0.168 1.36 6.88 1.37

D= digester
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As yet there have been very few cases where a severe attack of
take-all could be attributed to the incorporation of straw. It is not
impossible, however, that the widespread adoption of ’‘non-plough’
straw-incorporation techniques following a ban on burning could lead to
more problems on certain soil types.

4.3.5. Take-all as a constraint in weed control practice

In the spring of 1989 a wheat crop in Kent was so severely affected
with take-all that the farmer ploughed up part of it and sowed maize
instead. The wheat was the first crop after beans which had been heavily
infested with couch grass, the field had been sprayed with glyphosate
before the wheat was sown.

Cases of severe take-all in first wheats on couch-infested fields are
not uncommon. Figure 7 is an aerial photograph of a field in Bedfordshire
carrying a first wheat crop after a two-year ley. Because the ley waé
known to be infested with couch it had been sprayed with glyphosate
before the field was cultivated in preparation for the wheat. The
take-all patches obvious towards the bottom of the photograph coincide
with the worst area of couch infestation.

ADAS advice is that couch control should be carried out before a
break crop rather than before a cereal. Even this, however, does not
always solve the problem. In March 1990 severe take-all patches occurred
in a first wheat after oilseed rape in the Weald of Kent. The crop before
the rape had been infested with couch but the field had been sprayed with
glyphosate before the rape crop was taken. Nevertheless, the take-all
patches in the 1990 wheat crop were coincident with the couch patches
sprayed off in 1988, and the remains of the old, dead rhizomes could
still be found in them (J. Batchelor, ADAS, Maidstone, pers. comm.).
Test plants grown in compost amended with fragments of the dead rhizomes
became severely infected with take-all.

Couch grass not only serves to carry the pathogen through break
crops, but also appears sometimes to prevent the development of TAD. .
Figure 8 shows a series of fields on boulder clay in west Cambridgeshire.
The farmer had experienced take-all in the fields in the previous two
years in the 3rd and 4th wheat crops. He had continued to crop wheat on
the land, assuming that by the 5th crop TAD would be decreasing the

severity of the disease. The fields were, however, infested with couch
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Figure 7. Take-all in winter wheat showing as pale areas
which coincide with areas infested with couch grass in the
previous two-year rye-grass ley. Billington, Beds., 16 April

1983. (Panchromatic)
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Figure 8. Severe take-all in a fifth wheat infested with

couch, showing as pale areas where glyphosate was used to.
control couch in the previous season. Comberton, Cambs., 16

July 1988. (Panchromatic)
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and part of the area had been treated with glyphosate in the éutumn
before the 5th crop was taken. The worst of the take-all-affected areas
coincided with the areas to which the glyphosate had been applied. The
delineation of the area by a straight line in at least one place on the
photograph suggests that the glyphosate itself had affected the incidence
of the disease.
4.3.6. Effect of take-all on the sensitivity of crop yield to_climate
The profitability of arable farming depends on seasonal variations
in the weather which affect not only crop growth but also the incidence
and severity of diseases. Because take-all cannot be controlled by
fungicides, it acts as a very significant factor in increasing the
vulnerability of crop yields to the vagaries of the climate. Making the
justifiable assumption that much of the difference in yield between 1lst
and 2nd wheats is due to take-all, the data presented in Tables 17 and

18 serve to illustrate this point.

Table 17. Seasonal variation in yields of first and second

wheats at Rosemaund EHF

Harvest year:- ' 1982 1983 1984
lst wheats (t/ha) ‘ 8.2 8.8 10.8
2nd wheats (t/ha) 6.6 5.8 9.4
2nd as % of 1lst 807% 667% 87%

The greatest difference bétween lst and 2nd wheats was recorded in
1983, a year characterised by weather which was (see Table 18):
i. Mild and wet in late autumn, which would favour infection of
the seminal roots by the take-all fungus.
ii. Wet and dull in April and May, which would favour infection
of the developing crown roots. '
iii. Hot and dry in June, which would exacerbate the effects of
earlier root loss.
Thus, while 1983 was potentially a higher yielding year than 1982,

the yields of 2nd wheats in that year were substantially less than the
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Table 18. Rosemaund - meteorological data for the years

1982-1984.
Parameter Year Oct Nov Dec Jan Feb Mar Apr May Jun Jul

Temperature 1982 8.1 7.1 -0.6 2.0 4.8 5.7 8.1 11.0 15.2 16.0
- mean °C 1983 9.9 7.6 4.1 6.7 1.5 6.3 6.5 10.1 14.1 18.9
1984 9.9 6.9 5.3 3.6 3.2 4.4 7.9 14.3 16.5 17.5

30-year mean 9.9 6.1 4.4 3.2 3.5 5.3 7.7 10.8 13.8 15.5

Rainfall 1982 67 30 100 57 34 78 24 24 175 28
mm 1983 - 53 78 62 43 18 43 100 86 16 81
1984 77 25 91 87 35 52 6 63 47 6

30-year mean 54 67 65 62 47 50 43 55 49 53

Sunshine 1982 3.5 1.9 1.2 1.5 1.2 4.4 5.5 6.9 5.1 5.0
h/day 1983 2.4 2.1 1.0 1.6 2.4 2.8 5.0 3.1
1984 3.8 1.1 2.0 2.0 1.7 1.6 7.4 5.6 7.4 8.5

30-year mean 3.0 2.1 1.5 1.6 2.3 3.5 5.0 6.1 6.6 6.1

1982 yields. Note the comparison with 1984 when the very dry April would
have checked disease development and (although July was very dry)
rainfall in June was not much less than average.

Equally instructive is the comparison between the weather recorded
in East Anglia in 1987, when take-all caused much damage, and that in
1989 when there was much take-all in late winter/early spring, but
comparatively few crops which suffered severely from the disease later
in the season (Figure 9). The apparent soil moisture deficit (SMD) in
April was actually rather lower (and hence more conducive to take-all
development) in 1989 than in 1987. However, in 1989 the SMD rose very
rapidly in May - a time when the production of adventitious roots would
still be very acfive. Since moisture deficits would be greatest in the

upper layers of the soil where the pathogen would be most active, the

65



140

120F Season: ,
— 1986 -87
L e 1988 -89
100 .

Soil moisture deficit - mm

0 8 16 24 32 40 48
Weeks from 2 Sept. 1986 and 4 Sept. 1988

Figure 9. Soil moisture deficits recorded in the two years at Honnington

in Suffolk. Meteorological Office Excess Calculation System (MORECS)
square 141 (Mid Suffolk).
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drying out of the soil would check disease development before it affected
root production and crops would thus be enabled to grow away from the
disease. Exceptions would be provided by crops which had been so badly
damaged earlier in the season that they were unable to produce enough new
roots to replace those that had been destroyed. This would explain why,
while most crops showed little evidence of severe take-all in 1989 a few
crops suffered very severely from the disease.

The situation in 1989 should be compared with that experienced in
1987 when the soil remained moist throughout much of May but crops were
then subjected to severe moisture stress in June when it was too late for
the crops to replace roots destroyed by the disease.

Such observations on seasonal variations in the severity of take-all
illustrate why it has not been possible to predict the severity of the
disease in any particular season or to find any consistent relationship
between disease levels in late winter and yield.

4.4. Recommendations for further research

The needs are:

i. More information on a) the effects of different break crops on
the yield of first and second wheats and b) whether the effectiveness of
a break crop in decreasing disease incidence in the second wheat can be
improved by manipulation of the husbandry (e.g. delaying the sowing date)
of the first wheat.

ii. To continue current investigations of less susceptible species
such as rye and triticale to see if they affect the development of TAD
and how soon afterwards it would be safe to return to wheat.

iii. To continue current work on the effects of set-aside
management and to initiate studies on the effects of catch cropping on
take-all.

iv. To look more closely at effects of different sources, timings

- and rates of nitrogen under UK conditions. Some important questions are

a) On how wide a range of UK soils is the use of ammonium sulphate likely
to be beneficial? b) Would the use of a urea-based product with a
nitrification inhibitor offer a possible alternative? c) Can nitrogen
rates‘be adjusted to take account of take-all risks? Are disease levels
in late winter or spring a guide to making such adjustments, and by how

much should our standard recommendations be increased if take-all levels
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are high?

v. More information, over a range of soil types, on the long-term
effects of straw incorporation.

vi. More information on possible effects of recently introduced

herbicides on crop susceptibility to take-all.
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CHAPTER 5. STRATEGIES FOR MANAGEMENT
5.1. Agronomic

Factors that affect take-all are interlinked (see 2., Figure 2, 4.,
and 5.4.2.) and there is often no strong reason for regarding any one as
more significant than any other. The search should be for the key, or
keys, to this interlinked structure. In high input systems like that
in the UK, changing any of these factors within the normal range of
husbandry practices achieves only a fine tuning of disease control
(Hornby, 1985).

5.1.1. Host nutrition

There is much work spanning many years to show that nutrient
deficiency exacerbates take-all. Recent pot experiments in Australia
(Brennan, 1989a) showed that wheat severely deficient in N and P had 60%
of roots infected in infection tests, whereas with "lTuxury’ levels of
P no roots were infected and with ’‘adequate’ levels of N only 10% were
infected. Increasing N and P decreased the length of lesions proximal to
the seed. Pot experiments with wheat on P-deficient soil showed that
plants with a vesicular-arbuscular mycorrhiza developed less take-all
than non-mycorrhizal plants: the decrease in take-all by the mycorrhiza
was indirect and resulted from improved phosphorus nutrition (Graham &
Menge, 1982).

5.2. Fumigants and fungicides

5.2.1. Background and literature

Soil fumigants will eliminate the take-all fungus, but amongst other
drawbacks they are costly and therefore not commercially practicable
(Heim et al., 1986). They are non-selective and following the year of
treatment there may be a rapid build-up of the take-all fungus, probably
because of a decreased antagonistic microflora in the soil, so Ehat
severe infection often results if another cereal crop is grown without
re-application of the chemical. The large volumes and high concentrations
needed, and hence the risk of contaminating ground water, also preclude
fumigation as a practical treatment.

A trickle of reports about successes with fungicides has kept this,
albeit relatively narrow, avenue open. A disease such as take-all,
caused by a soil-borne, root-infecting fungus, is a difficult target for

control by fungicides. It is out of reach of most fungicide applied by
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conventional means, and no treatments are available specifically for
controlling take-all. However, some research has been aimed at achieving
control by fungicides, and work published up to 1988 has recently been
reviewed (Bateman, 1989). The following summary is taken mainly from that
review, direct reference being made only to later publications.

Seed treatment. The only fungicide which has shown promise for
controlling take-all when applied as a seed treatment is the sterol
biosynthesis-inhibiting compound triadimenol, which was found to be
useful in experiments in the USA by providing early protection of the
seminal root system in early-sown winter wheat. In British conditions,
prolonged protection from later infection of the nodal root system, until
late spring at least, is likely to be more important. This may have been
achieved in France, where improved control resulted from the application
of a high dose of triadimenol to seed using an experimental coating
process. Some current research also concerns the use of seed coatings to
allow controlled release of various fungicides.

Experiments at Rothamsted have identified specific conditions in
which triadimenol plus fuberidazole (Baytan) can be beneficial as a
conventional seed treatment: namely, when a winter wheat crop is sown
very early and severe take-all develops subsequently and causes premature
ripening. Table 19 shows how a yield benefit can result in such
conditions. The poor‘control of take-all symptoms on the roots (shown
as TAR) suggests that the fungicide may have induced a physiological
change which allowed the plants to tolerate the root infection so that
patches of early-ripened plants did not develop. The results from a
number of ADAS trials have shown a positive association between the
response to triadimenol seed treatment in t/ha and the take-all index of
untreated plots. The effects on root infection itself may be improved
in more densely sown crops, but generally the treatment is unreliable.

Soil fungicides. Recent research at Rothamsted has concentrated on
soil treatment with conventional fungicides which are more selective than
the fumigant treatments investigated earlier. A principal objective was
to determine how the fungicide should be distributed in the soil, and
subsequently how to achieve redistribution from the site of application
to the location of the inoculum or the site of infection. Most recently,

the importance of the physico-chemical properties of soil fungicides has
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been emphasized (Bateman, Nicholls & Chamberlain, 1990). Experiments
using pot-grown wheat plants and naturally-infested field plots suggested
that soil-applied fungicides, as well as being highly fungitoxic with
minimal phytotoxicity, should have moderately low lipophilicity. This
would avoid excessive sorption to soil particles and allow some mobility
and redistribution via the soil water. Moderate persistence is also
required. While no fungicide with all the appropriate properties has been
identified, it should be possible to synthesize new molecules which have
a balance between mobility and persistence. Where persistence limits are
dictated by registration requirements, the need for persistence may be

better met by the use of slow-release formulations.

Table 19. Effects of seed treatment with triadimenol (as

Baytan) on take-all in winter wheat

Sowing date Seed treatment Take-all rating % Area Yields
(0-300) ' prematurely (t/ha)
ripened
8 Sep. None 268 70 5.72
Triadimenol 248 43 8.44
7 Oct. None 218 44 7.43
Triadimenol 213 44 7.75
SED (15 d.f.) l16.1 9.5 0.655

Recent research in Australia (Ballinger & Kollmorgen, 1988; Coventry
et al., 1989; Brennan, 1989b) has identified the fungicide flutriafol as
a potential in-furrow treatment, especially when formulated as a coating
on superphosphaté granules. In the very different growing conditions in
Britain, flutriafol has not proved useful after soil-incorporation
(Bateman, unpublished); as an in-furrow treatment it decreased take-all
in some trials in which grain yields wefe increased at three out of sevén
sites, but estabiishment was severely delayed and yield decreased at two
sites (Clare, unpublished).

Foliar treatment. More accurate predictions of severe take-all than

is possible at present are required if unnecessary application of
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fungicides to the seed or seed bed are to be avoided. The availability
of a foliar-applied, phloem-translocated fungicide would decrease the
need for early prediction, possibly decrease the problem of persistence
and avoid much of the wastage which is inevitably associated with
applying pesticides to soil. Although there are no phloem-translocated
fungicides currently available which are active against the take-all
fungus, there is an increasing understanding of the physico-chemical
properties required by such fungicides which raises the possibility 'that
they can be synthesized. Even so, the value of phloem-translocation in
the control of any root-infecting pathogen has yet to be proved.

5.2.2. Recent research in the UK

From a practical point of view, current interest in fungicides still
centres on seed treatment because this, unlike soil treatment, uses
existing methodology and equipment. Whilst the conditions needed to
achieve significant effects of triadimenol on yields of winter wheat have
been identified as early sowing and extensive patch development for UK
situations, they are to a large extent unpredictable (i.e. sowing date
can be controlled, but the epidemic of take-all in a given crop and the
contributory weather conditions can not).

Factorial experiments on winter wheat at Rothamsted (see 5.4.)
‘confirmed the unreliability of seed treatment with triadimenol plus
fuberidazole as a control measure against take-all. Similarly, the
treatment sometiﬁes, but not always, decreased the incidence and severity
of take-all in winter wheat in ADAS trials from 1984 to 1986 (Jones,
1987). In these trials, yield increases sometimes occurred where take-all
was negligible in the crop or did not appear to be controlled. In an ADAS
trial in 1985 in which there was a large yield response (from 4.21 t/ha
with organomercury to 6.78 t/ha) with triadimenol, take-all was decreased
but analysis of yield using incidence of take-all as covariate indicated
an effect on yield additional to that which resulted from controlling
take-all. An increasing yield response to seed treatment with
triadimenol plus fuberidazole in ADAS trials as sowing date became
earlier (R.W. Clare, I. Ap Dewi and D.J. Yarham, unpublished) may have
been associated with the effect on take-all of earlier sowing.

Detailed analysis of data from factorial experiments on winter barley

at Rothamsted and Woburn are beginning to add further information (J.F.
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Jenkyn & R.J. Guﬁteridge, unpublished). Although the effects of
triadimenol plus fuberidazole on the root symptoms of take-all on barley
are not great, they are often significant, usually persist until June,
and appear to be more consistent than in wheat. When results of seven
experiments over 3 years (1984-6) are combined (which then necessitates
cautious interpretation), there was no overall effect of sowing date on
disease, but the effect of seed treatment in decreasing take-all was
greater with earlier sowing (Figure 10). Increasing take-all in untreated
plots and increasing effectiveness of treatment were each associated with
an increasing effect on yield.
5.3. Biological control
In the last twenty-five years, biological control has emerged as
a possible solution to the control impasse and much has been promised.
However the promises have not materialized, questions are repeated and
scepticism reigns. It needs to be asked whether the expectations were
realistic for the UK in the first place, and whether there has been an
uncritical expectation that foreign findings translate readily to
Northern Europe.
Raised expectations of biological control of take-all by introduced
BCAs is a world-wide phenomenon. Many of the claims have come from the
USA and Australia, although there are a few European ones. Patents have
been taken out on some organisms and processes, but as yet nothing has
emerged that reliably and sufficiently decreases take-all in our fields.
In the USA fluorescent pseudomonads have been applied as seed
treatments to wheat to control take-all and pythium root rot (Thomashow
& Weller, 1990). In wheat suffering from take-all, yield increases
averaged 17% in experimental plots and 11% in commercial-scale tests.
Performance in the field has, however, been inconsistent and significant
improvements in yield have occurred in only 60% of treatments. This is
seen as a major impediment to wide-scale commercial use. It is explained
as follows:
i. inoculum density of the take-all fungus was often too low;
ii. " environmental conditions were unsuitable for disease
development;
iii. BCAs have no ability to stimulate growth directly;

iv. non-target pathogens offset beneficial effects;
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Figure 10. Relationships among take-all rating (TAR) in June samples,
effect of triadimenol seed treatment and yield in field experiments on

winter barley at Rothamsted and Woburn.
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v. variable colonization of wheat roots may be a critical factor.

In the Pacific North-West of America it was estimated (Heim et al.,
1986) that some 624,850 acres (252,877 ha) were affected by take-all,
43.4% of which had moderate or severe disease. If seed coating
technology, using Pseudomonas fluorescens, were introduced, yield
increases between 3-25% (mean 5-10%) would be expected. It was assumed
that overall this would generate $13.6M (maximum $37.9M), but it was also
noted that if yield responses and economic values of wheat were low, then
farmers could actually lose money by adopting this technology.

In take-all research an upsurge in biological control interest
starting in the 1960s has been marked by the demonstration and naming of
take-all decline, the discovery of Phialophora spp. which seemed to
suppress the onsét of take-all and an infatuation with introduced BCAs.
The pendulum is. already swinging back: a tactical withdrawal from the
promotion of single BCAs in the face of inconsistent and small effects
to a more realistic position is being forced on the enthusiasts. The
BCAs for take-all show unwelcome traits like not working in soils with
high clay content. There are possibilities that genetic engineering, new
application strategies, the wuse of biological control as part of
integrated control, and new information about mechanisms, such as
evidence for antibiotic production in situ will give a new lease of life
to the subject. At the moment biological control is perceived as more
environmentally acceptable for controlling diseases than are fungicides.

TAD soils are the best-knowﬁ of several types of take-all-suppressive
soil. TAD develops after severe infection, but is then an effective form
of natural biological control and has been exploited in long runs of
cereals for decades by some farmers in the UK. Much work has been done
since the early 1960s to try to explain TAD and several different types
of mechanism have been proposed. Some evidence sugges?s‘changes in the
pathogen population. For example, some isolates of the take-all fungus
produce a diffusible fungal growth inhibitor on buffered media at pH 3.5-
5.0 (Romanos et al., 1980): TAD soils seem to produce more of these
isolates than non-decline soils. However, the most popular explanation
'is microbial anﬁagonism. Many have searched for specific antagonists
and, with much publicity, several micro-organisms have emerged that have

decreased take-all build-up when introduced as BCAs. However these BCAs
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rarely reach the level and consistency of control achieved by TAD. This
may be because TAD is the expression of a collection of BCAs and control
mechanisms which ensures operation over a wider range of conditions than
that within which single BCAs operate. Analyses of disease progress
curves at Rothamsted, based on large data sets (see 3.4.), have recently
revealed a mahifestation of TAD in crops near anthesis that is affected
by changes both in inoculum of the pathogen and in the environment.

The now considerable literature on the biological control of plant
diseases has a very shallow pyramidal structure, with numerous laboratory
studies of limited value at the base and a handful of commercial products
for specific use at the apex. These products constitute a minute
fraction of the sales value of plant protection products. Nobody doubts
the enormous antagonistic potential amongst micro-organisms in or on dead
substrates and on plant surfaces, but with one or two notable exceptions
success 1in realising it to control disease seems to be inversely
proportional to the complexity of a crop’s environment.

Reliance on one of the current putative BCAs to control disease
in the field is at worst naive and at best too optimistic. Future
research needs to pay more attention to why natural biological‘ control
phenomena such as take-rall decline, Phialophora, and suppressive soils
decrease take-all more reliably and effectively than the vast majority
of introduced BCAs. This is likely to reveal that most natural phenomena
have several components that together ensure relative robustness and
should give pointers on how best to use BCAs. Attention should also be
given to the possible exploitation of growth-stimulating rhizobacteria
to enable plants to cope better with take-all.

5.3.1. The case for biological control

At present the best control strategy available for take-all is
‘damage limitation’, 1i.e. the manipulation of agronomic practices to
decrease the effects of take-all, and the hope that the weather will
favour crop growth more than pathogen development. The narrowness of
this strategy may be a significant constraint- to profitable wheat
production and sensible cropping patterns (see 4.1.). Biological control
is an altermnative strategy.

The phenomenén of biological control of take-all has been known for

many years (Sandford & Broadfoot, 1931) but before a BCA can be a
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commercial probosition it must meet several requirements. There must be
a market opportunity. The absence of an effective chemical fungicide and
of a wheat cv. with resistance suggests that such an opportunity is
likely for take-all. A BCA must carry with it a guarantee of
reliability, be patentable, registerable and cost-effective. The use of
a 'matural agent’ may also be seen as environmentally desirable.

5.3.2. Current situation

Much effort since the early 1970s has been devoted to screening and
testing micro-organisms, particularly from TAD situations and so-called
‘suppressive’ soils, for activity against the take-all fungus.
‘Specific’ suppression is transferable and destructible (Shipton, 1972;
Shipton et al., 1973; Cook & Rovira, 1976). It usually occurs in
response to the presence of a severely diseased host and virulent Ggt and
is thought to be due to a build up of specific, antagonistic micro-
organisms. It contrasts with non-transferable, ‘general’ suppression
caused by 1increased microbial activity associated with organic
amendments, improved fertility, high soil temperature and ammonium-
nitrogen uptake by roots.

There are a number of hypotheses proposed for the mechanisms
responsible fortthe specific suppression of take-all which have been
summarized by Rovira & Wildermuth (1981) with evidence provided for the
massive proliferation of ‘asporogenous’ bacteria on infected roots as a
forerunner to TAD. These bacteria are most probably gram negative
fluorescent pseudomonads (Weller, 1983). Such organisms are thought to
be strong candidates for biological control because of their ecological
and physiological characteristics. They grow quickly in the rhizosphere
which 1is their natural habitat (Rouatt & Katznelson, 1961), are
nutritionally versatile (Stolp & Gadkari, 1981) and produce antibiotics
(Leisinger & Margraff, 1979) and siderophores (Misaghi et al., 1982)
which inhibit phytopathogens in vitro. Fluorescent pseudomonads quickly
colonize roots and are present in lesions caused by Ggt (Rovira &
Wildermuth, 1981). Most importantly it appears that they can be
introduced and become successfully established in the rhizosphere and on
the rhizoplane of wheat (Weller, 1983).

Field results have been variable although there have been some

promising reports of suppression with a concomitant 20% increase in yield

77



(Wellexr, 1983; Weller & Cook, 1983). Other bacteria héve been reported
to show antagonistic activity to take-all in the field and Capper &
Campbell (1986) observed a 50% yield increase using a Bacillus sp. under
dry conditions on a very organic. soil where take-all occurred naturally.

Biological control of take-all by other micro-ofganisms has also been
reported, e.g. soil amoebae (0ld & Patrick, 1979; Chakraborty & Warcup,
1985) and fungi (Wong & Southwell, 1979; Simon, 1989) with promising
reports of cross-protection well documented by Deacon (1973).

Considerable public and commercial sector funding is being allocated
to biological control of take-all in Australia and the USA, although it
is now generally accepted that no single organism or combination of
organisms is likely to be effective under all conditions of wheat
production, especially in complex, fertile soils such as those in the UK.
The main research approaches to controlling take-all by BCAs world-wide
are:

i. To elucidate the mechanisms of action of BCAs with regard to
root colonization, antibiotic production and genetic control.

ii. To assess the performance of combinations of BCAs, using up to
four bacterial strains and possibly fungi.

iii. To study interactions among BCAs in combinations (and the role
of 'promotor’ strains, which on their own have no apparent biological
control activity). .

iv. To relate performance of BCAs to a range of soil variables with
the  aim eventually of identifying optimal combinations for specific
situations.

5.3.3. Mode of Action

The mechanisms of suppression and cross-protection have been
reviewed by Rovira & Wildermuth (1981) and Wong (1981), respectively, and
it is thought unlikely that the same mechanism will be operating in all
environments. In a naturally-occurring situation build-up and maintenance
of suppression will probably depend on soil fertility, quantity of plant
residues and the levels of pathogens and antagonists that they carry,
soil temperature and moisture and the length of time between crops.

Several proposals have been put forward as to possible modes of
action of the agents involved in take-all antagonism. Some may be non-

specific, e.g. factors related to colonization such as competition for
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sites and nutrients (Weller, 1983) and root stimulation (Weller, 1985)
or production by bacteria of siderophores which have a higher
iron-binding ability than fungal siderophores (Wong, 1985). Other modes
of action may be more specific, e.g. production of secondary metaboliteé
which are specifically antagonistic to certain other micro-organisms
(Weller & Cook, 1983; Gurusiddaiah et al., 1986). Antagonists may cause
hyphal lysis on the wheat roots (Campbell & Faull, 1979) or even inhibit
the trophic response of Ggt to the wheat root (Pope & Jackson, 1973).
This work is actively continuing in other countries, e.g. the.USA, but
not to any extent in the UK.
5.3.4. Factors affecting BCAs

Much of the experimental work which attempts to determine the
mode(s) of action of particglar BCAs has been carried out under
controlled conditions in the laboratory or glasshouse. Whilst it is
important to understand how a BCA effects its control it is also
important to understand how that control is affected by environmental
factors such as temperature, soil texture, pH, soil matric potential and
the activity of other micro-organisms. For example, it is known that
soil matric potential can affect root colonization by fluorescent
pseudomonads, soils with‘very high available water probably providing
inadequate oxygen for bacterial multiplication, whilst in very dry soils
there is inadequate water available to maintain cell turgor (Howie et
al., 1987). Soil pH in particular has been shown to affect colonization
(Weller, 1988) and uptake of ammonium nitrogen, by decreasing pH at the
root surface and enhancing the environment for take-all-suppressive
organisms (Christensen & Brett, 1985). The degree of toxic activity of
antifungal compounds produced by micro-organisms is also affected by pH
(Brisbane & Rovira, 1988).

5.3.5. Experimental results

Despite variable results in field trials some successes have been
achieved (Weller & Cook, 1983; Capper & Campbell, 1986). In recent ADAS
trials, BCAs (suppressive bacteria applied either as a seed treatment,
or in alginate beads) have yielded variable results in terms of
significant yield benefits. Positive effects (decrease in root infection
or increase in yield) were observed in approximately 80% of treatments

over a seven year period, but the differences were not always
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statistically significant. Soil pHs have been generally higher in UK
trials than those in the USA, e.g. Weller & Cook (1983).

Seed coating proved to be an appropriate method of application in
that the organisms were in intimate contact with the radicle as it
emerged. However, problems have been encountered when coating seed
already treated with the fungicides triadimenol and fuberidazole
(Baytan) . Biologiéal and chemical seed treatments need not necessarily
be mutually exclusive but the order of treatment was found to be
important, e.g. the seed must be coated with bacteria before treating
with Baytan otherwise phytotoxic effects in the form of reduced
emergence are observed due to fungicide penetrating the seed coat during
bacterization. Additionally, asporogenous bacteria such as pseudomonads,
if used for seed coating, need protection from desiccation if they are
to survive in adequate numbers for any period of time, e.g. up to one
month. ]

Preliminary studies on the colonization potential of BCAs indicated
that there may be a differential response between wheat cultivars to such
agents.

Results of ADAS field experiments are summarized below.

1983 Promising results were obtained by the addition of Bacillus
pumilus to spring wheat at sowing on loamy fen peat, pH 7.5. A

significant reduction in infection and an increase in yield were observed

"in this very dry year (Capper & Campbell, 1986).

1985/86 Bacillus pumilus and B. cereus var. mycoides gave slight
decreases in root infection and increases in yield: variability was such
that yield increases up to 16% were not statistically significant.

1987 Pseudomonas fluorescens, strain 13-79, showed a slight but not
significant yield increase when applied as a seed coating to wheat sown
in London clay soil, pH 6.9-7.5. The use of alginate beads for inoculum
delivery was promising in that 50% of alginate treatments out-performed
the control.

1988 At Arthur Rickwood EHF the take-all rating was significantly
reduced (P < O.QS) by P. fluorescens, strain 13-79, applied as a seed
coating and by P. fluorescens, strain 2-79, applied in alginate beads.
In a trial in Northamptonshire on loamy drift over Oxford clay, pH 7.0,

seminal root infection was significantly reduced by strain 2-79 in
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alginate beads (with or without strain 13-79), or as a seed coating.

The field trials are continuing.

Related laboratory studies investigated delivery methods for BCAs and
their colonization potential on wheat roots. Although applications of
BCAs very readily achieve about 10% cfu per seed, they afford little
protection to the organisms and can interact with seed treatment
fungicides (e.g. triadimenol) resulting in increased phytotoxicity and

placing constraints on chemical applications. ©Perlite granules were

~unsuitable as carriers because they could not be coated with sufficient

bacteria. Alginate beads showed more promise, with initial levels of c.
107 cfu of bacteria per bead, decreasing to 10“-10° cfu after storage at
22°C for six months. The beads also acted as foci of inoculum which gave
a sustained, slow release of the organisms. In pot experiments the
levels of take-all infection and the reduction in infection achieved with
BCAs were greater in cvs Avalon and Wembley than in cvs Axona, Brimstone,
Brock, Fenman, Mercia, Minaret or Norman. P. fluorescens 13-79 applied
either in alginate or as a seed treatment significantly reduced infection
in both Avalon aﬁd Wembley. Significant (P<0.05) decreases in infection
were also achieved in cv. Avalon using Bacillus spp. in alginate beads.

An ADAS study of biological control in the context of rotation
involved the introduction of an experimental fungus at the beginning of
a cereal sequence. In the second year the fungal BCA and winter oats,
grown as a mixture with winter wheat, significantly reduced take-all
during the winter.

In 1989 a two-year investigation integrating BCAs and fungicides to
control take-all in sequences of wheat was started. Two bacterial BCAs
(P. fluorescens biovar D), a fungal BCA and a fungicide are being
compared with organomercury seed treatment and a control. In the first
year the treatments were applied to a first wheat crop following a break.
None of the BCA treatments affected take-all significantly at any of four
sites in either year of the sequence.

5.4. Integrated control
5.4.1. Background

Integrated control may utilize different methods of control that

affect different stages of pathogen development in a cumulative and

beneficial manner that may also decrease other diseases such as eyespot
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and sharp eyespot. For example, the use of ammonium fertilizers to
decrease soil receptivity (conduciveness), fungicide treatment of the
seed (triadimenol) or the seed bed (nuarimol) to delay infection and the
selection of a wheat variety (cv. Arminda) to delay infection and slow
lesion development produced promising decreases of take-all in France
(Cavelier, 1989).

Precedents for the success of such systems can be found in the
literature, e.g. in the control of onion white rot (Abd-El Moity et al.,
1982).

The various components in an integrated system must not affect each
other deleteriously and should preferably enhance each other. Thus
research to develop practical integrated approaches involving BCAs is
unlikely to proceed far until field-effective BCAs with established modes
of action are developed, and more is known about the effects of agronomic
practices and agrochemicals (fertilizers and herbicides as well as
fungicides) on the biological balance in the soil. It is important that
BCAs remain effective under the normal agricultural practices to which
they will be exposed so that further constraints on wheat production are
not introduced. From an environmental viewpoint the effects of chemicals
and any microbia} introductions (particularly of genetically manipulated
organisms) on the soil microflora must be ascertained in order to
determine appropriate usage and allow for informed legislative control.

5.4.2. Recent research in the UK and France

Despite optimism in the literature for such measures as seed
treatment, particular types of fertilizers, or biological controls, no
single treatment has emerged for effective universal control of take-all
in second or subsequent cereal crops. A series of experiments was begun
at Rothamsted in the 1985-6 season to compare some of the most promising
treatments (Table 20) and farming practices, separately and in
combination, on sites considered to be at risk from take-all. Although
the practicalities of applying the treatments on a farm scale were not
a consideration at that stage, it was envisaged that any treatments which
consistently ach%eved significant decreases in combination would form the
basis of a package of treatments for recommending to farmers.

Table 21 ranks six factors according to their effectiveness against

take-all over three seasons in the Rothamsted experiments. The value of
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Table 20. Treatments tested in multifactorial experiments

at Rothamsted

Factor Standard treatment » Test treatment

Sowing date Early (September) Late (mid-late October)

Soil fungicide None Nuarimol (1.1 kg/ha)

Seed treatment Organomercury Triadimenol plus
fuberidazole

Autumn N None 60 kg N/ha as ammonium

nitrate (Nitro-Chalk) at

sowing
N time Single application of Divided application,
200 kg/ha in April 40 kg/ha in Feb./Mar.,
then 160 kg/ha in April
N form Ammonium nitrate in spring Ammonium sulphate in
(Nitro-Chalk) spring
delayed sowing is emphasized. The soil fungicide (see also 5.2.) was

consistently the next most effective treatment, but the seed treatment
was more erratic in its effects. Autumn nitrogen was sometimes
effective, and other effects of fertilizers were slight and infrequent.
There were relatively few significant positive interactions among
treatments, and these mostly involved sowing date. Interactions which
increased disease were more frequent. Table 22 lists the number of
occasions in two seasons in which the test treatment contributed to least
disease (measured as TAR) and greatest yield in any three-factor
combinations, regardless of whether or not the interactions were
statistically significant. (Such interactions were not determined in
1986 because a full replicate of the factorial experiment was not used.)
In 1987, late sowing resulted in poor yields because of poor plant
emergence; in other years late sowing resulted in greater yields because

of less take-all. All test treatments except divided N application in

spring contributed to least disease in the majority of combinations, but

it is evident from these experiments that recommendations for a package

of treatments for minimizing take-all can not be made with confidence.
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Table 21. Single factors ranked according to their

effectiveness against take-all in experiments at

Rothamsted
Mean ranking - Number of significant, positive
all assessments main effects out of a total of

8 assessments, including % and

logits of %

Test treatment 1986 1987 1988 All 1986 1987 1988
years
Late sowing 1 1 1 1 7 8 8
Soil fungicide 2 2 4 2 0 6 0
Triadimenol sd tr 6 3 3 3 0 6 1
Autumn N 5 4 2 4 0 3 6
Divided N= 3 6 6 5 1 0 0
Amm. sulphate 4 5 5 6 0 0 0

sd tr, seed treatment; Amm, ammonium; ¥, rankings include Feb/Mar

samples, taken before divided N applications were made.

The priority recommendation is the avoidance of early sowing of crops at
risk from take-all.

A series of related experiments was conducted in different conditions
at Le Rheu, France in 1987-9 (P. Lucas, pers. comm.), following somewhat
similar experiments with broader objectives (Lucas et al., 1988). These
experiments also showed the value of delayed sowing (tested in 1987-8)
and fungicides. A late effect of ammonium sulphate, tested as an autumn
treatment at Le Rheu, in early-sown plots may have resulted from a
gradual build up of antagonistic micro-organisms (P. Lucas, pers. comm.).

Take-all assessments were also made in a similar series of factorial
experiments at Boxworth in 1984-6 (Werker & Gilligan, 1990). The results
were generally similar, although take-all was less severe and differences
between early and late sown plots seen in early samples were not
maintained through to the summer.

In a further factorial experiment at Rothamsted in 1988-9, in which

take-all in June was on average only slight, the seed treatment, N timing
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Table 22. Number of contributions (maximum 10) made by each
test treatment to the smallest take-all rating (TAR) or
greatest yield in three-factor combinations in experiments

at Rothamsted

1987 1988
Test treatment TAR Yield TAR Yield
Late sowing 10 0 10 10
Soil fungicide 10 10 10 1
Triadimenol seed tr. 9 3 10 6
Autumn N 7 10 10 10
Divided N 5 4 0 10
Amm. sulphate 7 10 8

tr., treatment. Amm., ammonium.

and N form factors were replaced by seed rate (200 v. 100 kg/ha) and
spring N rates (100 v. 150 v. 200 v. 250 kg/ha). The disease was affected
less by late sowing than by soil fungicide and reduced seed rate. Late
sowing decreased the incidence of infection overall, but moderate and
severe infections were decreased only at the higher seed rate. Other
interactions were rare.

In a comparison of the control measures that have been tested in the
field at Rothamsted, BCAs have been mostly ineffectual and are not
therefore. ranked with those factors (sowing date > fungicides >
fertilizers) that have decreased take-ail. TAD on the other hand is one
of the more effective and reliable ways of decreasing disease. This
conflicts with the impression created by some research reports (mostly
from overseas) and popular articles that have promulgated the views
expressed in such reports.

5.5. Take-all control in a world-wide context

In Australia‘ﬁhere are more reports of successful use of fungicides
such as benomyl: and triadimefon against take-all than in Britain.
Bateman (1989) suggested that similar fungicide effects in Britain’'s

fertile soils with their greater yield and proportionally smaller losses
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REGIONAL YIELDS & APPARENT IMPACT
OF CONTROL MEASURES

Take all

0 1 2 -3 4 5 6 7 8 9 10
" Yield (t/ha)

Figure 11. In regions where take-all is a problem its effects on yield
tend to be proportionally similar and control measures (stippled arrow)
are generally more effective in lower-yielding regions (details in
text).

from take-all were less noticeable. The question of whether losses in
infected crops in Britain are proportionally smaller is debatable.
Figure 11 puts together some ideas arising from work with artificial
inoculum on spring wheat. The yields of uninfected crops in Australian
experiments were about 1 t/ha and the most infected crops yielded about
half that. Work at Rothamsted also showed almost a halving of yield
over the range of disease created by using artificial inoculum (see
6.4.2.), when uninfected crops were yielding 7 t/ha. Figure 11 also
shows what 50% reductions would look like for a good winter wheat yield
and a 5 t/ha cereal. 1If similar, proportional disease effects occur in
different countries, the absolute losses per ha of infected crop will be
much greater in. high-yielding regions. In the UK generally larger
yields, unawareness of a take-all problem in fields not showing patches

and recent grain surpluses may have conspired to mask this point. Maas
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et al., (1989) reported even bigger yield reductions of up to 72% in
South Africa using relatively huge amounts of artificial inoculum, but
their unusual method of assessing disease makes comparison with other

results difficult.

Table 23. A simple scheme showing some characteristics of
wheat production in different parts of the world in
relation to some factors which affect take-all (full

explanation in the text)

System Trends

Inputs High « Low
Fertility High + Low
Yields (t/ha) 6.0(UK) 2.3(USA) 1.9(S. Am.) 1.5(AUS)
Factors . Effects in relation to trend above

TAD Classical Different or none
BCAs Weak Some large
Other¥* Small Some large

AUS, Australia; S. Am., South America

*, Fertilizer treatments (Mn?', NH,*, Cl1°)

The accumulating experience that control measures that work in
Australia and elsewhere are ineffective or unimpressive when applied in
the UK is worth further consideration (Table 23). Cereal soils in the
UK are generally more fertile than in many regions outside Europe.
Further, the UK cereal production system uses much greater inputs: e.g.
an average of 189kg N/ha for winter wheat in 1989, compared to
relatively little or none in Australia; much use of pesticides compared
to 52% of wheat produced without pesticides in the USA (Scott, 1990).
Because spring_wheats may suffer from take-all more than winter wheats
and may rely more on their seminal roots, the relative importance of the

two kinds of wheat in different countries also needs to be taken into

87



consideration. The national average yields of wheat given in Table 23
are a crude categorization, pooling all sorts of data: the figure for the
USA, for example, contains winter, spring and Durum wheat and average
winter wheat yields for individual states range from 1l.7t/ha in New
Mexico to 6t/ha in Arizona. There is some indication that reports of
successful control of take-all may be related to this trend. At the high
fertility end, take-all decline is well-documented and of the classical
kind which follows a peak of disease in consecutive cereal crops.
Moving towards lower fertility, TAD becomes weaker, less frequent,
ephemeral or is absent. Many of the other factors that affect take-all
do so most convincingly in regions that would be located some way alohg
this scale. Forms of N, chloride fertilizers and Mn deficiencies are
all factors that have had greater effect in the USA than in the UK.
Systems for growing wheat that are mostly alien to British farmers
(irrigation, double cropping with soya beans and alternating cereals
with self-regenerating legume pastures) are also encountered along this
trend. Although long regarded as an ecologically-obligate parasite with
a low competitive saprophytic ability, the take-all fungus is now
reported to grow through soil in Australia. This is probably because

the soils in question are low in organic matter, total nitrogen and have

low cation exchange capacities. Western Australian soils seem to

support more take-all fungus and the fungus seems to be more infectious
than in UK soils (see 2.3.5.). Claims for simple systems that predict
take-all and cdonviction that resistance exists amongst cultivars (see
Figure 2) tend not to be associated with the high fertility. It may be
that the high fertility-high input system presents a biological buffer
that is not easily overcome by single BCAs, which appear to achieve
effects in 1less fertile regions. TAD may be a phenomenon more
characteristic of high fertility regions, where only robust,
multi-component systems can influence take-all significantly.

Usually liming increases take-all and ammonium sulphate fertilizer
decreases it (Table 24). The mechanisms for this are not known, but
explanations for the effects of liming are changes in soil pH and
predisposition of the host as nutrients such as Cu, Mn, Fe, Zn and Mg
become less available at higher pHs. The effect of (NH,),SO, has usually

been explained as an interaction between some or all of these. The
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following examples will suffice to make the point that many factors
interact:

i. In Australia applications of ammonium sulphate favour the
antagonist Trichoderma, which suppresses the take-all fungus.

ii. In Switzerland certain fluorescent pseudomonads produce HCN,
which suppresses take-all. The production of HCN is induced by iron and
the availability of iron depends on the type of clay mineral in the soil
[Fe is available in vermiculitic, but not illitic soils]. Hence there
is a soil type effect.

iii. In the USA dissolution of Mn in soil as Mn?' [manganous ion]
is promoted by low pH (HY), electrons or reducing power and low O,
tension. These transformations are favoured by NH,*-N, superphosphate
fertilizer and organic matter, all of which have been reported to affect
take-all. Mn may be unavailable to the plant because of microbial
oxidation. Mn-oxidising populations increase response to NO; -N. Table
25 shows many associations that have been observed for take-all,
nitrification and manganese availability. It is now suggested (Huber,
1990) that the concept unifying the effects of pH and forms of nitrogen

in plant disease is the availability of Mn.

Table 24. The effects of applying lime or ammonium

sulphate
Lime Ammonium sulphate
Take-all Increased Decreased
Proposed mechanisms pH Interactions among
Host microbes, nutrients
disposition and pH

5.6. Decision making and forecasting

In the last decade take-all has waxed and waned in intensity and has
developed a disturbing tendency to reach damaging levels more frequently
in second wheats than in earlier years. Weather, early sowing, and
oilseed rape in rotations all may have a bearing on this (see 2. and

4.).



Table 25. Conditions affecting take-all and their effects on

nitrification and manganese availability (from Huber, 1990)
Effect on:

Condition Take-all Nitri- Mn

fication availaBility

Nitrate nitrogen I I D
Liming I I D
Animal manures I I D
Previous crop - soya bean I I D
- alfalfa I I D
Alkaline soils I I D’
Loose seedbed I I D
High soil moisture I I* D*
High plant populations I - D
Short runs of cereals I - D
Plant stress I - D
Ammonium nitrogen D D I
Fertilization - manganese D - I
‘ - chloride D D I
Nitrification inhibitors D D I
Acid soils "D D I
Previous crop - oats D - I
- lupins D D I
Tolerant cultivars D - I
Late sowing D - I

I, increased; D, decreased; *, variable with some other conditions
-, unknown effect

Take-all of cereals is an example of an important disease where
changes in incidence and severity have occurred over a period of years,
but have never been properly explained. During the last two decades

epidemics of the disease have been monitored at Rothamsted and Woburn.
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The Woburn case 1is particularly interesting because the observed
fluctuations are thought not to be complicated by previous cropping,
which means they are 1likely to be more directly weather-related.
Identifying which factors have been important, however, is difficult.
Potential soil moisture deficit (PSMD) is often considered important.
In the last 20 years annual averages for PSMDs were dominated by a very
dry year (1976), otherwise they show a weak trend towards wetter soils.
Increased disease in the 1980s may have been affected by changes in PSMD
(Figure 12), but there is clearly a need for much more detailed analyses
of weather and take-all data.

5.7. Recommendations for research

5.7.1. Fungicides ‘

i. The need for fungicide treatments should be evaluated by: a)
surveys to assess the importance of the disease; b) determining the
reliability of risk assessments; c¢) improving estimates of yield loss
from take-all, allowing economic evaluation of treatments to bg made.

ii. Highly active fungicides with appropriate physico-chemical
properties (already identified) need to be found, probably by a programme
of synthesis.

iii. Slow-release formulations, for use as seed coatings or soil
treatments and preferably using non-persistent soil-mobile compounds, and
other methods of application, e.g. in the seed furrow as granules, need
to be investigated.

iv. Programmes of synthesis and testing of phloem-mobile compounds
need to continue.

v. Relationships among seed treatment fungicides (triadimenol and
related compounds), sowing date, host crop and cultivar, nitrogen uptake
and other aspects of host plant éhysiology merit detailed study.

5.7.2. Biological control

Breeding for resistance to take-all is attractive but has not been
achieved. Many cultivars have been screened for resistance with little
success. The possibility of transgenic wheat needs consideration. The
current level of information both from the literature and from practical
experience is incomsistent in relation to the benefits claimed to be
achievable by the use of BCAs. Promising results have been achieved in

environmentally controlled situations or in artificially infested fields
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Figure 12. Changes in potential soil moisture deficit (annual averages)
and the incidence and severity (in July) of take-all in continuous spring
barley in a field at Woburn, Beds., 1969-89. B = potential soil moistufe

deficit, A = % plants infected, @ = % roots infected
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but results are more variable in the field with natural infestations.
Such conflicting results make it difficult to put forward an
unequivocally positive case for the use of BCAs at present.

Inconsistent field results are perhaps to be expected until a) the
ecology of BCAs, b) the interactions of BCAs with the root and the
pathogen in the rhizosphere and c¢) the interactions of BCAs with
environmental factors, including those which are controllable to some
extent (e.g. soil pH) and those which are uncontrollable (e.g. weather
patterns) are better understood. Much fundamental work still has to be
done in such areas and there appears to be little funding available in
the UK at present for such work.

The commercial requirement of ‘reliability’ will not be achieved
until the mysteries of root colonization, host specificity of effective
agents, sites of action and the biological characteristics that
contribute to the ability of a BCA to suppress the pathogen are resolved
for the practical situation. If these characters can be determined it
might then be possible to enhance desirable properties in an agent by
genetic manipulation techniques and also to tailor organisms to
environments because it is unlikely that isolates will be transferrable
from one environment to another. ‘

The alternative to enhancing the BCAs that are currently available
is to continue to screen potential BCAs in the laboratory and field for
antagonistic activity. This is time-consuming and laborious, but it is
the method most 1ikeiy to produce new antagonists in the short term and
ideally should be done in parallel with the fundamental work.

Effective delivery systems for the BCAs must also be found. Seed
coating, although effective, can be restrictive and alternative means of
delivery may be needed to provide easy handling and an acceptable
shelf-life.

Finally, there is a need to investigate the use of root-stimulating
organisms to decrease the effects of disease, rather than to control it,
and to study manipulation of the soil environment to stimulate the

development of antagonistic organisms (e.g. Lennartson, 1990).
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CHAPTER 6. EXPERTMENTAL AND PRACTICAL PROBLEMS

6.1. The pathogen

This section describes the practical problems of differentiating the
take-all fungus (Ggt) from fungi in related taxa and briefly summarizes
the taxonomic background.
6.1.1. Background and literature

Gaeumannomjces is a genus of ascomycete fungi which has four known
species which infect roots of grasses and cereals, or sedges. Ihey
produce characteristic ectotrophic mycelial growth and hyphopodia
(appressorium-1like hyphal swellings). The taxonomy of Gaeumannomyces was
reviewed thoroughly by Walker (1981) and only a brief summary will be
given here. The visual appearance of members of this complex of fungi
on host plants and in culture were discussed respectively by Deacon
(1981) and Cunningham (1981).

G. graminis and G. cylindrosporus infect cereals and grasses and G.
caricis occurs on sedges. Other poorly defined taxa are known, including
two more from sedges. A fourth species, G. incrustans, isolated from
turf grass roots in the USA, was recently described (Landschoot &
Jackson, 1989). The species are differentiated mainly by ascospore
morphology.

The three varieties of G. graminis, vars graminis (Ggg), tritici
(Ggt, the take-all fungus of wheat and barley) and avenae (Gga) are

differentiated by ascospore size and hyphopodial structure (the

. hyphopodia of Ggg are characteristically lobed) as well as having

different host preferences. Ggg is widespread on grasses and causes a
sheath rot in rice; Ggt is most commonly associated with wheat and barley
and Gga with oats and turf grasses. Some oat-attacking isolates of G.
graminis with ascospore characteristics of Ggt have been described from
Australia (Yeates, 1986a).

Whilst rye is generally less susceptible to Ggt than are wheat or
barley, isolates with increased pathogenicity to rye seedlings (R-
isolates) have been identified in cereal crops in Britain and other parts
of Europe (Hollins & Scott, 1990). They seem not to show particular
preference for rye crops, however, and occur in mixed populations with
normal, or N-isolates, and isolates with intermediate pathogenicity. The

taxonomic and ecological significances of their distinctness from the N-
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isolates are unknown. Some of these isolates have been shown to be
distinct in their effects on disease and yield in the field (T.W.
Hollins, pers. comm.).

A variety of in vitro and in vivo methods are available for inducing
perithecial production by these fungi, but different methods are suited
to different fungi and some isolates, which fail to produce perithecia,
remain of uncertain affinity (Holden & Hormby, 1981).

The conidial (asexual, or anamorphic) state of Gaeumannomyces is
Phialophora. P. graminicola, frequently found on grass and cereal roots
and often associated with natural biological control of take-all, is the
conidial state of G. cylindrosporus (the full demonstration of this
relationship has recently been completed at Rothamsted). In Australia
and South Africa Phialophora isolates with lobed hyphopodia are regarded
as anamorphs of Ggg and some produce perithecia. Perithecia of Ggg have
been induced less frequently on plants inoculated with English isolates
of Phialophora sp. (lobed hyphopodia) (R.J. Gutteridge, unpublished).
Scott (1989) suggested that South African isolates of Phialophora sp.
(lobed hyphopodfa) from Italian millet are states of Ggg in which the
ability to produce perithecia has been lost as a result of adaptation to
dry conditions; this is wunlikely to be the case for British non-
perithecial 1isolates. Other Phialophora spp., e.g. P. zeicola,
identified from South Africa and Brazil, do not have perithecial
(teleomorphic) forms in the genus Gaeumannomyces.

Phialophora sp. (lobed hyphopodia) and P. graminicola can often be
differentiated additionally on the plant by vesicles in the root cortex;
these are smaller in P. graminicola (Deacon, 1981). However, vesicles
of intermediate size hdve been observed in cereal roots from some fields
at Rothamsted (R.J. Gutteridge, D. Hornmby, unpublished) suggesting that
vesicle size may not always be diagnostic, or that intermediate or
otherwise different forms exist.

Serological andi molecular biological techniques are being used
increasingly to assist in establishing taxonomic relationships among
fungi and other organisms. Fungi in the Gaeumannomyces/Phialophora
complex are amenable to these techniques. Diagnostic kits based on
serological reactions of fungal (and viral) pathogens are an increasingly

realistic prospect since the development of ELISA and related techniques,
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and some are already a&ailable commercially for certain pathogens, but
not the take-all fungus. Molecular techniques would be less amenable as
a means of providing rapid diagnoses in crops, bu; have potential for
identifying fungi in laboratory work.

The close relationship amongst varieties of G. graminis was
demonstrated by their similar serological reaction (Abbott & Holland,
1975). Abbott (a pers. comm. in Walker, 1981) also found that the
serological reactions of Phialophora sp. lobed hyphopodia from Britain
and Ggg were identical.

Electrophoretic methods to produce soluble protein patterns have
indicated a closer relationship between Ggt and Gga than between either
of these and Ggg (Abbott & Holland, 1975). In more recent work, similar
protein patterns were found for different isolates of Ggt, but isolates
of Phialophora spp. with similar colony morphology in culture produced
patterns which differed from those of Ggt to different extents (Maas et
al., 1990).

Another molecular technique, that of comparing restriction fragment
length polymorphisms (RFLP) using DNA probes has shown similarities among
isolates of G. graminis which infect the same cereal (wheat, rye or oats)
(0'Dell et al., 1987), but this work apparently did not-progresé beyond
the preliminary stages.

6.1.2. Identifving the fungi in the UK

Walker’s (1981) detailed studies demonstrated that much remains to
be learned about the evolutionary relationships among fungi of this
group. They are root pathogens and ectotrophs of turf and other grasses
and cereals and can occur on other plants; some, notably Ggt, are
damaging pathogens and some suppress the pathogenic activity of Ggt.
Their identification in culture and on the host plant can be difficult
and their symptoms on roots can be confused. Our understanding of the
bioclogy of take-gll would benefit from clarification of the taxonomic and
ecological relationships among the fungi in the complex and by improved
methods of identifying them.

Ggt 1s the fungus which causes take-all in wheat and barley in the
UK and other cereal-growing areas of the world. It is commonly found in
association with other taxa in the complex. The present status of Gga

in the UK 1is unknown, although it has been found in the past, notably in
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Wales (see 6.2.). There is no evidence for the presence of virulent oat-
attacking isolates of Ggt in the UK, although take-all lesions are
occasionally found on oat roots early in the season, but seem not to
develop further, and some Ggt isolates clearly infect oat seedlings in
pot tests. P. graminicola is common in the UK and is thought to be a
major cause of the delayed onset of take-all in sequences of cereals
following leys. Phialophora sp. (lobed hyphopodia), although by no means
rare, is apparently less common in the UK. Tests on pot plants, however,
suggest that it has even greater potential for suppressing take-all than
P. graminicola, as well as an ability to stimulate root production.

6.1.3. Recent research in the UK

The relationships within the Gaeumannomyces/Phialophora complex are
being investigated currently by ELISA and DNA methods at Rothamsted,
using a common range of isolates for both approaches. Although in the
early stages, both of these are proving to be promising lines of
research. -

Reactions on ELISA plates to polyclonal antiserum raised to an
isolate of Ggt have suggested a closer relationship between the varieties
of G. graminis than between G. graminis and other species.

A mitochondrial DNA fragment cloned from Ggt in the USA (Henson,
1989) is being used to compare RFLPs of the isolates. Whilst Ggt and Gga
isolates are clearly different from Ggg, Phialophora spp. and G. caricis,
there are indications of slightly varying DNA patterns among isolates of
Ggt.

6.2. Host-parasite interactions

The concept of a wheat take-all fungus (Ggt), which does not a;tack
oats and an oat take-all fungus (Gga, or OTAF) which does, has been
shaken by the dfscovery in Australia of oat-attacking isolates of the
wheat take-all {fungus (OATAF) . In the UK oats serve as a
non-susceptible break, but in Australia they are a carrier. 1In the UK
the OTAF has traditionally predominated where oats are grown (Wales,
Scotland and Cumberland: Garrett & Dennis, 1943), but it has been
reported only infrequently in ‘the last two decades. It is also
apparently absent in Australian cereal crops, perhaps because of annual
grasses in the alternating pastures and the climate. It is suggested

that the OATAF is a specific race.
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Dark mycelial colour is not an essential prerequisite for the
functioning of the enzyme avenacinase in oat-attacking G. graminis
isolates; this and cysteine tolerance are unlikely to be useful in
identifying taxonomic varieties of Australian isolates (Yeates, 1986b).
The transfer of avenacinase to the take-all fungus is a possible way to
test ideas on pathogenicity. The genetic and biochemical basis for
pathogenicity 1is currently being investigated in a study of the
properties of avenacinase (Osbourn et al., 1989). The results so far are
consistent with the view that the enzyme contributes to the pathogenicity
of Gga on oats.‘

6.3. Field experiments
6.3.1. Design

Experimental design is the arrangement of experimental units to
optimize error control against a background of environmental variability
and practical limitations. In practice, however, experimental designs
are more commonl§ determined by tradition and their suitability is seldom
questioned. This is particularly true for the randomized block design
and the use of large plots amongst which relative homogeneity of
environmental conditions within the blocks cannot be confidently
predicted. Horﬁby et al. (1983) demonstrated significant effects of
systematic field variation and interactions between field variation and
weather on yield of spring barley in years when take-all was slight. The
decision to adopt one particular experimental design may involve a number
of specific cohsiderations (Gilligan, 1990b), e.g. the number of
treatments, replication, plot shape, plot size and block size. Possible
designs range from the simple complete randomized block to more complex
incomplete blocké, nested and fractional replication designs. The use
of any particular design should be determined by the number of treatments
and the scale of}important environmental heterogeneity (if known).

Treatment effects are tested against the residual variation amongst
the experimental units, which may include imprecise plot estimates,
caused by inadequate sampling techniques (see 6.3.3.) and lack of
environmental uniformity amongst the experimental units. Simple blocking
will not account for interactions between environmental differences and
treatments, which are indicated by a high residual mean square.

Treatments which are particularly sensitive to inoculum density and
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variation in the soil environment, or which have small effects, may be
tested in micro-plots in incomplete block designs to minimize within
block variability (see later this section). Variability arising from a
patchy distribution of inoculum may be overcome by use of artificial
inoculum (see 6.3.2.). Alternatively estimates of inoculum density and
distribution before treatment application may be used as covariates,
presupposing an unlikely linear relationship between inoculum density and
disease which may be resolved by logarithmic transformations. Such
covariates may be used also to allow for wvariable initial inoculum
densities and variable rates of disease increase in estimating and
describing disease progress. It may, however, be more appropriate to use
covariates pertaining to systematic field variation in soil fertilicy,
soil type and soil moisture (Hornby et al., 1983), hitherto unexplored
in relation to take-all. Whilst it remains to be demonstrated that
traditional blocking techniques can successfully and reliably account for
a significant amount of the environmental heterogeneity observed in take.-
all experiments: it may be rewarding to explore the use of nearest
neighbour models in take-all research.

Field experiments are frequeﬁtly laid out in plots the same width as
the seed drill (often 3m) and several times this in length. This area
is suitable for combine harvesting to determine grain yields per plot.
However, the unreliability of take-all epidemics and the distribution of
the disease in patches means that average disease levels may be too
slight to achieve a result (e.g. to show the effects of putative control
treatments) or that disease occurs at greatly different intensities in
different plots leading to ambiguous results. Sufficient replication of
plots and of sites to overcome these problems is usually impractical when
such large plots are used.

Novel procedures for field experiments have therefore been developed
to test candidate biological and chemical control treatments against
natural infections of take-all (Hornby et al., 1989). Small plots
(31x37cm) were grouped in two adjacent complementary clusters of four
(allowing six treatments plus two control plots) in a single replicate
'block-pair’ (2x1lm). It was argued that the area of each of these
replicates would be sufficiently small that the likelihood of a uniform

disease status of the plants occurring within it would be increased and
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consequently the precision of the experiments increased. In each year
there was multiple replication on each of two sites and some sites were
used in successive years by avoiding the re-use of block-pair positions.
An additional advantage of this approach is that only small amounts of
test materials are required. The disease assessment data for small plots
(as opposed to block-sized areas) consistently had a smaller variance in
the crop where take-all was at a maximum (i.e. the third cereal), but
small plots were less effective as a means of decreasing variability
after this peak. Comparing the variability of small plots, blocks within
block-pairs and block-pairs scattered throughout the experimental sites
in different seasons revealed evidence of changing disease patterns and
suggested more than one scale of disease pattern (summarized in Figure
13). This scheme fits sites at Woburn better than Rothamsted.

To provide fﬁrther information on the optimum size of sampling unit,
take-all was assessed on all plants in blocks of 16 x 8 small plots in
a third and two fourth wheats at Rothamsted and Woburn (unpublished).
Differently-sized sampling units were obtained by a progressive doubling
of the plot unit‘and the variance for each size calculated. Preliminary
analyses have shéwn that in the third wheat the variance increased from
that for small piots up to a maximum in the 2x2m sampling unit, which,
since the variance progressively decreased in sampling units larger than
this, may have been close to the average size of the take-all patches.
In fourth wheats variances decreased as sampling unit size was increased
from small plots to 2xlm areas and thereafter increased steadily for
bigger areas. This suggests a change in the scale of patchiness
resulting in both smaller and larger disease patches than were discerned
in the more severely diseased 3rd crop. Patch size was predicted better
from the number of consecutive cereals in the rotation than from the
severity of take-all in the patches. A

Sampling all the plants from very small plots often resulted in less
variable results than sampling areas four (where block-pairs were
scattered throughout a site) to sixteen (disease uniformity tests) times
larger, especially in crops in which take-all was severe. Sampling units
up to eight times larger than small plots tended to produce the smallest
variances after there had been a peak of take-all in a cereal sequence.

All these areas are much less than conventional plot areas.
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Figure 13. A schleme which incorporates the changing patterns of take-all
suggested by data from successive wheat crops at Woburn during 1982-86.
The rectangles represent a field at three sampling times in four
consecutive crops. Medium-scale and small-scale patterns attributed to
disease foci, spread from foci and changes in disease intensity are
represented by circles. These occur on a background of a large-scale
pattern (represented as the three major divisions of the rectangle) which
is probably a site factor and is nearly always detected. O , strong
pattern. \:\/ , weak pattern. ﬁ , discontinuity in hosts, i.e. ’'between-
crop’ period. TAR, the take-all rating here has been divided by 100,
giving a range 0-3; D <l (slight), 1-<2 (moderate),
severe). From Hornby et al. (1989).
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6.3.2. Artificial inoculation

Artificial infestation of plots and fields has been used in research

on take-all of cereals, notably for testing the resistance of host
"cultivars and for testing fungicide treatments. The intention usually

has been to create predictable and uniform disease. Whereas stubble and
roots infected naturally with the take-all fungus have been transferred
from one field to artificially infest another (Prew, 1980), artificially-
produced inoculum has been used more frequently for infestation. It has
been prepared on suitable media such as agar, sterilized seed, meal or
straw, sometimes with an inert carrier such as vermiculite, and often
dried before use. Killed and colonized oat grains have been very popular
as a convenient inoculum, but Simon et al. (1987) considered them less
realistic than smaller grains because of their larger food reserves.

Cunningham (1981) described the requisites of artificially-produced
inoculum, emphasizing the need for virulent isolates of the pathogen, the
importance of the nutrient status of the medium and the tendency for
staling products to be formed in nutrient-rich media. The medium should
not influence greatly the performance of the host plant, either by
providing abundant nutrients, or unfavourably through toxins. The
inoculum may need to be in a form suitable for apﬁlication by farm
machinery.

When used in testing putative control treatments, biological or
chemical, artificially-produced inoculum should be placed so as not to
influence unduly the performance of the candidate treatment in favour of
control, unless the objeétive is preliminary screening or - the
investigation of relationships between infection sites and effects of
treatments (e.g. Garcia & Mathre, 1987). The close proximity of inoculum
and seed treatment fungicides may result in good disease control when
treated seed is planted after being mixed with inoculum, but the
performance of the seed treatment against natural infection can not be
predicted reliably.

Artificially-produced inoculum is used to test the pathogenicity of
isolates of the take-all fungus and for infection studies and.
epidemiological | research. There 1is, however, some evidence of
differences between natural and artificially-created epidemics;

artificially-produced inoculum can cause earlier disease as well as
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retardation of growth, shoot yellowing and wilting not present in
naturally-infected plants in the same location (Jensen & Jergensen,
1973). The survival of natural inoculum tends to be greater than
survival of the take-all fungus on artificially-colonized straw in soil
(MacNish, 1976). Cotterill & Sivasithamparam (1989) fognd that after an
artificially-inoculated first wheat crop there was more infection, which
was more evenly-distributed, in a second crop than in wheat which
followed a non-inoculated crop. Much of the infection in the crop after
the inoculated crop would have arisen from infected root remains (i.e.
natural inoculum) and this use of artificially-produced inoculum to
create more uniférmly-infested sites for experimentation in the following
year may overcome some of the objecfions to experiments on artificially-
inoculated crops. It is an approach that has been used by others for
fungicide testing and screening cultivars for resistance (Kollmorgen,
1985).

Artificially-produced inoculum has also been used to investigate the
relationship between amounts of take-all and grain yield (see 6.4.).
6.3.3. Sampling

Sampling strategy is concerned with the choice of sampling unit (e.g.
single tillers, 10cm lengths of plant row), the number of sampling units
(frequently determined by the availability of resources, in particular
the time taken for disease assessment) and the sampling procedure (e.g.
random or systematic). When the distribution of disease is patchy it is
desirable that as much of the area is sampled as possible. The most
accurate assessments of soil-borne disease result therefore from taking
large numbers of small samples rather than from taking small numbers of
large samples from a given area (Gilligan, 1982). However, the use of
numerous random sampling positions is often impracticable. Where
relatively few samples are taken from a large area, -a ‘W' pattern is
usually better than other patterns. of sampling positions, such as
parallel diagonal transects, which achieve a lesser degree of randomness
or greater variance (Delp et al., 1986).

Guidance on numbers of samples to take is frequently sought by
fieldsmen and advisers both for trials aimed specifically at take-all and
for other relevant trials where plot size and experimental design are

determined by factors other that phytopathological requirements. For
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monitoring combinable plot trials ADAS plant pathologists take 30 plants
from 0.0lha plots where there is six-fold replication, but only 10 plants
per plot on very large trials where factorial designs ensure much higher
levels of replication for individual treatments. There is currently no
simple general guidance against which to check in advance the adequacy
of such choices. In estimating the number of sampling unité for a
desired level of confidence, it 1is advisable that some functional
relationship between the variance and the mean is used to obtain reliable
sample sizes (Gilligan, 1990b). Not all field experiments require the
same degree of precision for estimating treatment differences and
alternatively sampling strategy may be based on management costs or
decision making griteria (Gilligan, 1990b).
6.4. Disease-yield relationships

Estimates of yield loss from take-all on a national scale have been
made for England and Wales (see Table 4 and section 4.1.), but their
reliability is doubtful because of the absence of detailed survey data
and the problems of associating take-all with yield loss in individual
fields (see below). There are also observations that some years which
favoured take-all also favoured high yields nationally. This section
describes attempts to determine losses attributabie to take-ail and
outlines some of the difficulties that beset such endeavours.

6.4.1. Theoretical background

Disease-yield relationships are concerned with the quantification of
loss in yield (dependent variable) per unit increase in disease
(independent variable). They may be simple, with the rate of yield loss
constant over a range of disease intensities estimated by a single
disease variable (single point models), or complex, with several
explanatory variables such as estimates of disease, host growth and
environmental factors (multiple regression models). A number of
independent variables may show correlation with yield and, more
problematically, amongst themselves, so choice of disease variables,
timing of the measurements and the statistical methods for selecting a
minimum number of variables to explain the maximum variability in yield
are important. However multiple regression models are multidimensional
and therefore difficult to visualize and interpret. They are frequently

concerned solely with explaining as much of the variation in yield as
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possible. The complex interactions, including the effect of disease on
host growth, the response by the host to disease and how these are
mediated by the enviromment, ‘are undoubfedly reasons why reliable and
repeatable disease-yield relationships are difficult to obtain.

Models for disease-yield relationshipé. James (1974), James & Teng,
(1979), Teng, (1985), Teng & Johnson (1988) and Campbell & Madden (1990)
have reviewed disease-yield relationship models.

Only single point models (Y=BO+B1.D+e, where Y is yield, BO and Bl
constants, D take-all and e a measure of error) have been applied to

describe the effects of take-all on grain yield. Efforts to improve the

relationship have concentrated on disease measurement and experimental

techniques for generating different amounts of disease. Estimates of
disease incidence have often been made only once, usually towards the end
of the growing season (Slope, 1967; Slope & Etheridge, 1971; Shipton,
1975). Shipton (1975) found that the incidence of severely-diseased
plants correlated better with Yield than did the incidence of infected
plants. Although they are popular, it is questionable whether single,
end-of-season estimates accurately reflect the effect of disease at a
specific time and the cumulative effect of disease as the crop develops
(Teng & Johnson, 1988). The shape of the DPC may be particularly
important in epidemics of long duration and where the .diseased portions
of the plant are distinct from those taken for yield (Teng & Gaunt,
1981), as in take-all. The progress of take-all can vary markedly with
cropping history, or with season and may be variable within seasons
(We;ker et al., 1991).

Extensions of single point models utilize one or more disease
variables which describe selected aspects of disease prdgress. Thus, in
the multiple point models yield loss is a function of disease estimated
at’ regular intervals throughout the growing season
(Y=BO+B1.D1+BZ.D2+...+Bn.Dn+e, where D1,D2...Dn are estimatgs of disease
at timés 1,2...n and B1,B2...Bn are the associated parameters). These
models have been recommended for long-duration epidemics with variable
infection rates (James, 1974). Decreasing the time interval between
successive obseévations is 1likely to lead to increased correlation
amongst the indépendent variables, but using the difference between

successive observations, or disease variables which summarize the
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relationship between the successive observations (e.g. the mean rate of
disease increase) may overcome this. These models identify high
correlations with yield loss and may therefore point to future models
that would need fewer samplings. A critical point model describes yield
in terms of the time of onset of the epidemic and the subsequent rate of
disease increase. In take-all, the time of onset of the epidemic may be
more difficult to determine than the time at which a certain critical
level ‘of disease incidence and/or severity occur.

Whilst the derivative of the DPC provides an estimate of the rate of
disease increase, the integral provides an estimate of the total amount
of disease the host has been exposed to throughout the growing season.
The integral of the function of disease progress between times tl and tn
is an estimate of the AUDPC for that period. It takes no account of the
shape of the di;ease progress curve and gives equal weight to disease
occurrences at all stages during the growing season. Including a rate
parameter, or partitioning the AUDPC into ‘critical’ stages in relation
to host growth are refinements. Alternatively, the AUDPC may be
described in terms of a function of both disease and time (Shaw & Royle,
1987), but such surface response models require much data (Teng, 1985).

The form of the yield-loss function. Without transformations of the
disease variable's and use of multiple regression models it is unlikely
that a straight line relationship is appropriate (Werker & Gilligan,
unpublished). A constant rate of yield loss is an over-simplification
of interactions between host, disease and environment. Disease tolerance
(surplus root function), stimulation of new roots and compensation by
non-diseased tillers result in a range of disease intensities for which
there is little or no loss in yield, otﬁerwise termed minimum thresholds
(Teng, 1985). There is some evidence for a threshold in the take-all
results presented by Prew et al. (1986). It is not known what the yield
loss function is between total absence of disease and a minimum
threshold. There may be a small but significant amount of yield loss
before compensation occurs, or there may be yield enhancement as in other
systems (Burleigh et al., 1972; Gaunt, 1980; Teng, 1985). Non-linear
models can incoréorate explicitly parameters to estimate both lower and
upper threshold levels (Seinhorst, 1965; Madden et. al., 1981; Madden,

1983), but evidence of an upper threshold above which no further loss
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occurs is weak. If root function is destroyed completely prior to grain
filling, then 100% yield loss may be expected, but a similar disease
severity achieved during grain filling is not likely to cause 100% loss.
In addition, what is perceived as 100% diseased roots may not mean the
total absence of a functional root system.

Factors which are known to affect yield independently of disease
(e.g. weather, soil type, date of sowing and soil fertility) need
quantifying. If the dependent variable is represented by the absolute
yield, then the disease-yield relatioﬁship will vary: the differences may
involve only the constant or vertical displacement of the disease-yield
relationship and therefore will not affect the estimated rate of yield
loss, or they may reflect different disease-yield relationships amongst
different weather patterns and agronomic variables. Methods for testing
such effects are akin to parallel curve analysis and are relatively
simple in statistical terms, but not always meaningful when there is a
high correlation between environmental <variables and disease.
Circumstances may arise in which yield is adequately defined in terms of
selected agronomic and environmental factors without reference to disease
(Werker & Gilligan, unpublished). An early attempt to quantify the
relative effects of environmental factors and crop damage explained 78%
of variation in wheat yields in Canada over a 10-year period (Sallans,
1948) .

Statistical considerations. In developing a disease-yield model
there may be many independent variables to consider, including some which
have a significant overlap of information. Procedures for 'picking-out’
significaﬁt explanatory variables, or 'dropping’ least significant
variables have been devised (Neter & Wasserman, 1974). The first
approach involves fitting all possible models (i.e. 2%, where N is the
number of independent variables) and selecting the best on the basis of
statistical tests. If the number of parameters is too large to test all
possible models, stepwise regression techniques may be used, either
adding explanatory variables to find the ones which cause greatest
reduction in the residual mean square, or dropping least significant
variables after all explanatory variables have been fitted. These
regression techﬁiques are powerful and relatively simple, but no

attention 1is paid to the biological interpretation of the order of
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variables added on, or to the combination of variables that give rise to
a 'best’ model. To overcome some of these problems an order of priority
in the addition of variables, based on biological, practical or other
criteria, may be introduced. Multiple regression models assume that
the explanatory variables exert independent effects on yield and that
correlation between variables has no significant effect on the validity
of using such regression techniques (Teng, 1985). More sophisticated
multivariate techniques (e.g. principal components analysis and canonical
correlation) have been used to select variables amongst which correlation
is minimized and have predicted yields of wheat using 12 explanatory

variables and explained 84% of the variation in yield (Stynes, 1980).

6.4.2. Practical approaches to assessing losses in grain yield and
quality .

Relationships between naturally-occurring take-all and grain yield
have been explored in a number of ways:

i. survey or experimental data involving different fields,
locations and/or treatments (e.g. Rosser & Chadburn, 1968; Polley &
Clarkson, 1980);

ii. data for one year from one field with experimental plots
treated differently to influence disease (e.g. Nilsson, 1969; Prew et
al., 1986; Gutteridge et al., 1987);

iii. data for one year from a field with take-all patches (MacNish
& Dodman, 1973). ' .

None of these is entirely satisfactory and in each case it can be
argued that disease was confounded with one or more other factors.
Conditions which contribute to poor yield, such as waterlogging, stress
caused by drought, or nutrient deficiency can also increase the effects
of root infection. ADAS workers have on occasions observed areas of
fields where, because poor soil conditions have exacerbated the effects
of root loss, the expression of symptoms has been most severe, yet there
has been a smaller percentage of roots infected than elsewhere in the
field. '

Yield loss on farms is usually ascribed to take-all only when growth
is visibly poor, or more commonly when patches of prematurely-ripened
plants develop. ADAS cereal disease surveys include an assessment of

such patches and this is used to indicate take-all severity nationally
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(see 2.3.2.). Incidence of whiteheads (see 2.3.2. for comments on the
use of this term) in experimental plots often relates better than root
infection to yield, but yield loss is also likely to occur when disease
is severe but conditions are such that whiteheads do not become visible.
This means that a farmer may often have no indication of the extent of
yield loss from take-all, or even of the severity of the disease in a
field. Similarly, some effects of take-all on grain quality can be
clearly.anticipated when whiteheads are present - grains in the early-
ripened patches are small and often have mould growth which results in
discoloured flour.

Effects on gfain quality occur most directly as a result of decreased
grain-filling. Bockmann (1963, summarised in Manners & Myers, 1981)
found that thousand-grain weight (as well as total yield, tillering and
the number of grains per ear) was decreased by the most severe infection
in‘artificially-inoculated plots of wheat. Thousand-grain weight was
also sometimes increased in less severely infected compared with healthy
plots. v

A recommendation in a previous HGCA Review (Stevens et al., 1988) was
for the continuation of experiments to assess the relationship between
disease, crop maturation and Hagberg falling number. Take-all can affect
crop maturation, as seen by the patches where severe take-all has led to
premature ripening (and yield loss). When a prematurely-ripened patch
stands for a period of wet weather before the crop is harvested, there
may be increased alpha amyiase activity.

The optimum time and disease level (i.e. ‘critical points') at which
take-all should be assessed to achieve the best relationship between the
amount of take-all and yield are likely to vary amongst seasons, sites
and types of crop. In a survey of farm crops, disease in samples taken
at.a late growth stage (anthesis) related better to yield than that in
samples taken during tillering (Rosser & Chadburn, 1968). Although
disease assessments during anthesis and grain-filling are generally
accepted as relating best to yields, there was a better correlation
between yield and take-all at GS31 than at anthesis where no nitrogen was
added in two of a series of ADAS trials between 1981 and 1983; where 120
kg or 200 kg N/ha were applied there were no correlations (L.V.

Vaidyanathan, pers. comms. ) . Another ADAS survey (Polley & .Clarkson,

;
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1980) relied on assessments made just before harvest, casting some doubt
on the validity of the results. However, disease assessments made at
frequent intervals in an artificially-inoculated spring wheat crop showed
that the relationship between take-all and yield was strong up to growth
stage 85 (Bateman & Hornby, 1989 and unpubliéhed), suggesting that very
late assessments made for this purpose are sometimes acceptable.

The wuse of artificial inoculum to clarify the disease-yield
felationship has been little explored, although application of different
amounts of inoculum has resulted in different amounts of disease and
yield (Rovira, 1978; Rothrock, 1987). Such differences may sometimes
result from differences in disease incidence rather than from different
severities of infection on individual plants. - In recent work at
Rothamsted (Bateman & Hornby, 1989), the relationship between take-all
severity and yield of spring wheat was investigated using different
methods of applying inoculum (see 6.3.2.). The procedures followed were
intended to achieve uniform infection within field plots, but different
severities among treatments, by using a sequence of cultivations that
allowed inoculum to be placed at different depths. In this experiment,
incidence (% plants infected) and severity (% roots infected) of take-all
were related similarly to yield. The incidence of whiteheads was less
well correlated with yields than were root disease assessments where
cultivation treatments had created slightly different soil conditions.
In other experiments (Gutteridge et al., 1987) whiteheads were correlated
better with yields than was root infection.

Assuming that a root infected in the upper part of its main axis
becomes blocked and non-functional, then 100% roots infected should
result in the smallest possible grain yield (but depending on the timing
of infection). Published disease-yield relationships are given in
Section 1.2.3. and extrapolating from the best regression lines in the
Rothamsted spring wheat experiment gave an intermediate value, i.e. each
1% increase in roots infected led to a decrease in yield of 0.44%. These
estimates seem to accord with results from plots of spring wheat and
spring barley which became severely diseased after artificial
inoculation; yield losses of 50% and 24% respectively for the two crops
were estimated by comparison with uninoculated crops (Cunningham et al.,

1968).
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Cunningham et al. (1968) also made a detailed comparison of grain
quality in artificially-inoculated and uninfected spring wheat and spring
barley in Ireland. Although disease levels were similar in the two
crops, spring barley was more tolerant, with a smaller yield loss than
wheat (see above). Flour colour was poor (caused by mould growth on
prematurely-ripened ears) and thousand-grain weight and bushel weight
(formerly used as the equivalent of specific weight) were decreased by
disease in both crops. Take-all also caused an increase in the protein
content and in diastase (barley only) in the grain. This is a dilution
effect, smaller grains containing relatively more protein as the
carbohydrate content decreases. Take-all also increased the gluten
slightly in wheat, but not sufficiently to affect baking. Protein quality
and dough characteristics were not affected in wheat and there was little
or no effect on alpha amylase activity. These results relate only to one
season (1964) in which good harvesting conditions prevailed, but as the
authors pointed out, this approach can yield more information than
surveys where there are many factors, such as soil conditions and
rotations, influencing disease levels and grain yield and quality.

In an experiment in which take-all in winter wheat, assessed at
growth stage 59, was decreased significantly by seed treatment with
triadimenol plus fuberidazole, the percentage of plants infected in
different plots was negatively correlated with yield, thousand-grain
weight and specific weight (Jones, 1987).

6.4.3. Recent research in the UK

Oat breaks have been used in experiments to determine yield losses
because the nutritional status of the soil is similar after each cereal
and the oat-attacking variety of the take-all fungus has a limited
distribution within the UK. In experiments at Rothamsted during the
1980s losses from take-all were 2.2 t/ha (3-year mean) for winter wheat
and 1.0 t/ha (6-year mean) for winter barley when comparisons were made
with crops grown after oats. In years when take-all was severe the
losses were 3.0 t/ha for wheat and 1.5 t/ha for barley.

A series of factorial field experiments on winter wheat at Rothamsted
(1986-89) were used to investigate the effects of different husbandry and
chemical treatments, applied separately and in combination (see 5.4.).

Because of the ranges of disease levels and the relatively large number

111



of plots (up to 64), results from these experiments were used to examine
the relationships between amounts of take-all infection and grain yield
(Figure 14) and quality (Figure 15). The main factor affecting take-all
was sowing date (September v. October), and grain yield was affected
additionally to a large extent by plant density, a consequence of sowing
date and seed rate; relationships for different sowing dates and seed
rates are therefore often shown separately.

Grain yield. 1In the 1986 factorial experiment, in which disease was
slight to moderate, regressions of take-all rating in June (TAR; scale
0-300) on yield were not significant for either early or later sowing.
In 1987, disease was moderate and there were significant regressions for
early-sown and later-sown plots, but with only 17% and 9%, respectively,
of the variance accounted for. In 1988, when some plots were severely
infected, there was a stronger association between TAR and yield in
early-sown plots (64% of the variance accounted for in the regression
model) than in the less severely infected later sown plots (14%Z of the
variance accounted for). Disease levels were similar in 1989 when a
moderate association was indicated (38% of the variance accounted for).
However, these significant regressions may be misleading as there is
often an indication that the yield response to increasing TAR was
negligible at TARs less than 100. In each of the last two years of the
experiments, yields in the most severely diseased pléts were 35-45% less
than in those least severely infected, although the different treatments
mean that not all of this difference can be assumed to result directly
from take-all.

The work of (R.W. Clare, I. Ap Dewi and D.J. Yarham, unpublished)
referred to in 1.2.3. showed that in the years 1983-86 there was a
significant relationship between TI and yield of winter wheat,
irrespective of whether TI was assessed during November-January, or at
harvest. The amount of yield loss per unit of TI was abo;t twice as much
for November-January assessments as for assessments at harvest. |

Grain quality. The main effects of take-all on grain Quality in the
factorial experiments resulted from a direct effect on grain size,
indicated by the negative correlations between TAR from June assessments
and specific weights in 1988 and 1989. These paralleled to some extent

the correlations between TAR and grain yield in those years, i.e. the
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Figure 14. Relationships between take-all rating (TAR) in
June and grain yield in three factorial experiments at
Rothamsted.
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(1989); A= September-sown (1987, 1988) or September-sown at
200kg/ha (1989); m = October-sownAat 100kg/ha (1989); O =
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Figure 15. Relationships between take-all rating (TAR) in
June and thousand-grain weight or hectolitre weight in three

factorial experiments at Rothamsted. For key, see Figure 14.

114



relationship was strongest at TARs greater than 150 in 1988, but less
clearly so in 1989. As with yields, specific weights were not correlated
with TAR in the low disease experiment of 1986, but in 1987, a decrease
in thousand-grain weight (specific weights were not measured) with
increasing TAR was clearer than expected from the yield response. There
was no clear relationship between take-all and %N in the grain, measured
in 1987 and 1988. There was a negative association between take-all and
Hagberg falling number in 1988, indicated by a significant regression,.
although the percentage of the variance accounted for was small (11.2%);
surprisingly, the association was closer for the later-sown plots, which
had less disease, than for those sown earlier. The Hagberg falling
numbers were acceptably high in 1988, but were excessively high in 1989,
when warm dry weather continued throughout the ripening and harvesting
period. There was no association between Hagberg falling number and take-
all in 1989.

In a factorial experiment on winter barley at Rothamsted in 1987
-(J.F. Jenkyn, pers. comm.), take-all affected yield, and as is often the
case for wheat, the effect was greatest in the moderate to severe disease
range (Figure 16). Thousand-grain weight was similarly affected but there
was no effect on %N. An indication of decreased hot water extract with
increasing TAR was confirmed when the values were plotted as residuals,
i.e. after removing the effects of treatments.

6.5. Recommendations for research

6.5.1. Diagnostics and taxonomy

i. Continuation of detailed comparisons of isolates, from the UK and
elsewhere, ﬁsing‘ all the appropriate serological and molecular
techniques, to further our understanding of the taxonomic relationships
within the Gaeumannomyces-Phialophora complex.

ii. Development of a serological kit for rapidly and reliably
identifying different taxa, especially Ggt.

' iii. Application of appropriate techniques developed in i. to
increase our understanding of the ecological relationships and
significance of the taxa, for example the N- and R-isolates of Ggt, and
the role of Phialophora in téke—all epidemics.

6.5.2. Field experimentation

i. Much has still to be achieved in the area of epidemic prediction
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and manipulation, and the continuation of artificial inoculation studies
at Rothamsted is necessary in this respect. Dependence on natural
inoculum in field work has drawbacks: there 1is no certainty that
epidemics will develop and, if they do, the relationship between
diseaseand loss of yield is not often clear-cut. There is doubt that
artificially-prodﬁced inoculum produces epidemics which simulate those
occurring naturally and it could therefore be misleading, e.g. in testing
BCAs. On the other hand, it may be useful for exploring disease/yield
relationships, eliminating patchiness and, if it is uniform in size and
infectivity, producing reproducible levels of disease.

ii. The development of disease patches, naturally and artificially-
created, needs further study in order that the best use can be made of
field sites for experimentation.

6.5.3. Yield loss studies

i. Detailed farm surveys over at least three seasons are needed to
relate root infection (and prematurely-ripened patches in the crop) to
yield.

ii., The effects of low levels of take-all need to be elucidated.

iii. Many empirical disease-yield relationships lack repeatability
and have poor predictive powers. There is a need for alternative
mechanistic approaches (Teng, 1985) using crop growth models and
simulators incorporating the effects of disease on root and shoot
function. In considering alternative models the relationship between the
effects of disease on the yield of individual plants and on plant
populations may need to be determined in advance. Quantification of the
spatial distribution of disease in relation to yield loss is of recent
interest (Ferrandino, 1989; Hughes, 1990;), notably amongst nematologists

(Seinhorst, 1973; Noe & Barker, 1985).
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CHAPTER 7. SUMMARY OF BEST ADVICE TO FARMERS

Current ADAS advice on minimizing losses due to take-all can be

summarized as follows:

i. Local knowledge 1t is important that a farmer should know his
soils and be able to assess the risks of take-all on them. Whilst data
are difficult to come by, experience suggests that soils can be ranked
tentatively with regard to their disease risk as follows:

Highest risk - fen peats '

- '‘black sands’ low in manganese

- mineral soils where long-term cropping with grass has
resulted in a high organic matter content

- light, alkaline soils

- sandy silt loams

- non-calcareous or decalcified clays (serious problems can
occur when a wet season aggravates structural problems)
- silt loams/silty clay loams

Lowest risk - well-structured calcareous clay loams

ii. Avoid highest risk On the highest risk soils wheat should
never be grown as a second or third cereal, on the lowest risk soils
careful attention to husbandry practices will enable such crops to be
grown with relative impunity. The higher the risk the greater is the

importance of adopting the control measures outlined below.

iii. Rotation Short rotations which prevent the field from ever
developing severé take-all, or continuous cereal growing which exploits
the phenomenon of TAD, are preferable to the intermediate rotations that
are so often préctised. If, for example, a break crop is taken every
fifth year then at least two of the four cereal crops in the rotation are
likely to suffer from moderate to severe attacks of the disease.

Because barley suffers less severely from take-all than wheat does,
it is safer than wheat where cereals have to be grown in high risk
situations. Foﬁ the highest risk soils, triticale or rye offer even
safer options. bats, being resistant to Ggt, make an acceptable break

crop except in areas where Gga is known to be a problem.
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Leys, free from perennial grass weeds, also make acceptable breaks.
Although ley grasses may carry Ggt, they also carry a fungal antagonist,
Phialophora graminicola, which 1is able to suppress the pathogen’s
development in a subsequent cereal crop. It is the latter property that
seems most often to influence matters. It offers an explanation of why
second Qheats are safer after clean, two-year leys than after non-grass
breaks which are likely to decrease inoculum of Ggt, but do not build up

the antagonist.

iv. Weed control Perennial grass weeds should be controlled
before a break crop is taken, because control before a cereal may
actually increase the risk of infection. Ggt can survive on dying
rhizomes and it is also reported that it can build up on them. Severe
infection frequently occurs in first wheats on couch-infested land,
irrespective of spraying-off couch with glyphosate in the previous
autumn. Spraying before a break does not always have the desired effect
if a dry season follows. This is attributed to dead rhizomes, colonized
by the pathogen, surviving unrotted through the break year. It is

sensible never to allow a field to become seriously infested with couch.

V. Soil Management Drainage and/or structural problems that may
restrict rooting should be corrected. Firm seedbeds will hinder
ectotrophic spread of the pathogen’s mycelium over the roots. Ploughing

is preferable to tine cultivation for the incorporation of straw.

vi. Sowing date First wheats should be sown first, long-term
wheats next and the high risk wheats (second, third and fourth wheats)

left until last and never sown before October.

vii Sowing rate High seed rates which reduce root development by

interplant competition and favour the disease should be avoided.

viii. Crop nutrition Fields should not be allowed to become
deficient in major nutrients, particularly phosphate. If it is intended
to take a second, wheat on high risk soils a phosphate index of at least

2 should be achieved before the first wheat is grown and then maintained.
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Adequate nitrogen is important and an early application of part of the
nitrogen in late February/early March, providing at least 40 kg/ha, is
often beneficial. 1In high risk situations ammonium sulphate is very

likely to decrease take-all more than other sources of nitrogen.

ix. Control.of pH Liming to prevent the development of acid
patches is important, but overliming should be avoided. Lime should be
applied before a break crop or first cereal, rather than before a second

or third wheat or barley crop.
X. Chemical control Although no fungicide is reliable,

triadimenol seed treatment will sometimes decrease infection and increase

yields in the presence of high levels of the disease.
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CHAPTER 8. THE FUTURE

8.1. Resources

Behind the intractability of take-all is a complex problem, which has
not yielded to inadequate and fragmentary investigation. Experience has
shown repeatedly that isolated exercises are inefficient and unlikely to
succeed. In the formation of the TACR/ADAS/Universities Cereal Root
Pathology Group there has now been recognition that in the face of
dwindling resources it 1is important to pool experience and effort to
achieve progress. More attention should be given to co-ordination of
research and collaboration within the UK, and further afield if possible.
Suph endeavours would need targeting at what are identified as the major
practical and research issues by a consensus of those concerned.

The build up of take-all and development of TAD in experimental sites
takes several years. Experiments that phase in sequences of cereals so
that different runs of susceptible cereals are available for comparison
in one year are extremely wvaluable scientifically, but uncommon. The
long-term field experiment has a vital role to play in take-all research
and should not be underestimated. A well-planned, well-documented, long-
term experiment therefore constitutes an important resource that once
discontinued is not readily replaced.

8.2. Recommendations for research

Research recommendations are placed into four groups. One or two of
these groups will have more immediate appeal to the farmer, but it is
stressed that work in all the groups is required if the complex problem
of take-all is to be understood sufficiently to plan critical research
and to improve our chances of significant progress in controlling the
disease.

In parentheses after the title of each recommendation are
qualifications to:

i. rate it as of high, medium or low priority for achieving the
objective expressed in the title of its gfbup;

ii. indicate whether it requires the start of new work, or concerns
an existing project that needs further funding to continue or expand;

iii. identify appropriate organizations for undertaking the work.
In lists separated by commas the lead organization is placed first.

Sections in the preceding chapters provide extra information about
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most of these recommendations.

8.2.1. Establishing the importance of take-all

i. Surveys (high; new; ADAS, IACR)

There has been only one extensive survey and that was undertaken in
the late 1970s in years when levels of take-all were not generally high.
Surveys are required to assess the national importance of the disease,
its importance on different soil types at different pHs and under
different climatic conditions and the effects of rotational position and
agronomic practices (e.g. cultivation, cv. ahd sowing date).

Continuous winter wheat on a sandy clay loam in North Yorkshire
seemed not to be affected by soil-borne diseases in the years 1979-85
(Hodgeson et al., 1989). Such reports draw attention to the perennial
question of localities and soil types in Britain which appear not to
suffer from take-all. Usually the reports contain insufficient
information about disease, previous cropping and typical crop sequences
for the district, so there remains some doubt about the disease situation
and, 1if 1little or no disease 1is the norm, few clues as to the
explanation.

A survey of take-all should use an agreed procedure based on the best
information available. This may require a pilot study to optimize
sampling and data collection strategy, which in turn might also péovide
the guidance on sampling take-all sites that is so badly needed (see
6.3.3.). The simplest survey would also need to record take-all and
yields in crops throughout the country in a series of contrasting
seasons. It might possibly be linked to the existing ADAS cereal disease

survey.

ii. Disease-yield relationship (high; existing; IACR, ADAS)

This is not well-understood and is usually confounded by other
factors. New models of the relationship need exploring and the use of
artificial infestation to create artificial epidemics may prove to be a
useful tool. Many factors will influence the effect of a given level of
disease on yield through their effects on the vigour of the root system.
Consequently information will be needed for a range of soil types over

a number of years and agronomic factors such as nitrogen, fungicide (seed
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treatment etc.) and method of cultivation. Much of this could be
obtained from monitoring trials laid down to explore effects of these
factors on disease incidence. Other approaches would be a) the use of
large numbers of small plots (half of each to be destructively sampled
to assess disease and half harvested) scattered throughout areas of
interest and b) harvesting the grain from single tillers with known

levels of disease.

iii. Diagnosis (medium; existing; TACR, Universities
new, Universities)

Take-all research continues to be hampered because of the time taken
to achieve reliable diagnoses by traditional methods. Because of the
similarities between Ggt and some of its close, but less pathogehic
relatives, it is also quite possible that where Koch'’'s Postulates are not
carried out fungi may be identified wrongly. New diagnostic methods are
much needed and amongst the most promising areas of research in need of
support is the use of serological and molecular biological techniques to
identify and quantify the pathogen. At our present level of expertise
it is unlikely that these methods could be used routinely in the surveys
suggested in 1i.

iv. Economic evaluation (high; new; Universities, ADAS, IACR)

Information on the effect of take-all on the profitability of various
rotations on different soil types 1is urgently needed for the proper
evaluation of the financial constraints the disease imposes on the
flexibility of cropping. A paper exercise using information from a
national survey and work on yield loss prediction would indicate for a
range of soil types the profitability of second to fourth wheat crops
compared to a range of break crops. Data from the ADAS 'Arable Crop
Recording System’ should form the basis of another desk study to evaluate
the effects of soil type and agricultural practices on the comparative
yields of first and subsequent wheats, which by inference would indicate
the importance of take-all. An economic survey of intensive cereals in
the UK should also consider whether the present intensity is unavoidable,

or whether adjustments in rotations could be made to minimize take-all.
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8.2.2. Improving forecasting and risk assessment

i. Data storage and availability (high; existing; IACR, Universities,
ADAS)

Much information on take-all in field experiments, trials and surveys
is collected annually, but does not become generally available. Some of
it is idiosyncratic and would have benefitted from conforming to some
general standard for the collection of take-all data. To overcome these
inefficiencies the establishment of a central database and data archive
is proposed. Such a project should help to systematize the collection
of data and provide a powerful tool for re-examining data and trying out
new hypotheses. A pilot study has been carried out by Cambridge
University and IACR, Rothamsted under the AFRC Linked Research Group

Scheme.

ii. Forecasting (medium; existing; IACR)

The question of forecasting take-all is a vexed one of long-standing.
Although changes in the cereal production system have contributed to the
difficulties, it is the relationship between weather and the disease that
is at the centre of the problem. For the first time in take-all research
long runs of reliable take-all data are becoming available and need
investigating in relation to detailed_meteorological data which are
available for many localities. Initial analyses have revealed long-term
trends in the occurrence of take-all and such understanding is vital to
predicting national losses over time. Much work on weather relationships
is necessary before explaining or forecasting disease trends within crops

will advance beyond its current rudimentary status.

iii. Agronomic and edaphic factors (high; existing; IACR and ADAS)
Research is required to rank the relative importance and interactions
of agronomic and edaphic factors on the development of take-all. Of the
few factors that both influence take-all and are under the farmer's
control, sowing date is the most important. The use of cultivars least
sensitive to sowing date (Sylvester-Bradley & Scott, 1990, pp. 123-136),
including rapid-developing, autumn-sown spring wheat cultivars, which

allow further delay in sowing date without yield or quality penalties,
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needs to be investigated in situations where the risk from take-all is
high. Information restricted to a list of sowing dates, cultiwvars and
yields limits interpretation and trials including other factors are
needed to decide on a cultivar’s suitability for early or late sowing
(Sylvester-Bradley & Scott, 1990, p. 125). Trials with second and third
wheats on sites prone to take-all would, .with sufficient disease
menitoring, allow interpretation of sowing date x cultivar interactions
in the presence of significant take-all.

8.2.3. Undexrstanding take-all biology

i. Epidemiology (high; existing; IACR, Universities)

There is much in the epidemiology of take-all that remains unknown.
Because an understanding of the epidemiology of take-all is required for
a) the proper interpretation of most field work on the disease and b) the
realistic extension of laboratory and glasshouse studies to the field,
it is a study that shbuld not be overlooked or under-resourced. Further
epidemiological work (including work on artificially-created epidemics)
is essential for better risk assessment and proper testing of putative
controls. Work on models for spatial and temporal development of disease
will aid our understanding of the disease system.

ii. Field work methodology (médium; existing; IACR, Universities)

Take-all occlrs natufally in patches. This heterogeneity has meant
that disease in many traditional large plot experiments has been so
variable that the precision of the test of any treatments has been low.
Various ways of tackling this problem, such as many small plots or more
even artificial infestation of soil are emerging, but more work is

required to develop new designs and procedures for field work

iii. Gaeumannomyces-Phialophora complex (medium; existing; IACR
new; Universities)
Over the last 20 years the number of fungi in this complex has
steadily increased. There are several outstanding and intriguing
taxonomic probléms and whilst some members of the complex do not
complicate the pathology, others do, being potential BCAs or being

mistaken for the pathogen. Clarifying the relationships within this
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complex may be helped by exploiting serological and molecular biological

techniques.

iv. Ecology of pathogen and antagonists (medium; existing; ADAS and
Universities)

Ecological studies of the pathogen and potential BCAs on the root
surface and in the soil are needed. These could lead to more practical
issues such as a) delivery of BCAs to the root zone, b) enhancing the
natural suppressiveness of field soil by ﬁuch procedures as incorporating
organic matter and c) the use of root-stimulating bacteria to alleviate
the effects of disease even though not suppressing infection.

8.2.4. Controlling take-all

i. Rotations (medium; existing; IACR and ADAS)

This is a topic that has been the subject of much research, but many
questions remain to be answered and older work needs to be repeated under
the conditions of modern husbandry. More information is required on:

i. effects of different break crops on the survival and subsequent
build up of thﬁ

ii. effects of introducing different break crops into long runs of
wheat in which TAD is well established;

iii. effects of less susceptible cereals such as triticale and rye on
the development of TAD;

iv, effects of the sowing dates of sequential wheats on the
development of TAD;

v. effects of the various systems of management of set-aside on take-
all;

vi, effects on take-all of catch crops introduced to decrease the
leaching of nitrégen.

Items v. and vi. are already under investigation in CSG-funded
trials.

Some attention should be given to long-term experiments aimed at
accumulating information about the effects of potential future changes
in wheat production, such as lower inputs and organic systems. Cuts in
subsidies and changes in consumer demands may cause control strategies

to shift in the long-term.
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ii. Natural biological control phenomena (high; existing; IACR and
ADAS)

Research on exploitation of natural biological controls should
include assessment of the effects of early sowing on TAD. Detailed
‘assessment of biological and other factors implicated in TAD in one site
may help to establish which control mechanisms predominate during TAD,
and when. It will also be mnecessary to follow variations in soil
suppressiveness through seasons to establish when the phenomenon 1is
strongest. Such insights should be relevant to, and may be necessary to,
the development of effective uses of biological control for soil-borne

diseases of field crops.

iii. Introduced BCAs (medium; existing; ADAS and Universities)
Although the introduction of specific biological control agents has
met with little success in this country the search for BCAs and the
assessment of combinations and formulations and their evaluation under
a range of conditions should continue, and prospects for integration with
other control methods explored. A low priority rating for this research
would reflect t@e view that the search for BCAs should be largely the
province of agrochemical companies, but the wide-ranging studies
envisaged (see 5.3.) suggest a need for continued involvement of the

public sector.

iv. Resistance I (low; ?; ?7)

Since the demise of the Plant Breeding Institute, public sector
research in this area seems to have been discontinued. However, it would
be prudent to continue to look for resistance in new wheat genotypes
produced by traditional (breeding) methods. Since the British view is
that there is little of interest currently to work on, this is an
activity awaiting developments. The development of genetically-
engineered cultivars with resistance to disease would offer a new and
exciting method of biological control which, should it materialize, would

need evaluating in the field.

V. Resistance II (medium; new; IACR and/or Universities)

Cross-protection, or immunization, is one form of resistance that has
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never come to the forefront of UK research on take-all. Now, using
molecular biological techniques to study cross-protected and non-
protected plants it may be possible to detect resistance-related

substances which could be exploited.

vi. Fungicides (low; existing; 7?7)

No fungicide has given consistent, satisfactory and economic control
of take-all. Certain triazoles (particularly triadimenol seed treatment)
have sometimes suppressed infection and sometimes increased the yield
from severely-infected plants without any obvious effect on disease.

The physico-chemical properties of the ideal soil-applied fungicide
for take-all are known, but synthesizing and developing new fungicides
should now be funded by the agrochemical companies. Field trials by
others will be required if and when promising fungicides and delivery

systems emerge.

vii. Integrated control (medium; existing; IACR, ADAS)

It is unlikely that any single material or technique will ever give
a satisfactory and consistent control of take-all. Successful disease
control strategies will almost certainly depend on combining treatments
which favour root development and treatments which act against the
pathogen. Some work has already been done by IACR and ADAS to identify
best 'packages’ 5ased on current treatments and procedures, but such work
will be ongoing as long as new factors are identified and promising new
treatments emerge.

Attempts to get integrated control by combining the methods that are
currently the best would include re-examining the use of fertilizers,
such as ammonium sulphate, to control take-all. Non-nitrate sources of
nitrogen, nitrification inhibitors, chloride-containing fertilizers and
soil-applied manganese have decreased take-all in Australia and USA, but
not in experiments in the UK. They, and the currently available phloem-
mobile formulations of phosphate for foliar application, need more

careful evaluation over a range of UK soil types.

128



REFERENCES

ABBOTT, L.K. & HOLLAND, A.A. (1975). Electrophoretic patterns of soluble
proteins and isoenzymes of Gaeumannomyces graminis. Australian
Journal of Botany 23, 1-12.

ABD-EL . MOITY, T. H., PAPAVIZAS, G. C. & SHATLA, M. N. (1982).
Induction of néw isolates of Trichoderma harzianum tolerant to
fungicides and their experimental use for control of white rot of
onion. Phytopathology 72, 396-400.

ADAS (1989). Crop Intelligence Report, Eastern Region, CI89/27, 7 July
1989.

ALTMAN, J. (1985). Impact of Herbicides on Plant Diseases. In Ecology and
Management of Soilborne Plant Diseases, eds. C.A. Parker, A.D.
Rovira, K.J. Moore and P.T.W. Wong, American Phytopathological
Soéiety, St Paul, Minnisota, pp. 227-231.

ANON. (undated). Keeping the Balance. A Rothamsted Guide. Soil and
Fertiliser Nitrogen, 4pp. IACR Rothamsted Experimental Station.

ASHER, M.J.C. (1972). Effect of Ophiobolus graminis infection on the
growth of wheat and barely. Annals of Applied Biology 70, 215-223.

ASHER, M.J.C. & SHIPTON, P.J. (eds) (1981). Biology and Control of Take-
all. Academic Press, London.

BALLINGER, D.J. :& KOLLMORGEN, J.F. (1988). Effect of triazole coated
superphosphate, applied at sowing, on take-all and yield of wheat.
Australian' Journal of Experimental Agriculture 28, 635-638.

BATEMAN, G.L. (1986). Effects of triadimenol-containing seed treatment
on winter wheat infected with take-all. Zeitschrift fir

Pflanzenkrankheiten und Pflanzenschutz 93, 404-414.

_BATEMAN, G.L. (1989). Progress in research on the control of take-all

in cereals with fungicides: a review. Crop Protection 8, 75-81.

BATEMAN, G.L. & HORNBY, D. (1989). Artificial epidemics to study the
effects of take-all on yield. Aspects of Applied Biology 22, 435-
436.

BATEMAN, G.L., NICHOLLS, P.H. & CHAMBERLAIN, K. (1990). The effectiveness
of eleven sterol biosynthesis-inhibiting fungicides against the
take-all fungus, ‘Gaeumannomyces graminis var. tritici, in relation
to their physical properties. Pesticide Science 29 (in press).

BOWERMAN, P. (1989). Reviewing the Rotation. In Boxworth Experimental

' - 129



Husbandry Farm - 1989. Ministry of Agriculture, Fisheries and
Food, p 3.

BRASSETT, P.R. & GILLIGAN, C.A. (1988). A model for primary and
secondary infection in botanical epidemics. Zeitschrift fur
Pflanzenschutz und Pflanzenkrankheiten 95, 352-360.

BRASSETT, P.R. & GILLIGAN, C.A. (1989). Fitting of simple models for
field disease progress data for the take-all fungus. Plant
Pathology 38, 397-407.

BRENNAN, R.F. (1989a). Effect of nitrogen and phosphorus deficiency in
wheat on the infection of roots by Gaeumannomyces graminis var.
tritici. Australian Journal of Agricultural Research 40, 489-495,

BRENNAN, R.F. (1989b). Effect of superphosphate and superphosphate plus
flutriafol on yield and take-all of wheat. Australian Journal of
Experimental Agriculture 29, 247 -252.

BRISBANE, P. G. & ROVIRA, A. D. (1988). Mechanisms of inhibition of
Gaeumannomyces graminis var. tritici by fluorescent pseudomonads.
Plant Pathology 37, 104-111.

BROOKS, D.H. & DAWSON, M.G. (1968). Influence of direct-drilling of
winter wheat on incidence of take-all and eyespot. Annals of
Applied Biology, 61, 57-64.

BURLEIGH, J.R., ROELFS, A.P. & EVERSMEYER, M.G. (1972). Estimating
damage to wheat caused by Puccinia recondita tritici.
Phytopathology 62, 944-946.

CAMPBELL, C.L. & MADDEN, L.V. (1990). Introduction to Plant Disease
Epidemiology, 532pp. John Wiley & Sons.

CAMPBELL R. & FAULL, J. L. (1979). Biological control of Gaeumannomyces
graminis: field trials and the ultrastructure of the interaction
between the fungus and a successful antagonist bacterium. In
Soil-borne Plant Pathogens, eds B. Schippers and W. Gams, Academic
Press, London and New York, pp. 603-609.

CAPPER, A. L. & CAMPBELL, R. (1986). The effect of artificially
inoculated antagonistic bacteria on the prevalence of take-all
disease of wheat 1in field experiments. Journal of Applied
Bacteriology 60, 155-160.

CATT, J.A., GUTTERIDGE, R.J. & SLOPE, D.B. (1986). Take-all distribution
and soil type on Chalky Boulder Clay. Journal of Agricultural

130



Science, Cambridge 106, 61-66.

CAVELIER, N. (1989). Protection intégrée contre les maladies du pied des
céréales. In L’Europe et des Maladies Cryptogamiques du Blé,
Palais des Congres de Versailles, 12 October 1989, Schering SA,
107-108. :

CHAKRABORTY, S. & WARCUP, J. H. (1985). Reduction of take-all by
mycophagous amoebas in pot bioassays. In Ecology and management
of soil borne plant pathogens, eds C. A. Parker, A. D. Rovira, K.
J. Moore, P.. T. W. Wong and J. F. Kollmorgen, The American
Phytopathological Society, St. Paul, Minnesota, U.S.A, pp. 107-109.

CHRISTENSEN, N.W. & BRETT, M. (1985). Chloride and liming effects on
soil nitrogen form and take-all of wheat. Agronomy Journal 77,
157-163. '

CHRISTENSEN, N.W., BRETT, M.A., HART, J.W. & WELLER, D.M. (1990).

. Disease dynamics and yield of wheat as affected by take-all, N
sources and fluorescent Pseudomonas. Transactions of the 1l4th
International Congress of Soil Science, Kyoto (in press).

CHRISTENSEN, N.W., POWELSON, R.L. & BRETT, M. (1987). Epidemiology of
wheat take-all as influenced by soil pH and temporal changes in
inorganic soil N. Plant and Soil 98, 221-230.

CLARE, R.W., AP DEWI, I. & MADGE, W.E.R. (1986). The effect of autumn
nitrogen, insecticide and fungicide on winter wheat sown at two
dates and with three levels of spring nitrogen. Proceedings of the
1986 British Crop Protection Conference - Pests and Diseases, 165-
172. '

CLARKSON, J.D.S. & POLLEY, R.W. (1981). Diagnostic, assessment, crop-loss
appraisal and forecasting. In Biology and Control of Take-all, eds
M.J.C. Asher and P.J. Shipton, Academic Press, London and New York,
pp. 251-270.

COOK, R.J. (19812. The effect of soil reaction and physical conditions.
In Biology and Control of Take-all, eds M.J.C. Asher and P.J.
Shipton, Academic Press, London and New York, pp. 343-352.

COOK, R.J., PAPENDICK, R.W. & GRIFFIN D.M. (1972). Growth of two root rot
fungi as affected by osmotic and matric water potential.
Proceedings of the Soil Science Society of America 36, 78-82.

COOK R.J. & POLLEY, R.W. (1990). Crop losses in wheat and barley 1985-

131



1989. Paper presented to Schering Cereal Disease Symposium, 1990.

COOK, R.J. & REIS, E. (1981). Cultural control of soil-borne pathogens
of wheat in the Pacific North-West of the U.S.A. In Strategies for
the Control of Cereal Disease, eds J.F. Jenkyn and R.T. Plumb
(1981) Blackwell Scientific Publications, Oxford, pp. 167-177.

COOK, R. J. & ROVIRA, A. D. (1976). The role of bacteria in the
biological control of Gaeumannomyces graminis by suppressive soils.
Soil Biology and Biochemistry 8, 269-273.

COTTERILL, P.J. & SIVASITHAMPARAM, K. (1989). An autecological study of
the take-all fungus (Gaeumannomyces graminis var. tritici) in
Western Australia. Australian Journal of Agricultural Research
40, 229-240.

COVENTRY, D.R., BROOKE, H.D., KOLLMORGEN, J.F. & BALLINGER, D.J. (1989).
Increases in wheat yield on limed soil after reductién of take-all
by fungicide application and crop rotation. Australian Journal of
Experimental Agriculture 29, 85-89.

CUNNINGHAM, P.C.» (1981). Isolation and culture. In Biology and Control
of Take-all, eds M.J.C. Asher and P.J. Shipton. Academic Press,
London, pp. 103-123.

CUNNINGHAM, P.C., SPILLANE, P.A., FOREMAN, B.T. & CONLIFFE, D. (1968) .
Effects of infection by Ophiobolus graminis Sacc. on grain yields,
baking characteristics of wheat and quality of malting barley.
Irish Journal of Agricultural Research 7, 183 - 193.

DARBYSHIRE, J.F., DAVIDSON, M.S., SCOTT, N.M., SPARLING, G.P. & SHIPTON,
P.J. (1979). Ammonium and nitrate in the rhizosphere of spring
barley, Hordeum vulgare L and take-all disease. Soil Biology and
Biochemistry 11 453-485.

DEACON, J. W. (1973). Control of the take-all fungus by grass leys in
intensive cereal cropping. Plant Pathology 22, 88-94.

DEACON, J.W. (1981). Ecological relationships with other fungi:
éompetition and hyperparasites. In Biology and Control of Take-all,
eds M.J.C. Asher and P.J. Shipton, Academic Press, London and New
York, pp. 75-102.

DELP, B.R., STOWELL, L.J. & MAROIS, J.J. (1986). Evaluation of field
sampling techniques for estimation of disease incidence.

Phytopathology 76, 1299-1305.

132



DYKE, G.V. & SLOPE, D.B. (1978). Effects of previous legume and oat
crops on grain yield and take-all in spring barley. Journal of
Agricultural Science, Cambridge 91, 443-451.

FERRANDINO, F.J. (1989). A distribution free method for estimating the
effect of aggregated plant damage on crop yield. Phytopathology 79,
1229-1232,

GARCIA, C. & MATHRE, D.E. (1987). Factors.affecting control of take-all
of spring wheat by seed treatment with sterol biosynthesis-
inhibiting fungicides. Plant Disease 71, 743 - 746.

GARRETT, S.D. (1981). Introduction. In Biology and Control of Take-all,
eds M.J.C.IAsher and P.J. Shipton, Academic Press, London and New
York, pp. 1-11. '

GARRETT, S.D. & BUDDIN, W. (1947). Control of take-all wunder the
Chamberlain System of intensive barley growing. Agriculture. London

.54 425-426.

GARRETT, S.D. &I DENNIS, R.W.G. (1943). Note on the occurrence of
Ophiobolus gramins Sacc. var. avenae E.M. Turner in Scotland in
1942. Transactions of the British Mycological Society 26, 146-147.

GAUNT, R.E. (1980). Physiological basis of yield loss. In Crop Loss
Assessment, eds P.S. Teng and S.V. Krupa. Miscellaneous Publication
No. 7, Minnesota Agricultural Experimental Station, St Paul, pp.
98-111.

GILLIGAN, C.A. (1982). Size and shape of sampling units for estimating

incidence of sharp eyespot, Rhizoctonia cerealis, in plots of
wheat. Journal of Agricultural Science, Cambridge 99, 461-464.

GILLIGAN, C.A. (1985). Construction of temporal models. III. Disease
progress of soil-borne pathogens. In Advances in Plant Pathology,
Vol. 3. Mathematical Modelling of Crop Disease, ed. C.A. Gilligan,
Academic Press, London, pp. 67-102.

GILLIGAN, C.A. (1990a). Comparison of disease progress curves. New
Phytologist 115, 223-242.

GILLIGAN, G.A. (1990b). Mathematical modeling and analysis of soilborne
pathogens. In Epidemiology of Plant Diseases: Mathematical
Analysis and Modeling, ed. J. Kranz, Springer-Verlag, Heidelberg,
pp. 96-142.

GRAHAM, J.H. & MENGE, J.A. (1982). Influence of vesicular-arbuscular

133



mycorrhizae and soil phosphorus on take-all disease of wheat.
Phytopathology 72, 95-98.

GREENACRE, M.J. (1988). Theory and Applications of Correspondence
Analysis, 364pp. Academic Press, London.

GURUSIDDAIAH, S., WELLER, D. M., SAKER, A. & COOK, R. J. (1986).
Characterisation of an antibiotic produced by a strain of
Pseudomonas fluorescens inhibitory to Gaeumannomyces graminis var.
tritici and Pythium spp. Antimicrobial Agents and Chemotherapy 29,
488-495.

GUTTERIDGE, R.J., BATEMAN, G.L. & HORNBY, D. (1987). Comparison of the
effects of spring applications of ammonium chloride and other
nitrogen fertilizers on take-all in winter wheat. Journal of
Agricultur;l Science, Cambridge 108, 567-572.

HEIM, M., FOLWELL, R.J., COOK, R.J. & KIRPES, D.J. (1986). Economic
benefits and costs of biological control of take-all to the
Pacific Northwest wheat industry. Research Bulletin 0988,
Agriculture Research Center, College of Agriculture and Home
Economics, Washington State University, Pullman. 15pp.

HENSON, J.M. (1989). DNA probe for identification of the take-all
fungus, Gaeumannomyces graminis. Applied and Environmental
Microbiology 55, 284-288.

HERITAGE, A.D., ROVIRA, A.D., BOWEN, G.D. & CORRELL, R.L. (1989).
Influence of soil water on the growth of Gaeumannomyces graminis
var. tritici in soil: use of a mathematical model. Soil Biology
& Biochemistry 21, 729-732.

HMSO (1988). Agricultural Statistics United Kingdom 1986, 95pp. Her
Majesty'’s Stationery Office, London

HMSO (1989a). CSO Annual Abstract of Statistics 1989 Edition. HMSO No.
125

HMSO (1989b). Agricultural Statistics United Kingdom 1987, 95pp. Her
Majesty’'s Stationery Office, London

HMSO (1990). Agricultural Statistics United Kingdom 1988, 95pp. Her
Majesty’s Stationery Office, London

HODGESON, D.R., HIPPS, N.A. & BRAIM, MA (1989). Direct drilling
compared with ploughing for winter wheat grown continuously and the

effects of subsoiling. Soil Use and Management 5, 189-194.

134



HOLDEN, M. & HORNBY, D. (1981). Methods of producing perithecia of
Gaeumannomyces graminis and their application to related fungi.
Transactions of the British Mycological Society 77, 107-118.

HOLLINS, T.W. & SCOTIT, P.R. (1990). Pathogenicity of Gaeumannomyces
graminis isolates to wheat and rye seedlings. Plant Pathology 39,
269-273.

HOLLINS, T.W., SCOTT, P.R. & GREGORY, R.S. (1986). The relative
resistance of wheat, rye and triticale to take-all caused by
Gaeumannomyces graminis var. tritici. Transactions of the British

Mycological Society 35, 93-100.

" HORNBY, D. (1975). Inoculum of the take-all fungus: nature, measurement,

~distribution and survival. EPPO Bulletin 5, 319-333.

HORNBY, D. (1978). The problems of trying to forecast take-all. 1In Plant
Disease Epidemiology, eds P.R. Scott and A. Bainbridge, Blackwell
Scientific Publications, Oxford, pp. 151-158.

HORNBY, D. (1981). Inoculum. In Biology and Control of Take-all, eds
M.J.C. Asher and P.J. Shipton, Academic Press, London and New York,

pPpP. 271-294.
HORNBY,-D. (1985). Soil nutrients and take-all. Outlook on Agriculture
. )
14, 122-128.

HORNBY, D. (1990). Root diseases. In The Rhizosphere, ed J.M. Lynch,.
John Wiley & Sons, Chichester, pp. 233-258.

HORNBY, D., BATEMAN, G. L. & GUTTERIDGE, R.J. (1987). Take-all: combining
factors known to affect take-all. Rothamsted Report for 1986. 1.
117-118.

HORNBY, D., BATEMAN, G.L., PAYNE, R.W., BROWN, M.E. & HENDEN, D.R.
(1989). An experimental design and procedures for testing putative
controls against naturally-occurring take-all in the field. Annals
of Applied Biology 115, 195-208.

HORNBY, D. & GORING, C.A.I. (1972). Effects of ammonium and nitrate
nutrition on take-all disease of wheat in pots. Annals of Applied
Biology 70'225-231.

HORNBY, D. & GUTTERIDGE, R.J. (1988). Known and supposed factors
affecting take-all in winter wheat. 5th International Congress of
Plant Pathology, p. 191 (abstract).

HORNBY, D. & HENDEN, D.R. (1986). Epidemiés of take-all during 16 years

135



of continuous spring barley. Annals of Applied Biology 108,
251-264.

HORNBY, D., HENDEN, D.R. & CATT, J.A. (1983). Some causes of yield
variation in an intensive spring barley experiment at Woburn, 1972-
8. Journal of Agricultural Science, Cambridge 100, 175-189.

HOWIE, W. J., COOK, R. J. & WELLER, D. M. (1987). Effects of soil matric
potential and cell wall motility on wheat root colonisation by
fluorescent pseudomonads suppressive to take-all. Phytopathology
77, 286-292.

HUBER, D.M. (1981). The role of nutrients and chemicals. In Biology and
Control of Take-all, eds M.J.C. Asher and P.J. Shipton, Academic
Press, London and New York, pp. 317-342,

HUBER, D.M. (1990). Fertilizers and soil-borne diseases. Soil Use and
Management (in press).

HUGHES, G (1990). Characterizing crop response to patchy pathogen
attack. Plant Pathology 39, 2-4.

JAMES, W.C. (1974). Assessment of plant diseases and losses. Annual
Revue of Phytopathology 12, 27-48.

JAMES, W.C & TENG, P.S. (1979). The quantification of production
constraints éssociated with plant diseases. Applied Biology &,
201-267.

JEGER, M.J. (1987). The influence of root growth and inoculum density
on the dynamics of root disease epidemics: theoretical analysis.
New Phytologist 107, 459-478.

JEGER, M.J. & LYDA, S.D. (1986). Epidemics of Phymatotrichum root rot
(Phymatotrichum omnivorum) in cotton: environmental correlates of
final incidence and forecasting criteria. Annals of Applied
Biology 109, 523-534.

JENKYN, J.F., GUTTERIDGE, R.J. & THOMAS, M.R. (1988). Effects of straw
incorporations on cereal diseases. Aspects of Applied Biology 17,
181-189.

JENSEN, H.P. & JORGENSEN, J.H. (1973). Reactions of five cereal species
to the take-all fungus take-all fungus (Gaeumannomyces gréminis)
in the fieid. Phytopathologische Zeitschrift 78, 193-203.

JONES, D.R. (1987). The effects of early-season fungicides on quality of

~ winter wheat. Aspects of Applied Biology 15, 395-401.

136



KOLIMORGEN, J.F. (ed.) (1985). Proceedings of the First International
Workshop on Take-all of Cereals. In Ecology and Management of
Soilborne Plant Pathogens, eds C.A. Parker, A.D. Rovira, K.J.
Moore, and P.T.W. Wong, The American Phytopathological Society,
St. Paul, Minnesota, pp. 289-351.

KRANZ, J (1974). Epidemics of Plant Diseases: Mathematical Analysis and
Modelling. Springer-Verlag, Berlin, 170pp.

KRANZ, J. & ROTEM, J. (1988). Preface. In Experimental Techniques in
Plant Disease Epidemiology, eds J. Kranz and J. Rotem,
Springer-Verlag, Heidelberg, 299pp.

LANDSCHOOT, P.J. & JACKSON, N. (1989). Gaeumannomyces incrustans sp.
nov., a root-infecting hyphopodiate fungus from grass roots in the
United States. Mycological Research, 93, 55-58.

LAWES, J.B. & GILBERT, J.H. (1870). "Take-all." Journal of the Royal
Horticultural Society, 2 (New Series), lxxxvi-lxxxviii.

LEISINGER, T. & MARGRAFF, R. (1979). Secondary metabolites of the
fluorescent pseudomonads. Microbiological Reviews 43, 422-442.

LENNARTSON, E.K.M. (1990). The effect of green manuring and mixed
species cropping on take-all disease of wheat. In Crop Protection
in Organic and Low Input Agriculture, BCPC Monograph No. 45, The
British Crop Protection Council, Farnham, Surrey, p. 219.

LONG, E. (1990):. Straw incorporation. Plan to beat the ban. Crops
7(16), 20.

LEMAIRE, J.-M. & COPPENET, M. (1968). Influence de la succession
céréaliere sur les fluctuations de la gravité du piétin-échaudage
(Ophiobolus graminis Sacc.). Annales des Epiphyties 19, 589-599.

LEMAIRE, J.-M., DOUSSINAULT, G. LUCAS, P., PERRATON, B. & MESSAGER, A.
(1982). Possibilités de sélection pour 1l’aptitude a la prémunition
dans le cas du piétin-échaudage des céréales. Cryptogamie,
Mycologie 3, 347-359.

LUCAS, P., MONTFORT, F., CAVELIER, N. & CAVELIER, A. (1988). Attempts to
combine different methods of control of foot and root diseases of
wintér wheat. In Integrated Crop Protection on Cereals, eds R.
Cavalloroiand K.D. Sunderland. Proceedings of a Meeting of EC
Experts’ Group, Littlehampton, Nov. 1986, pp. 237-249.

MAAS, E.M.C., BEZUIDENHOUT, J.J.,'KOIZE, J.M. & GRIMBEEK, R.J. (1989).

137



A quantitative method for the simultaneous assessment of take-all
of wheat in field plots and the isolation of the pathogen.
Phytophylactica 21, 171-174. . ‘

MAAS, E.M., VAN ZYL, E., STEYN; P.L. & KOTZE, J.M. (1990). Comparison of
soluble proteins of Gaeumannomyces graminis var. tritici and
Phialophora spp. by polyacrylamide gel electrophoresis. Mycological
Research 94, 78-82.

MACDUFF, J.H. (1989). Growth and nutrient uptake in response to root
temperature. Aspects of Applied Biology 22, 23-32.

MACNISH, G.C. (1976). Survival of Gaeumannomyces graminis var. tritici
in artificially colonized straws buried in naturally infested soil.
Australian Journal of Biological Science 29, 163-174,

MACNISH, G.C. & DODMAN, R.L. (1973). Relation between incidence of
Gaeumannomyces graminis var. tritici and grain yield. Australian
Journal of Biological Science 26, 1289-1299.

MACNISH, G.C. & SPEIJERS, J. (1982). The use of ammonium fertilizers to
reduce the severity of take-all (Gaeumannomyces graminis var.
tritici) o% wheat in Western Australia. Annals of Applied Biology
100, 83-90.

MADDEN, L.V. (1983). Measuring and modeling crop losses at the field
level. Phytopathology 73, 1591-1596.

MADDEN, L.V. (1986). Statistical analysis and comparison of disease
progress curves. In Plant Disease Epidemiology: Population Dynamics
and Management, Vol I, ed K.J. Leonard and W.E. Fry, Macmillan, New
York, pp. 55-84.

MADDEN, L.V., PENNYPACKER, S.P., ANTLE, C.E. & KINGSOLVER, G.H. (1981).
A loss model for crops. Phytopathology 71, 685-689.

MANNERS, J.G. & MYERS, A. (1981). Effects on host growth and physiology.
In Biology and Control of Take-all, eds M.J.C. Asher and P.J.
Shipton, Academic Press, London, pp. 237-248.

MEKWATANAKARN, P. & SIVASITHAMPARAM, K. (1987). Effect of certain
herbicides on soil microbial populations and their influence on
saprophytic growth in soil and pathogenicity of take-all fungus.
Biology and Fertility of Soils 5 174- 180. ‘

MIELKE, H. (1988). Zum integrierten Pflanzenschutz gegen Fusskrankheiten

und parasitdre Auswinterung des Getreides. Gesunde Pflanzen 40,

138



362-367.

MISAGHI, I.J., STOWELL, L.J., GROGAN, R.G. & SPEARMAN, L.C., (1982).
Fungistatic activity of water-soluble fluorescent pigments of
fluorescent pseudomonads. Phytopathology 72, 33-36.

MOORE, K.J. & COOK, R.J. (1984). Increased take-all of wheat with direct
drilling in the Pacific Northwest. Phytopathology 74, 1044-1049,

MOORE, W.C. (1949). Take-all of cereals in England and the epidemic of
1948. Agriculture, London 63, 383-385.

NEATE, S.M. (1988). Effect of tillage on disease of cereals caused by
Gaeumannomyces graminis, Rhizoctonia solani and Heterodera avenae:
a review. Plant Protection Quarterly 3, 5-7.

NETER, J. & WASSERMAN, W. (1974). Applied Linear Statistical Models,
842 pp. Richard D. Urwin, Inc., Homewood, Illinois (see chapter 11,
pp. 371-392).

NILSSON, H.E. (1969). Studies of root and foot rot diseases of cereals
and grasses. I. On resistance to Ophiobolus graminis Sacc.
Landbrukshégskolans Annaler 35, 275-807.

NILSSON, H.E. (1973a). Influence of the herbicide meéoprop on
Gaeumannom}ces graminis and the take-all disease in spring wheat.
Swedish Journal of Agricultural Research 3, 105-113.

NILSSON, H.E. (1973b). Influence of herbicides on take-all and eyespot
disease of winter wheat in a field trial. Swedish Journal of
Agricultural Research 3, 115-118.

NOE, J.P. & BARKER, K.R. (1985). Overestimation of yield loss of tobacco
caused by aggregated spatial pattern of Meloidogyne incognita.
Journal of Nematology 17, 245-251.

NOVOTNY, J. & HERMAN, M. (1981). V1iv zpracovani pudy na napadeni ozime
psenice cernanim pat stebel (Gaeumannomyces’graminis). Sbornik
UVTIZ, Ochrana Rostlin 17, 151-156.

O'DELL, M., HOLLINS, T.W., FLAVELL, R.B., SIMPSON, C., SCOTT, P.R. &
WOLFE, M.S. (1987). Variation associated with repeated sequences
in Erysiphe graminis and Gaeumannomyces graminis. Report of the
Plant Breeding Institute for 1986, p.88.

OLD, K.M. & PATRICK, Z.A. (1979). Giant soil amoebae, potential
biocontrol agents. In Soil-borne Plant Pathogens, eds B. Schippers

and W. Gams, Academic Press, London and New York, pp. 617-628.

139



OSBOURN, A.E., CLARKE, B.R. & DANIELS, M.J. (1989). Molecular pathology
of the take-all fungus Gaeumannomyces graminis. The Sainsbury
Laboratory Report 1989, 19-20.

PAPENDICK, R.W. & COOK, R.J. (1974). Plant water stress and development
of root rot in wheat subjected to different cultural practices.
Phytopathology 64, 358-363.

POLLEY, R.H. & CLARKSON, J.D.S. (1980). Take-all severity and yield in
winter wheat: relationship established using a single plant

assessment method. Plant Pathology 29, 110-116.

POLLEY, R.W. & THOMAS, M.R. (1990). Surveys of diseases of winter wheat.

in England and Wales, 1976-1988. Plant Patbology (in press).

POPE, A.M.S. & JACKSON, R.M. (1973). Effects of wheat field soil on
inocula of Gaeumannomyces graminis (Sacc.) Arx and Oliver wvar.
tritici J.Walker in relation to take-all decline. Soil Biology and
Biochemistry 5, 881-890.

POWELSON, R.L., JACKSON, T.L., & CHRISTENSEN, N.W. (1985). Enhanced
suppression of take-all root rot of wheat with chloride fertilizer.
In Ecology and Ménagement of Soilborne Plant Pathogens, eds C.A.
Parker, Q.D. Rovira, K.J. Moore and P.T.W. Wong, American
Phytopathological Society, St Paul, Minnisota. pp. 246-251.

PREW, R.D. (1980). Studies on the spread of Gaeumannomyces graminis var.
tritici iﬁ wheat. II. The effects of cultivations. Annals of
Applied Biology 94, 397-404,

PREW, R.D. (1981). The incidence of Gaeumannomyces graminis var. tritici
and Phialophora radicicola var. graminicola on wheat grown after
different cropping sequences. Soil Biology and Biochemistry.l3,
179-184. | |

PREW, R.D., BEANE, J., CARTER, N.; CHURCH, B.M., DEWAR, A.M., LACEY, J.,
PENNY, A., PLUMB, R.T., THORNE, G.N., & TODD, A.D. (1986). Some
factors affecting the growth and yield of winter wheat grown as
a third cereal with much or negligible take-all. Journal of
Agricultural Science, Cambridge 107, 639-671. ‘

REIS, E.M., COOKé R.J., & McNEAL, B.L. (1983). Elevated pH and associated

' reduced trace-nutrient availability as factors contributing to
take-all of wheat upon soil liming. Phytopathology 73, 411-413.
ROMANOS, M.A., RAWLINSON, C.J., ALMOND, M.R. & BUCK, K.W. (1980).

140



Production of fungal growth inhibitors by isolates of
Gaeumannomyces graminis var. tritici. Transactions of the British
Mycological Society, 74, 79-88.

ROSSER, W.R. & CHADBURN, B.L. (1968). Cereal diseases and their effects
in intensive wheat cropping in the East Midland region, 1963-65.
Plant Pathology 17, 51-60.

ROTHROCK, C.S. (1987). Susceptibility and yield losses of small grains
to take-all. Phytopathology 77, 1773 (abstract).

ROUAT'i‘, J.W. & KATZNELSON, H. (1961). A study of the bacteria on the
root surface and in the rhizosphere soil of crop plants. Journal
of Applied Bacteriology 24, 164-171.

ROVIRA, A.D. (1978). Manipulation of the level of take-all disease in
the field by inoculation. In Epidemiology and Crop Loss Assessment.
Proceedings of the Australian Plant Pathology Society Workshop,
Lincoln College, August, 1977.

ROVIRA, A.D., GRAHAM, R.D. & ASHER, J.S. (1985). Reduction in infection
of wheat roots by Gaeumannomyces graminis var. tritici with
application of manganese to soil. In Ecology and Management of
Soilborne Plant Pathogens, eds C.A. Parker, A.D. Rovira, K.J. Moore
and P.T.W. Wong, American Phytopathological Society, St Paul,
Minnisota. pp. 212-214.

ROVIRA, A.D. & WILDERMUTH, G.B. (1981). The nature and mechanisms of
suppression. In Biology and Control of Take-all, eds M.J.C. Asher
and P.J. Shipton, Academic Press, London and New York, pp.

- 385-416. _ . '

SANDFORD, G.B. & BROADFOOT, W.C. (1931). A note on the biological
control of root rots of cereals. Studies of the effects of other
soil-inhabiting microorganisms on the virulence of Ophiobolus
graminis Sgcc. Scientific Agriculture 11, 460, 512-528.

SALLANS, B.J. (1948). Interrelations of common root rot and other
factors with wheat yields in Saskatchewan. Scientific Agriculture
(Ottawa) 28, 6-20.

SCOTT, D.B. (1989). Gaeumannomyces graminis var. graminis on Gramineae
in South Africa. Phytophylactica 21, 251-254.

SCOTT, P.R. (1981). Variation in host susceptibility. In Biology and
Control of Take-all, eds M.J.C. Asher and P.J. Shipton, Academic

141




Press, London and New York, pp. 219-236.

SCOTT, P.R. (1990). American Phytopathological Society Annual Meeting,
Richmond, Virginia, 20-24 August, 1989. British Society for Plant
Pathology Newsletter, no. 16, 29-31.

SCOTT, P.R., HOLLINS; T.H. & SUMMERS, R.W. (1989). Breeding for
resistance to two soil-borne diseases of cereals. Vortriage fir
Pflanzenzichtung 16, 217-230.

SEINHORST, J.W. (1965). The relation between nematode density and damage
to plants. Nematologica 11, 137-154.

SEINHORST, J.W. (1973). The relation between nematode distribution in
a field and loss in yield at different average nematode densities.

Nematological 19,421-427.

- SHAW, M.W. & ROYLE, D.J. (1987). A new method of disease-loss studies

used to estimate effects of Pyrenophora teres and Rhynchosporium
secalis on winter barley yields. Annals of Applied Biology 110,
247-262.

SHIPTON, P.J. (1972).' Take-all in spring sown cereals under continuous
cultivation: disease progress and decline in relation to crop
succession and nitrogen. Annals of Applied Biology 71, 33-46.

SHIPTON, P.J. (1975). Yield trends during take-all decline in spring
barely and wheat grown continuously. EPPO Bulletin 5, 363-374,

SHIPTON, P.J. (1981). Saprophytic survival between susceptible crops.
In Biology and Control of Take-all, eds M.J.C. Asher and P.J.
Shipton, Academic Press, London and New York, pp. 295-316.

SHIPTON, P.J., COOK, R.J. & SITTON, J.W. (1973). Occurrence and transfer
of a biological factor in soil that sﬁppresses take-all of wheat

in eastern Washington. Phytopathology 63, 511-517.

SIMON, A. (1989). Biological control of take-all of wheat by Trichoderma

koningii under controlled environmental conditions. Soil Biology
and Biochemistry 21, 323-326.

SIMON, A., ROVIRA, A.D. & FOSTER, R.C. (1987). Inocula of Gaeumannomyces
graminis var. tritici for field and glasshouse studies. Soil
Biology and Biochemistry 19, 363-370. ‘

SIVASITHAMPARAM, K. & PARKER, C.A. (1981).‘ Physiology and nutrition in
culture. In Biology.and Control of Take-all, eds M.J.C. Asher and
P.J. Shipton, Academic Press, London and New York, pp. 125-150.

142



SLOPE, D.B. (1966). Getting to grips with disease. Arable Farmer December
1966, 21-23.

SLOPE, D.B. (1967). Disease problems of intensive cereal growing. Annals
of Applied Biology 59, 317-319.

SLOPE, D.B. & ETHERIDGE, J. (1971). Grain yield and incidence of take-all
(Ophiobolus graminis Sacc.) in wheat grown in different crop
sequences. Annals of Applied Biology 67, 13-22.

SLOPE, D.B., PREW, R.D., GUTTERIDGE, R.J. & ETHERIDGE, J. (1979). Take-
all, Gaeumannomyces graminis var. tritici, and yield of wheat grown
after ley and arable rotations in relation to the occurrence of
Phialophora radicicola var. graminicola. Journal of Agricultural
Science, Cambridge 93, 377-389.

STEVENS, D.B., VAIDYANATHAN, L.V. & BALDWIN, J.H. (1988). Hagberg
Falling Number and Breadmaking Quality. HGCA Research Review No.
2, 90pp. Home-grown Cereals Authority, London.

STOLP, H. & GADKARI, D. (1981). Nonpathogenic members of the genus
Pseudomonas. In The Prokaryotes: a Handbook on Habitats, Isolation
and Identification of Bacteria, Volume 1, eds M.P. Starr, H. Stolp,
H.G. Trﬁpe;, A. Balows and H.G. Schlegel, Springer-Verlag, Berlin,
pp. 719-741.

STYNES, B.A. (1980). Synoptic methodologies for crop loss assessment.
In Crop uLoss Assessment, eds P.S. Teng and S.V. Krupa.
Miscellaneous Publication No. 7, Minnesota  Agricultural
Experimentél Station, St Paul, pp. 166-175

SYLVESTER-BRADLEY, R. & SCOTT, R.K. (1990). Physiology in the Production
and Improvement of Cereals. HGCA Research Review No. 18, 156pp.
Home-gfown]Cereals Authority, London.

TENG, P.S. (19859. Construction of predictive models. II. Forecasting
crop losses. 1In Advances of Plant Pathology, Volume 3,
Mathematical Modelling of Crop Disease, ed. C.A. Gilligan, Academic
Press, London, pp. 179-206.

TENG, P.S. & GAUNT, R.E. (1981). Modeling systems of disease and yield

A loss in cereals. Agricultural Systems 6, 131-154,.

TENG, P.S. & JOHNSON, K.B. (l988). - Analysis of epidemiological
components in yield loss assessment. In Experimental Techniques in

Plant Disease Epidemiology, eds J. Kranz and J. Rotem,

143



Springer-Verlag, Heidelberg, pp. 179-189.

THOMASHOW, L.S. & WELLER, D.M. (1990). Application of fluorescent
pseudomonads to control root diseases of wheat and some mechanisms
of disease suppression. In Biological Control of Soil-borne Plant
Pathogens, ed. D. Hornby, CAB International, Wallingford, Oxon, pp.
109-130.

TOTTMAN, D.R. & THOMPSON, D.R. (1978). The influence of herbicides on the
incidence of take-all disease (Gaeumannomyces graminis) on the
roots of winter wheat. In Proceedings 1l4th British Weed Control
Conference 2, 609-616.

WAGGONER P.E. (1986). Progress curves of foliar diseases: their
interpretation and use. In Plant Disease Epidemiology: Population
Dynamics énd Management, Vol. I, eds K.J. Leonard and W.E. Fry,
Macmillan, New York, pp. 3-37.

WALKER, J. (1981). Taxonomy of take-all fungi and related genera and
species. In Biology and Control of Take-all, eds M.J.C. Asher and
P.J. Shipton, Academic Press, London, pp. 15-74.

WELLER, D.M. (1983). Colonization of wheat roots by a fluorescent
pseudomonad suppressive to take-all. Phytopathology 73, 1548-1553

WELLER, D.M. (1985). Application of flouresecent pseudomonads to
control root diseases. In Ecology and Management of Soilborne Plant
Pathogens, eds C.A. Parker, A.D. Rovira, K.J. Moore, P.T.W. Wong
and J. F. Kollmorgen, The American Phytopathological Society, St.
Paul, Minnesota, USA, pp. 137-140.

WELLER, D.M. (1988). Biological control of soil borne plant pathogens
in the rhizosphere'with bacteria. Annual Review of Phytopathology
26, 379-407.

WELLER, D.M. & COOK, R.J. (1983). Suppression of take-all of wheat By
seed treatment with fluorescent pseudomonads. Phytopathology 73,
463-469.

WERKER, A.R. & GILLIGAN, C.A. (1990). Analysis of the effects of selectedv

A agronomic factors on the dynamics of the take-all disease of wheat
in field plots. Plant Pathology 39, 161-177.

WERKER, A.R., GILLIGAN, C.A. & HORNBY, D. (1990) Analysis of shapes of
disease progress curves for take-all in consecutive winter wheat

crops. Plant Pathology (in press).

l44



WESTON, W.A.R.D. (1944). Take-all or whiteheads of wheat and barley.

Ag;iculture, London 51, 226-227.

WIDDOWSON, F.V., PENNY, A., GUTTERIDGE, R.J., DARBY, R.J. & HEWITT, M.V.

(1985). Tests of amounts and times of application of nitrogen and
of sequential sprays of aphicide and fungicides on winter wheat,
following either beans or wheat, and the effect of take-all
(Gaeumannomyces graminis var. tritici), on two varieties at
Saxmundham, Suffolk 1980-3. Journal of Agricultural Science,
Cambridge 105, 97-122.

WILDERMUTH, G.B. & ROVIRA, A.D. (1977). Hyphal density as a measure of

suppression of Gaeumannomyces graminis var. tritici on wheat roots.

Soil Biology and Biochemistry 9, 203-205.

WILHELM, N.S., GRAHAM, R.D. ‘& ROVIRA, A.D. (1988). Application .of.

WONG,

WONG, -

WONG,

WONG,

WOoOoD,

different sources of manganese sulfate decreases take-all
(Gaeumannomyces graminis var. tritici) of wheat grown in a
manganese deficient soil. Australian Journal of Agricultural
Research 39, 1-10.

P.T.W. (1981). Biological control by cross-protectibn.ln Biology
and Control of Take-all, eds M.J.C. Asher and P.J.. Shipton,
Academic ﬁress, London and New York, pp. 417-431.

P.T.W. (1984). Saprophytic survival of Gaeumannomyces graminis and
Phialophora spp. at various temperature-moisture regimes. Annals
of Applied Biology 105, 455-461.

P.T.W. (1985). Interactions between microbial residehts of
cereal roots. In Ecology and Management of Soilborne Plant
Pafhogens, eds C.A. Parker, A.D. Rovira, K.J. Moore, P.T.W. Wong
and J.F. Kollmorgen, The American Phytopathological Society, St.
Paul, Minnesota, USA, pp. l44-147,

P.T.W. & SOUTHWELL, R.J. (1979). Biological control of take-all
in the field using Gaeumannomyces graminis var. graminis and
relatéd fungi. In Soil-borne Plant Pathogens, eds B. Schippers and
W. Gams, Academic Press, London and New York, pp. 597-602.

M.J. & ROBSON, A.D. (1984). Effect of copper deficiency in wheat
on infection of roots by Gaeumannomyces graminis var. tritici.

Australian Journal of Agricultural Research 35, 735-742.

YARHAM, D.J. (1981). Practical aspects of epidemiology and control. In

145



Biology and Control of Take-all, eds M.J.C. Asher and P.J. Shipton,
Academic Press, London and New York, pp.'125-150.

YARHAM, D.J. (1984). Root rotting diseases of wheat in the Pacific north
west of the USA. Study tour report, MAFF (unpublished).

YARHAM, D.J. (1986). Change and decay - the sociology of cereal foot
rots. Proceedings 1986 British Crop Protection Conference - Pests
and Diseases, pp. 401-410. '

YARHAM, D.J. & NORTON, J. (1981). Effects of cultivation methods on
disease. 1In Strategies for the Control of Cereal Disease, eds J.F.
Jenkyn and R.T. Plumb, Blackwell Scientific Publications, Oxford,
pp. 157-166.

YEATES, J.S. (1986a). Ascospore length of Australian isolates of
Gaeumannomyces graminis. Transactions of the British Mycological
Society 86, 131-136.

YEATES, J.S. (1986b). Relationship between colony pigmentation and
pathogenicity of Gaeumannomyces graminis to oats. Transactions of
the British Mycological Society 86, 680-682. '

YEATES, J.S. & PARKER, C.A. (1986). Rate of naﬁural senescence of
seminal root cortical cells of wheat, barley and oats, with
reference to invasions by Gaeumannomyces graminis. Transactions
of the British Mycological Society 86, 683-685.

ZADOKS, J.C., CHANG, T.T. & KONZAK, C.F. (1974). . A decimal growth stage
key for cereals. Weed Research 14, 415-421,

" 146



ACKNOWLEDGEMENTS
We thank J.F. Jenkyn, T.W. Hollins and P. Lucas for providing

information and J.W. Deacon and C.A. Gilligan for helpful discussion.

147



