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ABSTRACT

Three new methods for inoculating brassicas with 
Plasmodioohora brassicae were developed for glasshouse 
clubroot resistance tests. The ,1:modified slurry method" 
produced markedly higher and more consistent disease 
levels than the widely used "root dip procedure". It 
was furthermore simpler and required less inoculum. Im
proved techniques for single spore manipulation and inoc
ulation were also devised.

The resting spore maturation rate in diseased tap 
roots depended upon host species and P.brassicae popula
tion. Under glasshouse conditions infective spores were 
first detected 6 or 7 weeks after the sowing date, maximum 
infectivity being reached in 8- to 10-week-old roots, 
usually in galls which were firm and white and, in some 
cases, still swelling. Numbers (log10) of detectable 
spores per unit fresh tissue weight appeared to be almost 
constant and independent of plant age, host'species, 
pathogen population and gall size.

The pathogenicity and virulence of inocula stored as 
concentrated resting spore suspensions for up to 6-12 
months at -18 °C or h °C showed no decrease, but occasional 
marked increase. Loss of infectivity was eventually rapid 
and unpredictable and depended upon the P.brassicae popu
lation used. Inocula stored as frozen galls retained path
ogenicity and virulence for at least 2 years.
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Differences in pathogenicity and virulence were 
recorded between spore populations from roots and soil at 
the same site. There were also marked differences be
tween inocula from different host species, different plants 
of the same cultivar and different galls on the same plant.

Eighty P.brassicae populations occurring naturally in 
South East Scotland were tested for physiologic speciali
sation on the European Clubroot Differential set. Most 
were virulent on the Brassica napus and B .oleracea dif
ferentials but avirulent on the stubble turnips (B.camnes- 
tris). One population carried virulence factors corres
ponding to all the differential hosts. The preponderance 
of intermediate disease indices was probably caused by 
pathogen, and to a lesser extent host, heterogeneity.
The influence of an arbitrarily selected resistance/suscep
tibility cut-off value on population classification was 
often considerable. Many combined virulence pairs 
occurred more frequently than would have been expected from 
the individual virulence frequencies. This was mainly 
attributable to the high degree of similarity amongst re
sistance factors in the ECD set, but may also have been due 
partly to host selection on the soil population, particu
larly in the case of interspecific virulence pairs.

The frequencies of the reaction patterns recorded on 
the B .nanus differentials suggested that this group is more 
likely to carry five resistance genes than three. Viru
lence to 3.nanus occurred most frequently in populations



from the Borders region.

As unit doses of mature resting spores from different 
populations apparently differed in their capacity to cause 
disease, an assay could not be used for the accurate deter
mination of absolute concentrations of infective spores in 
field soils. However, the test devised provided a re
liable and simple means for evaluating comparative soil 
infectivities.

viii
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GENERAL INTRODUCTION

Clubroot is a soil-borne disease which attacks 
members of the Cruciferae family of plants. This in
cludes many forage and vegetable crops and also a number 
of garden plants and common weeds. Most cultivated bras- 
sicas are susceptible to the disease. In particular, 
rapes and swedes (Brassica nanus) have very little resis
tance and their large Scottish acreage has made clubroot 
control a major problem in this country. Oil-seed rape, 
which is becoming increasingly important, is also very 
susceptible. Small farms and market gardens are often 
unable to practise effective crop rotation as a control 
measure and, unless resistant cultivars can be selected, 
a ,1build-up” of disease is often inevitable. Clubroot is 
most commonly distributed across the field as small areas 
of heavily diseased plants and the yield of such crops may 
be severely reduced. Occasionally, however, the disease 
is widespread and entire crops may be devastated or vir
tually worthless.

Clubroot has been present in Western Europe since the 
thirteenth century. In 1878, Woronin identified Plasmodio- 
phora brassicae Wor. as the causal organism. Although par
ticular details of the pathogen's life cycle are still un
certain, the stages described below are most generally 
accepted.

Thick walled resting spores of the fungus can survive 
in the soil for up to 20 years. Under suitable conditions
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of moisture and temperature, the spores germinate to 
produce motile biflagellate zoospores. These form amoe
boid bodies which are able to penetrate the root hairs. 
Zoosporangia are formed in these host cells; at maturity- 
secondary zoospores are discharged and they apparently 
re-enter the root through the epidermis. The fungus 
usually migrates through the cortex, probably as amoeboid 
structures (Dekhuijzen, 1976), into the cambium and stele. 
In the host cytoplasm the pathogen develops large multi- 
nucleate plasmodia. This elicits host hypertrophy, and 
eventually the formation of clubbed roots. Each fungal 
nucleus then becomes- surrounded by a spiny wall and dif
ferentiates into a resting spore. Invasion and decay of 
the roots by secondary microorganisms subsequently liber
ates the spores into the soil. Recent evidence suggests, 
however, that repeated cycling may take place in unrotted 
galls and that therefore the resting spores released are 
not necessarily always the product of a single life cycle 
(Ingram & Tommerup, 1972).

Pathogen development in the stele eventually inter
feres with the conducting system of the host and the first 
sign of disease is usually wilting, especially during 
periods of dry weather. At a later stage the plants 
appear stunted with yellow outer leaves (Fig.l). The root 
systems become distorted with swellings either of the 
lateral roots or tap roots or most often of both. The 
galls can vary considerably in size and shape, apparently 
largely depending upon the host species and the soil type
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.1. Part of swede variety trial showing plants 
everely affected by clubroot.
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in which it grows. Occasionally, the rate of cell 
invasion and disease development is so great that host 
death ensues.

Spores of the clubroot pathogen may be dispersed in 
soil adhering to tools, wheels and feet. Infested soil 
on the roots of strawberry runners, raspberry canes or 
other plants may also spread the disease. Spores are 
often carried in drainage water or in the dung of animals 
fed on diseased roots. Alternatively, the disease may be 
introduced to a previously uncontaminated area on the in
fected roots of seedlings purchased for transplanting.
It has also been suggested that spores may be carried on 
seed and subsequently cause infection, but there is as yet 
no direct evidence for this.

A number of physical and chemical methods for disease 
control have been advocated. A long rotation between 
brassica crops (at least 7 years) together with the appli
cation of herbicides to eradicate all cruciferous weeds 
may be effective, but is seldom practicable. The 
incidence of infection is greater in acid than in alka
line soils, and when the moisture content is above 5®% of 
the soil's water-holding capacity. The addition of large 
quantities of lime to soils of low pH, or improvement of 
the drainage of waterlogged ground, may be effective in 
preventing an outbreak of disease if the potential for 
infection is low. With transplanted crops such as 
cabbages and cauliflowers, protection from clubroot has 
been available for many years. Roots may be dipped in



a suspension or paste of fungicide (e.g. mercurous 
chloride or more recently thiophanate-methyl and methyl 
benzimidazole carbamate-generating materials) before plant
ing out, or the control agent may be applied directly to 
the planting hole. Other chemical methods have achieved 
variable success, and the cost of efficiency is unfortun
ately often prohibitive. Certain partial soil sterilants 
are effective, but their general application is presently 
economic only for small foci of infestation in otherwise 
disease-free land, for seedbed treatment, or on small areas 
of ground producing high value vegetable crops. Recently, 
however, in an attempt to reduce the cost of field-scale 
treatment, Buczacki & White (1979) found that it may be 
possible to seal the soil surface by rolling instead of 
using polythene sheeting. Prior treatment with either 
dazomet or dichloropropene significantly reduced the in
cidence of clubroot.

At present the most promising field of investigation 
is the development of clubroot resistant c.ultivars.
Several useful sources of resistance have been identified. 
Current research into the breeding of interspecific and 
intergeneric hybrids carrying Brassica camnestns (turnip) 
and Ranhanus sativus (radish) resistance factors respect
ively is producing encouraging results (McNaughton, 1977). 
However, the- screening of new material for resistance to 
clubroot is complicated by the fact that ohere are dif
ferences in pathogenicity and virulence among naturally 
occurring P.brassicae populations. The pathogen has

6



evolved a number of physiologic races which differ in 
their ability to overcome specific host resistance factors. 
An additional problem is that spore populations in field 
soils most probably comprise complex race mixtures.

One of the aims of this project was to obtain infor
mation on physiologic populations of P.brassicae in South 
East Scotland. A survey of contaminated sites was de
signed to provide insight into the prevalence and distri
bution of different populations and of individual virulence 
factors. As a result, the merit of existing and future 
cultivars could be determined more effectively and rapidly. 
In addition, further valuable sources of resistance might 
be revealed. A survey might also be of immediate benefit 
to the grower in cases where locally resistant cultivars 
could be identified.

At the outset, it was clear that the procedures 
employed in testing brassicas for resistance to clubroot 
required substantial improvement and that this should be 
the immediate objective of the investigation. The re
sults obtained using existing techniques were often found 
to be unreliable, and little critical methodological re
search had been carried out. Section A of this thesis 
discusses the development and evaluation of inoculation 
methods and of methods of inoculum storage. It also 
examines spore infectivity in relation to gall maturity 
and details the development of a method for inoculation 
with single spores. The proDlem of selecting the type 
of material to be sampled as the inoculum source at

7
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contaminated sites is also considered.

As the period of time available was limited it was 
necessary to commence P .brassicae population testing using 
standard techniques. The procedures were modified, how
ever, as and when the results obtained in the experiments 
described in Section A indicated that improvements could 
be made. The possible influence of different techniques 
is emphasised in the account of the physiologic population 
survey in Section B.

Up to the present time it has proved virtually imposs
ible to obtain reliable estimates of spore concentrations 
in field soils using simple practicable procedures.
Section C discusses the development and relevance of a new 
approach to this problem.
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SECTION A 

METHODOLOGY
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EXPERIMENTS 1-^
THE DEVELOPMENT OF AN IMPROVED SEEDLING INOCULATION 

METHOD FOR THE GLASSHOUSE TESTING OF BRASSICAS 
FOR CLUBROOT RESISTANCE

INTRODUCTION

Several methods have been used for the inoculation 
of brassicas with Plasmodiouhora brassicae.

Plots or fields already contaminated with the 
clubroot organism have been sown directly with turnips 
(Tjallingii, 1965) or planted with cabbage seedlings 
(Nieuwhof & Wiering, 1961). However, clubroot popula
tions are often irregularly distributed. Tjallingii 
(1965) reported that attempts by other workers to over
come this by ploughing large quantities of clubbed roots 
into non-infested soil have mostly been unsuccessful. 
However, he obtained satisfactory results by scattering 
mixtures of diseased root material and soil or iniested 
soil into furrows. Little is known of the possible 
after-effects of such infestation procedures, but it is 
thought that in succeeding years an acceptable level of 
accuracy may be difficult to maintain. In addition, 
fluctuations in temperature in the field may specifically 
enhance resistance to clubroot in certain instances 
(Wit & van de Weg, 196*+; Tjallingii, 1965).

The main advantages of conducting resistance testing 
in the controlled environment of a glasshouse are that the 
tests are less subject to seasonal restrictions and sowing
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date effects, and they can be completed in 7 weeks as 
against several months in the field. The simplest glass
house method is to grow the test plants in naturally 
infested soil. Damping-off disease can be troublesome, 
however, particularly if seed is germinated directly in 
these soils. In addition, large quantities of field 
soil are difficult to handle, and it is not easy to stan
dardise the inoculum. Artificially infested soils pro
duced by incorporating macerated clubs or spores into the 
growing medium have been used (Samuel & Garrett, 19^5; 
Macfarlane, 1952; Colhoun, 195^; Ayers, 1957; Nieuwhof 
& Wiering, 1961; Tjallingii, 1965; Williams, 1966; 
Buczacki, 1973)» but it is doubtful whether spore distri
bution could be sufficiently uniform for critical work.
In addition, as most workers have used concentrations in 
the range lO^-iO'7 spores/g, the large amount of inoculum 
required, may often render the method impracticable. How
ever, Seaman, Walker & Larson (1963) apparently produced 
acceptable levels of infection of cabbage using only a 
6 mm layer of infested sand on top of non-infested soil.

Other workers have applied aliquots of spore suspen
sion directly onto the soil surface or into a hole around 
the plant base (Gibbs, 1931; Catovic-Catani & Rich, 196V. 
Dekhuijzen, 1976; Lamers & Toxopeus, 1977)» into the 
transplanting hole with the plant (Hooker, Walker & Lj_nk, 
19^5)) or onto the soil immediately after germination 
(Cr§te & Chiang, 1967). Seeds have also been sown in 
holes pre-treated with spore suspension (Samuel &
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Garrett, 19^5). Wit & van de Weg (196^) allowed the 
treated holes partly to dry up before sowing. With 
these methods, however, the spores are unlikely to be 
dispersed in the vicinity of all the susceptible roots, 
and control of spore concentration is likely to be parti
cularly poor. Procedures which involve pouring the spore 
suspension directly into the soil are probably wasteful 
of inoculum.

Yoshikawa & Buczacki (1978) cited a Japanese 
"inserting method" of inoculation developed by Ashizawa 
et al (1971) which was apparently successful, but probably 
laborious to carry out with large numbers of plants. A 
mixture of peat, "Perlite", clay and spore suspension was 
pressed into small cylinders and inserted into soil.
Seeds were then sown in the cylinders. This method 
allowed relatively precise control of soil factors in the 
infection zone.

The increasing interest in physiologic specialisa
tion in the clubroot pathogen led to the development of the 
"root dip" and "slurry" methods as inoculation procedures 
involving the use of more precise techniques. The root 
dip method, which was developed by Nieuwhof & Wiering (1961) 
and modified by Johnston (1968), is more widely used than 
the slurry method (Dixon, 1976). The roots of young seed
lings are inoculated by dipping them in spore suspension 
before planting. In the slurry method (Toxopeus 1 
Janssen, 1975) an inoculating mixture is placed in holes 
in the compost surface. This slurry mixture is a



combination of spore suspension and moisture-retaining 
soil of high organic matter content. The test plants 
grow from seed placed directly in the inoculum. The 
method has been used by many European workers.

Vigliola, Rossi & Barneto (1977) compared five 
methods of inoculation and concluded that "slurry methods" 
and methods using soil mixed with spore suspension pro
duced better results than dipping procedures or than 
inoculating with diseased roots incorporated into the 
soil. However, details of the methods used and results 
obtained were not provided.

Workers involved in testing for resistance to club- 
root have often found that the repeatability of tests is 
poor. This is considered to be at least partly attribu
table to the absence of a fully dependable standardised 
inoculation procedure. In a review of the slurry and 
root dip methods then in use, Dixon (1976) found consider
able variation in techniques. The present author be
lieved that the development of a simpler, more reliable 
inoculation method using a slurry inoculum similar to 
that described by Toxopeus & Janssen (1975) rather than 
a dipping medium was essential. Uniform spore dispersal 
in the seed germination medium provided greater potential 
for inoculum control, but the techniques of Toxopeus & 
Janssen (1975) were thought to be unnecessarily laborious 
and the levels of infection which they obtained were no 
higher than for the root dip method. Derails oi a 
modified slurry inoculation method and of the testing o j .

13



Experiment 1 was a comparison of the following inocu
lation procedures:

1. Root dip method (1 min dipping period)
2. Root dip method (15 min dipping period)
3. Modified slurry method
H-. Germinated seed dip method
5. Seed soak method

The study was designed to determine the most reliable 
method for obtaining maximum infection. In the standard 
root dip method two periods of root immersion in spore 
suspension were included because Dixon (1976) found that 
the length of time used by other workers varied from a few 
seconds to 15 min. In addition to the "modified slurry 
method", two further inoculation procedures were developed 
and tested. Both techniques resembled the slurry method 
in that the plants were exposed to inoculum at a very 
early stage in their development. However, the amount of 
inoculum required by these methods was considerably less 
than that initially used for the slurry procedure. The 
"germinated seed dip method" involved germinating seeds 
on a moist surface and subsequently dipping them in spore 
suspension before planting. In the "seed soak method" 
seeds were soaked overnight in spore suspension before 
sowing. This was similar to a method which McNaughton 
had found to be unsuccessful (personal communication).
The European Clubroot Differential (ECD) set (Table 1) 
was used for testing in Expt 1 because it comprised a 
range of brassica cultivars differing in types and levels 
of resistance (Buczacki, Toxopeus, Mattusch, Johnston, Dixon

& Hobolth, 1975).

its relative efficiency are described in Expts 1-3.
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Table 1. The European Glubroot Differential (ECD) set, as 
defined by Buczacki et al (1975)

Differential Differential
number host

Brassica campestris

01 ssp. rauifera line aaBBCC )
02 ssp. rapifera line AAbbCC )

) - stubble turnips
03 ssp. rapifera line AABBcc )
0*+ ssp. rapifera line AABBCC )
05 ssp. pekinensis cv. Granaat - Chinese cabbage

Brassica nauus

06 var. napus line DclOl - Nevin rape
07 var. napus line Dcll9 - Commercial Giant rape
08 var. naous line Dcl28 - Selection ex Giant rape
09 var. naous line Dcl29 - N.Z.clubroot resistantrape
10 var. naous line Dcl30 - Wilhelmsburger svede

Brassica oleracea

11 var. capitata cv. Badger Shipper )
12 var. capitata cv. Bindsachsener )' ) - cabbages
13 var. capitata cv. Jersey Queen )
1^ var. capitata cv. Septa
15 var. acerhala subvar. laciniata cv. /erheulcurly kale

Code
value

1
2
If
8

16

1
2
b

8
16

1
2
b

8

16



One of the proposals put forward by an international 
meeting of clubroot workers (Buczacki et al, 1975) was 
that the concentration of resting spores in inocula 
should oe not less than 10^/ml. A spore load of approxi
mately 107/ml was therefore used for each of the methods 
tested in Expt 1. Most other workers use similar con
centrations (Dixon, 1976). When seedlings are inoculated 
by dispensing spore suspension onto the surrounding soil 
surface, 10® (Lamers & Toxopeus., 1977) or 10® (Dekhuijzen, 
1976) spores per plant are generally used. In artifi
cially infested soils, the number of spores incorporated 
per ml is often as high as 6 x 10? (Ayers, 1972.) or 10® 
(Williams, 1966). However, using a recently developed 
technique for the extraction and enumeration of spores of 
P .brassicae. Buczacki & Ockendon (1978) found that the 
spore load in naturally infested soils producing a high 
incidence of infection was probably only 10® or lO^ spores 
per gram dry weight. In view of the highly favourable 
conditions for infection apparently provided in the slurry 
medium it seemed likely that the spore load could be 
reduced without affecting the disease levels obtained, 
and therefore that the practicability of the procedure 
could be further improved. Experiment 2 examined the 
effect of spore concentration in the slurry medium upon 
the infection of four host cultivars.

The third experiment was designed to compare the 
effectiveness of the slurry method using the reduced 
inoculum spore load selected in Expt 2 with the standard 
root dip procedure. The amount of disea.se vnicn

16
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developed on three host cultivars was measured using, 
for comparison, five spore populations from different 
sources,.

'
'
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MATERIALS AND METHODS

Conditions for plant growth
Test plants were raised in gravel-filled glasshouse 

benches (lU- cm deep) (Fig.2). The soil temperature was 
maintained at 20-25 °C by means of warming cables arranged 
in the gravel. The minimum air temperature was 12 °C 
and, as the work spanned several months, it varied con
siderably, but this did not appear to influence signifi
cantly the levels of infection produced. Levels of illu
mination were supplemented during a 16 h photoperiod using 
banks of fluorescent lamps.

Unless otherwise recorded, the growing medium used 
throughout the project was "John Innes no.3” compost. In 
order to minimise the risk of mistaken identity, cultivars 
were usually raised separately in different seed trays. 
About 30 seedlings were arranged in each 22 x 16 cm tray. 
However, in cases where it is stated that two cultivars 
were grown together, about 20 plants of each were grouped 
in different parts of the compost in the same tray. 
Occasionally, the numbers of seedlings of particular dif
ferential hosts were restricted by poor germination or 
seed shortage.

Two seed trays containing plants of similar inocula
tion treatment (i.e. inoculation method, spore concentra
tion and ?.brassicae population) were placed in one 
36 x 23 cm gravel tray positioned in the oench gravel 
(Fig.2). Plants were watered from below using the space
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Fig.2. Arrangement of gravel trays and seed trays for 
glasshouse clubroot resistance tests conducted in 
heated benches.



between the seed trays. The compost was kept at field 
capacity ior 2 weeks after inoculation, and thereafter 
watered only as required. No supplementary fertiliser 
was applied.

Inoculum production 
CluDbed roots from field crops or samples of 

naturally infested soil collected from randomly distri
buted points with a 23 cm auger were used as the original 
source of inoculum. Soils were passed through a 6.35 nm 
sieve, mixed with approximately one third of their volume 
of J.I. no.3 compost and "baited” with 10-aay-old seed
lings of the presumed universally susceptible (Buczacki

al? 1975) "trap” crop Brassica campestris var. oekinensis 
cv. Granaat (Chinese cabbage). After 6-7 weeks, resting 
spores extracted from the diseased roots were used as part 
of the physiologic population survey (Section B) and for 
the inoculation of additional Chinese cabbage seedlings to 
provide inoculum for experimental work. Spore suspensions 
prepared from field galls were used to inoculate Chinese 
cabbage seedlings, and the clubs obtained 6-7 weeks later 
used for population classification purposes and as experi
mental material.

Throughout the investigation, infested soils and sus
pensions of resting spores were stored at approximately 
^ °G . Clubbed roots were kept for several days at about
b °C or for up to 6 months at about -18 °C.

20

Preparation of resting score suspensions 
Galls were thawed, if necessary, under cold running



water, homogenised in tap water for 3-H- min at full speed 
in an "MSE 100-800 ml Ato-mix" laboratory blender and then 
filtered twice through muslin. The spore concentration 
in the filtrate was determined using a haemocytometer and 
was adjusted by dilution as necessary. Dilute suspen
sions were stored for up to 2*+ h in a dark refrigerator.

Inoculation methods
Root die. Seedlings were raised to the expanded 

cotyledon stage in J.I. no.l compost. The plants were 
carefully removed and the roots washed and placed around 
the edge of a Petri dish containing a suspension of approxi
mately 107 spores/ml. After either 1 or 15 min in Expt 1 
and 1 min in Expt 3? each root was agitated to collect 
some of the sedimented spores before planting. Inocula
tion of the 450 plants of a single ECD test required 
approximately 600 ml of s.pore suspension.

Modified slurry. For each seed tray of compost, 
the components of the slurry inoculum were 100 ml moist 
sieved (6.35 nm) peat, 50 ml no.l compost, spore sus
pension and tap water to make up to 200 ml medium. In 
general, a 20 ml aliquot of a stock suspension containing 
10 times the desired final spore concentration was dis
pensed by pipette. The remaining constituents were 
measured in a 250 ml plastic beaker. In Expt 1 the spore 
load in the slurry medium was approximately 5 x 10 /ml.
In Expt 2 a 10 -fold dilution series of stock suspensions 
was prepared to give a final concentration range of 
10-108 spores/ml. Spore-free control inoculations were

21



also included in this experiment. In all subsequent 
experiments and tests 10 5 spores/ml were incorporated 
into all slurry treatments, unless otherwise recorded.

The medium was mixed very carefully with a spatula. 
Four drills (about 2 cm deep) made across the compost with 
the long edge of a glass microscope slide were filled 
evenly with the mixture. After flattening the surface, 
the seeds were sown directly on top of the slurry medium 
and then lightly covered with compost. Thinning of the 
seedlings was sometimes necessary the following week.

Germinated seed dip. Seed was germinated at 20 °C 
on moist germination paper in sealed plastic boxes.
When the radicles were approximately 1 cm long 2 -b days 
later, the seedlings were immersed for 15 niin in suspen
sion containing approximately 10? spores/ml in a Petri 
dish. Upon removal and just before planting, each was 
moved around the bottom of the dish amongst the sedimented 
spores. About M30 ml of spore suspension were required 
to inoculate plants.

Seed soak. About 30-^ seeds were placed in a test 
tube containing 2 ml of spore suspension (approximately 
107 spores/ml). After thorough agitation, the seeds were 
soaked for 2h h at 20 °C by which time most seed coats 
had split and, in a few cases, the radicles were begin
ning to emerge. The tube contents were poured into a 
Petri dish and the seeds sown. The seedlings were 
normally thinned a few days later.

22



Selection of P.brassicae populations and test
cultivars

Throughout the course of the project, the production 
of seed of the ECD set was carefully controlled and stan
dardised by Dutch workers (Ir. Hille Toxopeus, S.V.P., 
Wageningen), In order to avoid wastage when supplies of 
particular differentials were low it was often necessary 
to substitute with commercial aultivars.

Experiment 1. Inoculum of population C25 was used 
in this experiment, details of which are given in 
Appendix 1. Tests involved inoculation of the ECD set 
of cultivars. Two replicate tests were carried out on 
different days with different batches of inoculum.

Experiment 2. Population C25 was also used in this 
experiment. The following cultivars were used as test 
hosts: Brassica campestris' var. pekinensis cv. Granaat
(Chinese cabbage) and Brassica naous var. napus line 
Dc 101 (Nevin rape) were members of the ECD set;
Brassica oleracea var. capitata cvs Offenham and Durham 
Early were cabbages from commercial stocks. There were 
four replicate seed trays of plants.

Experiment 1. The following P.brassicae popula
tions were used: C2, Cll, Ĉ -0 and CJ6. Details of the
site location and inoculum source for each are given in 
Appendix 1. A fifth population was also selected but, 
as it was not included in the physiologic population 
survey, it is not listed in the Appendix. The inoculum 
was extracted from cauliflower (cv. Tfaite Chief) roots
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collected at the same site as population C53 and details 
of its reaction on the ECD set are given in Expt 8.
This population was numbered C28.

Two of the host cultivars used (Brassica camnestris 
ssp. ranifera line AABBcc and Brassica nanus var. nanus: 
line Dc 101) were from seed of the ECD set (differentials 
03 & 06). The third cultivar also belonged to the ECD 
series (differential 10), but was from commercially pro
duced stock with greater clubroot resistance (Brassica 
nanus: var. nanus cv. Wilhelmsburger Sator 0tofte)
(R.W. Lang, personal communication). There were three 
replicate seed trays.

Disease assessment 
The roots of test plants were carefully washed 

6-7 weeks after inoculation. Each root system was 
immersed in water to facilitate its examination for dis
ease symptoms. Assessments were made on the following 
0-3 scale:

24

Disease score Symptoms
0 no swelling visible
1 slight swelling on lateral roots
2 moderate swelling on laterals or 

slight swelling on tap root
■3 moderate/severe swelling on tap root

usually with severe swelling on 
laterals

A disease index was calculated for each group 01 the 
plants from a single cultivar which had been raised in ohe



same seed tray. The following formula was used:

25

Disease index {%)

Z (disease score x no. of 
plants with that score) ----------------------------  x 100
total no. of plants x 3
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RESULTS

Experiment 1

The mean disease indices recorded are given in 
Table 2. An angular transformation vas performed on 
the data and a combined analysis of variance carried out 
with the differential cultivars nested within their 
species groups. This revealed that different inocula
tion methods produced very significantly different levels 
of infection (P ^ 0.001) and that the interaction between 
methods and species groups was also significant 
(P 0.01). The group means of the transformed data are 
given in Table 3. For each differential group the great
est amount of infection was produced by the modified 
slurry method of inoculation, followed by the germinated 
seed dip, the 1 and 15 min root dip procedures, with the 
seed soak method consistently giving the lowest disease 
indices. None of the differences recorded with the 
B.campestris group was significant. The overall difference 
between the results produced by the slurry and germinated 
seed dip procedures was significant (P ^ 0.01). Although 
there was no significant difference between the germinated 
seed dip method and the most efficient root dip, the 
former procedure produced significantly greater levels of 
infection than it did when the period of root immersion 
for the latter was longer (P < 0.01).

When each method was analysed separately, the amount 
of variation was least for the slurry method and greatest
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for the 15 min root dip procedure as shown by the residual 
mean squares in Table 3. The results obtained in re
plicate tests are given in Table *+. Restricting the 
analyses to the 3,napus and B.oleracea groups revealed 
that technique sensitivity was sufficient to detect a 
significant difference between the levels of infection 
recorded on these species only when the slurry method was 
employed (P < 0.001).

The ranges of the mean disease indices recorded on 
differentials 06, 10 and 15 were particularly wide, with 
the slurry method producing values 2,6%, 26% and b-2% higher 
respectively than the method giving the next highest level 
of infection. Replicate variation was also greatest on 
these hosts. Using the slurry method of inoculation, 
eight differential hosts were completely susceptible to 
this clubroot isolate compared with six for the germinated 
seed dip technique. Infection was almost always incomplete, 
however, when the root dip and seed soak methods were em
ployed. The 1 min root dip method produced more infection 
than the 15 min procedure, but the difference was not sig
nificant and the effect was not consistent amongst the 
differentials.

Experiment 2
The mean disease indices obtained are recorded in 

Table 5. Infection of all four hosts was complete using 
lO^-lO8 spores/ml in the slurry medium. The control plants 
were completely free of disease indicating no cross-contami
nation between trays in the glasshouse.
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Table 5* Effect of score concentration in slurry Inoculum 
uuon disease indices (.%) recorded on four hosts 
(mean of four replicates)

Score s/ml
Host 0 10

C\Jo 1—1 10^ 10^

Chinese cabbage (Granaat) 0 V5 91 99 100

Rape (Nevin) 0 38 93 98 100

Cabbage (Offenhan) 0 ko 98 100 100

Cabbage (Durham Early) 0 23 91 100 100

Experiment 7
The mean levels of infection recorded are given in 

Table 6. An analysis of variance revealed that overall 
the modified slurry inoculation method produced a very sig
nificantly greater amount of disease than did the root dip 
procedure (P *£ 0.001). The interaction between the methods 
and clubroot populations was also highly significant 
(P ss 0.001). For each isolate the mean level of infection 
recorded with the slurry method was higher than with the 
root technique but, whilst the difference was very signi
ficant for populations 028, CU-0 and 056 (P < 0.0 0 1), in 
the case of populations 02 and 0 1 1 it was much less marked 
and not statistically significant (Table 7)• ^be slurry 
method produced significantly greater amounts of disease 
on each host than did the root dip method, the e±feco 
being most marked for the swede cultivar (iaole 8).

In general, the disease indices obtained were higher 
for the slurry method than for the root dip procedure as
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a result of an increase not only in disease severity, 
but also in the proportion of infected plants.

Table 6. Effect of inoculation method upon disease
indices (%) recorded on T (turnio), R (race)
and S (swede) with five P. brassicae oooula-

Population Host
Inoculation method 
Root dip Slurry

C2 T 5.7 12.0
R 0.3 0.7
S 99.0 99.0

Cll T 0.0 1.0
R 98.7 100.0
S 8.0 17.3

C28 T 0.0 0.7
R 0.0 ^•3
S 5.3 62.0

C^O T 0.0 *+•7
R 0.0 15.7
S 5.3 38.0

C56 T 1.7 15.3
R 6h.7 92.0

S 90.3 95.0

S.E .D. (method x population x host) =
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Table 7* Effect of inoculation method upon mean disease
populations

Inoculation method
Population Root dip Slurry

C2 35.0 37.2
Cll 35-6 39 A
C28 1 .8 22.3
CUO 1 .8 19 A
C56 52.2 67 A

S.E.D. (method x population) = 2.8?

Table 8. Effect of inoculation method uuon mean disease 
indices (%) recorded on three hosts

Host

Turnip
Rape
Swede

Inoculation method
Root dip slurry

1.5 6.7
32.7 *+2.5
>+1.6 62.3

host) = 2 .21
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DISCUSSION

The inoculation methods tested in Expt 1 Droduced 
markedly different infection levels on several of the dif
ferential cultivars. Less virulent pathogen populations 
would be expected to show even greater differences. The 
modified slurry method gave the greatest amount of infec
tion of each of the differential groups, followed by the 
germinated seed dip and the 1 min root dip procedures 
(Table 3)* T.he degree of inherent error was statisti
cally least in the slurry technique but this was partly 
due to the greater incidence of complete infection. 
Nevertheless, it was possible to detect smaller differ
ences in treatment effects- using this method. The dif
ference between the level of disease produced by the 
1 and 15 min root dip procedures was not significant. 
Evidently, this method could not be improved by extending 
the dipping period, and it is clear that inoculating seed
lings by dipping their roots in spore suspensions produces 
highly variable results. The results obtained with the 
germinated seed dip method were more reliable and it was 
considered to be a more practicable procedure. Although 
replicate variation was also less with the seed soak tech
nique, the proportion of infected plants was very low and 
therefore it cannot be regarded as a useful inoculation 
method.

The spore load used in the inoculating media in 
Sxpt 1 was approximately 10^/ml for each metnod, but 
Expt 2 established that, using the modified slurry tech-



nique, maximum infection could also be obtained with 
lower spore concentrations of the same clubroot isolate 
(Table 5)• Slurry media containing at least 10^ spores/ml 
invariably produced 100% infection of the four commercial 
cultivars tested. As a result, 105 spores/ml was selected 
as the most suitable level for further testing. Appar
ently, this was fewer spores per plant than for any exist
ing method of inoculation. Under the conditions des
cribed, however, this concentration was considered high 
enough to allow the virulence of all major components of 
the spore population to be expressed.

In Expt 3, further comparisons were made using 10? 
and 105 spores/ml in the inoculum of the root dip and 
slurry methods respectively. For each of five additional 
clubroot isolates and three host cultivars, the slurry 
method produced the greater amount of infection, and the 
overall difference was very highly significant (Tables 7 
and 8).

It is relevant to speculate on the possible causes 
of the comparative superiority of the slurry method of 
inoculation. The high peat content of the slurry medium 
may have provided more moist conditions, bud it seems 
improbable that this would have had much effect, as all 
soils were held at field capacity during the critical 
infection period. However, the acidity of the slurry 
mixture (pH *+.8) was considerably greater than tnat of the 
growing medium (pH 6.7)5 this would be expecoed oo
promote infection and disease development to a certain
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extent (Colhoun, 1958). Nieuwhof & Wiering C196I) 
reported that, hfter transplanting, the pH of a dipning 
suspension carried on roots soon becomes the same as that 
of the surrounding soil.

Using the root dip inoculation method, Nieuvhof & 
Wiering (1961) found that cabbage plants did not become 
infected during the period of immersion when this was up 
to 2b h, but that this occurred at a later stage from the 
small volume of spore suspension adhering to the roots.
In 1963 they reported that, in testing B.oleracea for 
clubroot resistance, the plants must be exposed to the 
source of infection for as long a period as possible. In 
certain hosts, the proportion of diseased plants increased 
with increased length of exposure time. Occasionally this 
relationship extended beyond 20 days. In the present 
investigation the larger volume of inoculating medium 
around the roots in tests involving the slurry method 
would probably have effectively resulted in the lengthen
ing of the exposure period beyond that which occurred when 
the root din procedure was used. This may have contri
buted to the higher incidence of infection. Nieuwhof & 

Wiering also pointed out that the clubbing of a completely 
susceptible cultivar forms an unreliable measure of the 
efficiency of a test. The present work has supported 
the view that the use of hosts producing intermediate res
ponses provides a more sensitive means of detecting treat
ment differences. This has also been observed in later 

experiments.
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The slurry method of inoculation also has the advan
tage of exposing the host to the pathogen from the earliest 
stage of its development. It may be that seedlings are 
most susceptible immediately after germination. Samuel 
& Garrett (19^+5) discovered that the primary infection of 
roots takes place only in newly formed root hairs. This 
suggests that roots growing through an infested medium 
have a greater chance of developing disease than do those 
penetrating sterile compost. The high levels of infection 
recorded using the germinated seed dip procedure may be 
related to the numerous well-developed root hairs produced 
during early growth in a moist soil-free atmosphere. The 
seed soak method gave the lowest disease indices, presum
ably because the roots did not grow into infested soil, 
nor were the root hairs inoculated directly. In addition, 
the number of infective propagules per seedling was clearly 
exceedingly small.

Comparisons between the spore load in the slurry 
medium and that of the spore suspension used in the root 
dip procedure are of little relevance. The volume of 
inoculum involved in the infection process after dipping 
procedures is almost wholly dependent upon the size of the 
seed or root. In addition, it cannot be assumed that the 
spore level in this inoculum is equivalent to the concen
tration recorded in the dipping medium, since spore sedi
mentation in water is a continuous process. Even if 
uninterrupted agitation could be effected, it is considered 
extremely unlikely that any dipping method could be stan
dardised as accurately as the modified slurry method of
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inoculation. This probably accounts for the consider
ably lower level of replicate variation obtained with the 
latter procedure. Furthermore, the particularly high 
degree of error recorded using each root dip method can 
probably be attributed to additional factors introduced 
by the transplanting procedure. Toxopeus & Janssen (1975) 
found that transplant age affects resistance. Even 
plants of the same age have roots which vary in size and 
form. Reaction to transplantation depends to a certain 
extent upon plant species. For example, Tjallingii (1965) 
reported that transplanted turnip seedlings were particu
larly sensitive to unfavourable conditions. Variation 
amongst the results obtained by different workers is also 
likely to be greater when inoculation methods involving 
transplanting procedures are used, as the amount of root 
damage caused depends to a certain extent upon the indivi
dual care exercised.

The slurry method of Toxopeus & Janssen (1975) was 
reported to produce results very similar to the root dip 
technique, but their investigation was restricted to 
stubble turnip cultivars. The procedural modifications 
devised by the present author appear to have improved the 
slurry method. As P.brassicae attacks most readily under 
conditions suitable for optimal plant growth, the plants 
were spaced along drills instead of grouping them in holes. 
Toxopeus & Janssen dried the-' slurry medium for 2 days 
before sowing the seeds and a period of drying is also 
used by most other workers (Dixon, 1976). There is no



clear reason for doing this and, moreover, a preliminary 
test indicated that drying the inoculum may reduce the 
incidence of infection. Moist conditions favour spore 
germination and infection and, in addition, partial loss 
of spore viability or spontaneous germination would be 
more likely to affect the results if the seeds are not 
sown immediately. In the modified method, therefore, 
seeds were sown directly onto the freshly mixed slurry 
medium.

Toxopeus & Janssen (1975) also stated that the slurry 
method could be carried out only slightly more quickly 
than the root dip procedure. However, these workers con
ducted the slurry inoculations directly over soil warming 
cables in the glasshouse bench. Seed and gravel trays 
are obviously more easily filled and cleaned than soil 
benches.

Johnston (1968) remarked that the problem of disease 
assessment was simplified as a result of inoculation by 
the root dip method as swelling was generally localised on 
the central part of the root system. In the present in
vestigation, although more lateral roots were hypertro
phied, the galls which formed in the slurry media were 
usually larger and therefore these roots were found to be 
more easily assessed (Fig.3)*

In conclusion, this investigation has established 
that the modified slurry method of inoculation is more 
effective and sensitive than the other procedures tested.
Not only were the levels of infection produced significantly
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Fig.3 . Roots of differentials 05 and 09 6-7 weeks after 
inoculation by the root dip method (top) and by the 
slurry method (bottom).



higher, but also the repeatability of results was much 
improved. These effects were verified using a number of 
host cultivars and pathogen populations of differing resis
tance and pathogenicity. In addition, the practicability 
of the modified slurry method was considerably greater 
than that of the standard root dip procedure. Smaller 
quantities of inoculum were required and the method was 
less laborious and time-consuming. The newer method also 
involved less organisation as it was not necessary to 
raise seedlings to a particular stage of development prior 
to inoculation.

Since the details of the modified slurry inoculation 
procedure were made available, the method has been adopted 
by several other workers. It has generally been found to 
produce higher, more reliable levels of infection than 
other methods of inoculation (D. Jones, personal communi
cation). In the present thesis, the "modified slurry 
method" will, for simplicity, henceforth be referred to 
as the "slurry method".
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EXPERIMENT h

THE RELATIONSHIP OF SPORE INFECTIVITY TO GALL MATURITY

INTRODUCTION
Although little direct evidence has been put forward, 

several workers have stressed the importance of using 
mature galls having an internal grey marbled appearance 
or in a state of partial decomposition as sources of 
inoculum (Ayers, 19V-; Colhoun, 1953; Macfarlane, 1953; 
Channon, Flint & Hinton, 196V, Lammerink, 196i+; Johnston, 
1968). In a study of root hair infection, Ayers (19M+) 
found that not only were the spores obtained from tissue in 
an advanced state of decay the most mature but also, fol
lowing maceration and successive washings with water, they 
produced the purest suspension. Colhoun (1961) obtained 
a lower proportion .of infected plants using inoculum from 
very young plants grown in the glasshouse rather than 
spores extracted from mature field roots. He attributed 
the difference to the lower infectivity of the former.
A similar discovery had been made by Macfarlane in 1952. 
Channon et al (196V compared the level of root hair infec
tion produced by inoculum from discrete white ''finger-and- 
toe" type clubs with that from more advanced marbled clubs 
occurring on the same cabbage plant. For four separate 
plants it was found that, at equivalent spore concentra
tions, the older tissues provided not only the more effec
tive, but also the more consistently reliable, source of 
inoculum. Chupp (1917) found that tne germination 01 
scores from young roots which nad not been invaded oy



bacteria was as good, as that of spores from larger con
taminated galls, and concluded from his investigations 
that P.brassicae is not dependent upon the presence of 
bacteria for its development. He inferred that these 
organisms invade merely as saprophytes which incidentally 
help to set free the resting spores by causing host decay. 
In 1956 Smith found that the germination of spores from 
young galls could be enhanced by the presence of other 
soil microorganisms. He was apparently able to attribute 
this effect to the action of certain bacterial enzymes.
The possibility of bacteria or other organisms condition
ing or modifying the spores within the rotting gall has 
been mentioned by other workers (Colhoun, 1958; Channon 
et al, 196*+). It is also of interest to note that 
Fedotova (1928) reported that spore suspensions in which 
secondary root invaders had been destroyed were as infec
tive as mixed suspensions. Channon et al (196*+), however, 
obtained slight increases in the degree of root hair infec
tion by thoroughly washing spores after extraction.

Macfarlane (1970) pointed out that it is to the advan
tage of the parasite that spore maturation coincides with 
host decay. He reported that a larger proportion of rest
ing spores from old decaying galls germinated and that 
they did so more rapidly than those from young, firm galls. 
He suggested that this could have been due to the old 
spores having developed more completely and, m  particular, 
having accumulated sufficient quantities of a certain 
factor necessary for germination.
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It was inferred from data obtained in tests which 
were carried out at an earlier stage in the present project 
and discussed elsewhere in this thesis (Expt 9 and Section 
C) that the rate of spore maturation in diseased roots may
be dependent upon both host species and spore population. 
Furthermore, it is thought that some of the anomalous re
sults reported by other workers may be attributable to 
inoculum immaturity. It is therefore important that the 
relationship between the ability of inoculum to cause 
disease and the stage of development of its source should 
be more clearly defined.

The distinction between ’’young" and "old" galls seems 
previously to have been determined on the basis of the 
visual appearance of the tissues. "Old" clubs were gener
ally described as being large in size and grey and mottled 
in section or in various stages of decay, whilst "young" 
galls were small, firm and white. However, in the author's 
experience, the relationship between the physical appearance 
of diseased roots produced in the glasshouse and the age 
or maturity of the clubs may be modified by the type of 
host cultivar used and also by the environmental conditions 
maintained. Galls decay earlier and more rapidly in 
samples of field soil than in sterilised compost (Lewis, 
unpublished), presumably because of the higher numbers of 
saprophytic organisms and possibly also because of the 
poorer soil structure. Premature host decay also seems 
to take place in waterlogged conditions and at high tempera
tures. It may be that, in such circumstances, the develop
ment of P .brassicae resting spores within clubbed roots
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also proceeds at a faster rate, but there is no evidence 
for this at present.

The controlled glasshouse conditions used in this 
experiment enabled the age of the inoculum source to be 
used as the parameter for measuring gall maturity. How
ever, the stage of gall development was also independently 
assessed by recording the diameter, weight, degree of 
rotting and spore production at each stage. It was poss
ible to assess infectivity by measuring the level of infec
tion produced per infective unit. The accurate detection 
of small differences in viability would not have been feas
ible using existing methods of inoculation. The develop
ment of the slurry method in Expts 1-3, however, enabled 
reliable quantification to be carried out. To increase 
the sensitivity of the assay, three appropriate spore con
centrations were used in the inoculating medium. In order 
to discover whether the relationship was influenced by host 
type, two brassica cultivars were selected for the production 
and testing of inocula. Comparisons were also made bet
ween two P.brassicae populations differing in the reaction 
patterns which they produced on the ECD set.
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MATERIALS AND METHODS

The slurry method of inoculation was employed through
out. The procedures and environmental conditions used are 
described in Expt 1.

Stage 1; Inoculum production 
Two clubroot populations were each inoculated onto 

two host cultivars to give four inoculation treatments 
(Table 9)« The seed used was from commercial stocks.
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Table 9* Inoculation treatments used in Stage 1 to produce 
inoculum for testing in Stsge 2

P.brassicae 
population

Cll
C56

1
2

Host
B.camnestris ssp. uekinensis 3.nanus var. nanus 
cv.Granaat (Chinese cabbage) cv.Nevin (Nevin rape) 

A B

A1
A2

B1
32

Population source given in Appendix 1

In order to allow unrestricted root swelling only 12 
plants were raised in each seed tray. There were 3^ trays 
for each inoculation treatment, arranged randomly in the 
glasshouse bench. The plants were watered normally for 
the first weeks after inoculation (see Expt 1). To avoid 
premature gall decay, subsequent watering was carried out 
only when required and free drainage was provided by stand
ing each tray on a Petri plate in the gravel tray. Trays 
were frequently re-randomised in order to promote uniform



plant growth.
Harvesting the inoculated roots commenced 3 weeks 

after the date of sowing and thereafter at weekly inter
vals up to the twelfth week. Three trays of each of the 
four inoculation treatments were randomly selected at 
each sampling stage. About 30 plants were pooled for 
testing in Stage 2.

Stage 2; Assessment of infectivitv
Root systems were washed under cold running water 

for 1 h. The lateral roots were severed from the tap roots 
and discarded in order to preclude the possible influence 
of younger and more recently invaded tissues on overall 
spore infectivity.

The diameter of the widest part of each tap root was 
recorded as the mean of two perpendicular measurements.
A 1.5 cm length of each segment was cut, centred around 
the widest part of the swelling, if present, or on the 
hypocotyl base.

All the segments in a sample were placed in a vial or 
bottle and washed by shaking vigorously by hand for 1 min 
in an aqueous solution of "Tween 80" (3 drops per litre). 
The process was repeated four times in fresh solution and 
the tissue left overnight in a fifth solution, the purpose 
being to remove soil particles and spores from the previous 
slurry inoculum in order to avoid possible cross-contamina
tion between Stages 1 and 2. To keep decaying galls 
intact, roots harvested at 9 , 10 ana 11 weeks after the
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date of sowing were washed gently only twice before soaking 
overnight. Twelve-week-old clubs were neither washed nor 
soaked.

After rinsing twice in tap water and removing excess 
moisture with filter paper, the total fresh weight of the 
segments was recorded. Each tissue sample was homogenised 
in 200-500 ml tap water, as described in Expt 1, and then 
filtered twice through muslin.

In the suspensions prepared for each of the inocula
tion treatments collected 3 weeks after the date of sowing 
and for the ^-week-old roots inoculated with population 2 , 
spores either were not present or were so small as to be 
indistinguishable from bacteria and debris. As a basis 
for comparison, however, these inocula were included in the 
assessment by adjusting their dilution according to the 
fresh weight of the root segments. Tests had revealed 
little difference in the number of spores extracted per 
unit weight from arbitrarily selected large and small tap 
root galls which had been stored for several weeks in a 
freezer (the large were about 30 times heavier than the

O
small): large galls produced approximately 7.3 x 10
spores/g whilst small galls produced 8.2 x 10® spores/g

C
and the mean of 7.75 x 10 spores/g was used to calculate 
the appropriate dilution factors for these treatments.
For all other stages of the* experiment, actual spore counts 
were made on samples of suspension, and the concentration 
reduced accordingly.

Spore infectivity was tested by re-inoculating both
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Chinese cabbage (A) and Kevin rape (B) with each suspen
sion using three spore loads in the slurry medium: 10,
102 and 1 0 ' spores/ml. There were two replicate seed 
trays, each containing approximately 20 plants of each host. 
Trays of similar spore population and concentration, but 
differing in the host used as inoculum source, were placed 
together in the same gravel tray. Gravel trays were posi
tioned randomly in the glasshouse bench. Roots were har
vested 6-7 weeks later and assessed for disease symptoms as 
previously described.
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RESULTS

Stage 1 : Inoculum production
Figure shows the change in the mean diameter and 

weight relative to the time interval from inoculation 
(i.e. plant age) for tap root segments of standard length. 
Diseased roots of host A reached their maximum size 8-10 
weeks after the sowing date whereas those of host B con
tinued to grow until the tenth or eleventh week. The 
maximum rate of tap root swelling occurred for host A during 
the sixth and seventh weeks after inoculation with popula
tions 1 and 2 respectively. For host B the rate of root 
growth was highest in each case during the eighth week. 
Segments from the roots of host A infected with population 
2 showed a marked loss of weight between 8 and 12 weeks of 
age. A reduction in mean weight and also in mean diameter 
was apparent in the case of host B inoculated with popula
tion 1 during the final week.

The patterns of spore production expressed as logarithms 
(base 10) of the numbers of spores per tap root segment, 
spores per centimetre tap root diameter and spores per gram 
fresh weight are illustrated in Fig.5- Owing to the large 
number of treatments it was not possible to prepare repli
cate spore suspensions and therefore each point represents 
a single value derived from approximately 30 plants.

The log10 of the mean number of spores detected per 
segment and per centimetre root diameter apparently in
creased markedly with increasing age up to 6 and 7 weeks
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in host A infected with populations 1 and 2 respectively, 
and up to 8 weeks in host B infected with either isolate. 
Thereafter, relatively little further increase was de
tected. The log10 of the number of spores per gram fresh 
root weight showed either comparatively little increase, 
or none at all, over the period for which direct counts 
were made.

There was very close agreement in spore production 
amongst the four inoculation treatments in the case of com
paratively old diseased tissues. The greatest overall 
mean content of spores was detected at the 11-week stage 
(3*2 x 10^ spores/club, 2.5 x 10^ spores/cm and 2.2 x 10^ 
spores/g), slightly fewer being extracted from 12-week-old 
clubs (2.7 x 10', 2.2 x 10^ and 2.0 x 10^ respectively).

The proportion of tap roots visibly swollen with 
disease at each stage in the experiment is presented in 
Table 10 together with an estimate of the severity of gall 
decay. The roots of host A began to swell sooner than 
those of host B and, by the sixth week, all of the former 
inoculated with population 2 were showing signs of disease. 
A small number of plants from the other inoculation treat
ments remained apparently healthy even after 12 weeks in 
the slurry medium. A representative sample of roots of 
each inoculation treatment is shown in Figs 6 and 7*

Tissues differed markedly in the amount of surface 
rotting which took place. In general, a higher propor
tion of roots infected with population 2 showed signs of
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Table 10. Effect of inoculation treatment upon relationship 
between plant age (from sowing) and proportion 
T%) of swollen (S) and rotting (R) roots

Plant age 
(weeks) S

Al
R

inoculation treatment 
B1 A2 

S R S R
B2 

S R

3 2-3 0° 3 0 3 0 0 0
k 70 0 27 0 67 0 21 0

5 79 0 *+3 0 97 0 ^1 0
6 90 0 97 0 100 0 77 0

7 93 0 90 0 100 0 80 +

8 90 0 97 0 100 +++ 93 0

9 97 ++ 93 -h 100 +++ 77 -t—t-

10 90 ++ 97 0 100 ++++ 83 ++

il 85 -H -+ 100 0 100 +++ 9k ++

12 89 ++++ 82 + 100 ++++ 9k + + 4 -

0, 0%
++, 10-20% 

+++, 20-50% 
++++, > 50%
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5 cm

Fig.6. Samples of roots of host A (Chinese cabbage) 
infected by population 1 (above) and by population 2 
(below) 2-10 and 2-9 weeks respectively after the date 
of sowing (from top left to bottom right).
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g.7. Samples of roots of host B (Nevin rape) infected 
by population 1 (above) and by population 2 (below)
2-10 and 2-9 weeks respectively after the date of sowing 
(from top left to bottom right;.



decay than did those inoculated with population 1. In 
addition, galls on host A rotted sooner than those on 
host B. Negligible levels of gall decay were recorded 
for host B infected with population 1, even after 12 weeks' 
development.

Comparative spore size was assessed in 10-week-old 
inoculum. All the spores from inoculation treatment A2 
were large and of uniform size. Most spores from treat
ment A1 were large. A larger number of small spores was 
observed in the spore suspension prepared from treatment 
B2, and for B1 most spores were small.

The effect of the inoculation treatment upon particular 
stages of host and pathogen development is summarised in 
Table 11(a).

Stage 2: Assessment of infectivitv
The mean levels of infection produced by inocula from 

plants of different ages on hosts A and B are represented 
in Figs 8-11. Inoculum from 3-weeM-old plants of inocu
lation treatment A2 produced significant amounts of infec
tion in both hosts', but V- and 5-weeM-old inoculum of this 
treatment gave only negligible disease levels. No disease 
symptoms were recorded with 3" •> 5-week-old inoculum
of the other three inoculation treatments.

Predictably, the highest spore load gave the greatest 
amount of infection and generally inferred the achievement 
of maximum infectivity in the youngest inoculum. Using 
this spore concentration, when the age of inoculum of
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Table 11. Summary of effect of inoculation treatment uuon 
(a) occurrence of significant stages (weeks 
from sowing) in host and pathogen, development 
(from Figs V. 5. 8-11 and Table 10) and (bT 
disease levels recorded on two test hosts 
(means of transformed disease indices)

(a)
Inoculation treatment

Al B1 A2 B2

Maximum infectivity 
first recorded 8 10 8 8
Root swelling ceased 8 11 8 10
Roots reached 1 cm 
diameter 6 8 7 8
End of phase of rapid 
apore production 6 8 7 8
Rotting first apparent 
in > 2Q> of galls 11 >12 8 12
Proportion of "large” 
spores in inoculum 
from 10-week-old plants most few all some

(b)

Test host Al

Inoculation

B1

treatment

A2 B2

A bb .b 36.6 56.3 50.5

B ^o.5 30.0 31-7 bQ.3

S.E.D. (inoculation treatment x test host) - 1.72
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Age of inoculum source (weeks)

Fig.8. Effect of age (from sowing) of inoculum source on 
infection level recorded on A (Chinese cabbage) and B (Nevin 
rape) for inoculation treatment Al (Chinese cabbage inocu
lated with population Cll). Spore concentration in slurry 
medium: o, 10 spores/ml; *, 102 spores/ml; 105 spores/ml.



2  4  6  8  1 0  12

Age of inocuium source (weeks)

Fig.9. Effect of age (from sowing) of inoculum source 
on infection level recorded on A (Chinese cabbage) and 
B (Nevin rape) for inoculation treatment 31 (Nevin rape 
inoculated with population Cll). Spore concentration 
in slurry medium: o, 10 spores/ml; *, 102 spores/ml;
a, 105 spores/ml.
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Age of inoculum source (weeks)

Fig.10. Effect of age (from sowing) of inoculum source 
on infection level recorded on A (Chinese cabbage) and 
B (Nevin rape) for inoculation treatment A2 (Chinese cabbage 
inoculated with population C56). Spore concentration in
slurry medium: o, 10 spores/ml; •, 102 spores/ml; 
a , 105 spores/ml.



Age of inoculum source (weeks)

Fig.11. Effect of age (from sowing) of inoculum source 
on infection level recorded on A (Chinese cabbage) and 
B (Nevin rape) for inoculation treatment B2 (Nevin rape 
inoculated with population 056). Spore concentration in
slurry medium: o, 10 spores/ml; •, 102 spores/ml; 
a, 10s spores/ml.



population 2 was 8 weeks or more, 18 of the 20 mean 
disease indices recorded were 100$. Equivalent treat
ments for population 1 produced only two instances of com
plete infection. Disease indices produced by inocula 
containing 102 spores/ml were usually intermediate between 
those recorded with the highest and lowest spore loads.
The amount cf infection which took place in the slurry 
inocula containing only 10 spores/ml was often remarkably 
high. For example, 100>a infection of host A was recorded 
with 8-week-old inoculum of inoculation treatments A2 and 
B2 and with the latter 93% infection of host B was produced.

An analysis of variance following angular transforma
tion of the data revealed that the age of inoculum and the 
spore concentration had highly significant effects 
(P < 0.001). Population 2 produced significantly more 
disease than population 1 (P < 0 .001), and the overall 
mean level of infection recorded on host A was significantly 
greater than on host B (P < 0 .001). These differences 
could be observed at all stages of the experiment. In 
addition, the infectivity of inoculum from host A was 
greater than that from host B (P 0.05).

Many of the two- and three-way interactions were also 
highly significant and several were of particular interest. 
As indicated in Fig.12, the greater overall infectivity of 
inoculum from host A was a result of spores maturing e a r

l i e r  in galls on this host than in those on host 3. Sig
nificant disease levels were produced at an earlier stage 
(6 weeks) using inoculum from host A infected with either
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Age of inoculum source (weeks)

Fig.12. Summary of effect of age (from sowing) of 
inoculum source on infection level (mean for two hosts 
and three spore concentrations) recorded for four inocula
tion treatments: o, Al; «, Bl; a ,  A2; a, B2. Hosts:
A, Chinese cabbage; B, Nevin rape. P.brassicae popula
tions: 1, Cll; 2, C56.



isolate than when the inoculum was extracted from host B 
(7 weeks). Thereafter, inoculum of population 1 con
tinued to be more infective when extracted from host A 
than from host B, whereas 7-week-old or older inoculum of 
population 2 was apparently more.infective from host B.

Inocula from both host A and host B gave more infec
tion overall when tested on host A than on host B. With 
population 2 this difference was relatively greater for 
inoculum from host A than for that from host 3, but for 
population 1 the difference was greater when host B was 
the source of inoculum (Table 11(b)). Inoculum of each 
population tested on host A resulted in greater amounts 
of infection when extracted from host A than from host B. 
For test host B the level of infection with population 1 
was also greater when obtained from host A, but host B pro
vided the more infective inoculum of population 2. This 
accounts for the apparently greater infectivity of relat
ively old inoculum of treatment B2 compared with A2 
(Fig.12).

Analyses performed on the transformed data for each 
spore load separately showed that the amount of variation 
between replicates was greatest for the lowest concentra
tion (residual mean square (RMS) of 98.6), intermediate 
for 10^ spores/ml (RMS of 76.*+) and least for the highest 
spore load (RMS of ^5*5)* However, the differences were 
not great enough to suggest that the combined analysis 
should be discarded. They probably reflect the relative 
proportions of intermediate disease indices.
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DISCUSSION

In glasshouse tests for clubroot resistance plants 
are normally assessed for disease symptoms 6-7 weeks 
after inoculation, and it is most often convenient to use 
the same interval of time for the production of inoculum. 
In order to ease the pressure on the allocation of heated 
bench space, a reduction of this period is sometimes 
additionally desirable. This experiment has shown, how
ever, that spore maturity is an extremely important factor 
to be taken into account, for it is certainly not true 
that all P .brassicae spores: that can be detected micro
scopically are equally capable of causing disease. The 
evidence indicates that, using the slurry inoculation 
method, the inoculum production period must not be reduced, 
but it should, in fact, be extended to at least 8 weeks.

Spores extracted from young galls on Nevin rape 
(host B) were less infective than inoculum from those of 
the same age on Chinese cabbage (host A) (Fig.12). The 
levels of infection produced by inoculum extracted from 
6-week-old clubs on host A using the highest spore load 
were high when tested on host A (82$ and 100$) and inter
mediate on host B (63$ ana 37%)• However, comparable 
inoculum from host B gave negligible amounts of infection 
of either host. Maximum infection of host A was produced 
by the 7-week-old inocula of all inoculation treatments 
when the highest spore load was used. Using inocula of 
the same age and spore concentration, maximum infection of 
host B was produced by inoculation treatments A1 and 32,



whereas A2 and B1 gave only and'67/"o infection respec
tively. The spore infectivity of one inoculation treat
ment (Bl) was apparently sub-maximal even when extracted 
from 8- and possibly also from 9-week-old plants (Fig.9). 
When tested on host B, this influenced the disease indices 
recorded using the highest spore load, but in the case of 
host A only the two lower and more sensitive spore concen
trations reflected the increase in infectivity.

These observations may partly explain the anomalous 
results sometimes obtained when 6- to 7-week-old inoculum 
is used. Host variation in the rate of inoculum matura
tion may be due to differences in host growth rate (host 
A grew more rapidly than host B) or to some other more 
direct interrelation between host and parasite. Similar 
suggestions were made in Expt 9* To obtain comparable 
results with inocula from different cultivara for roots 
which have been inoculated using the slurry method the 
plants should ideally be no younger than 10 weeks' old.
In any event, diseased roots should not be harvested until 
at least 8 weeks after inoculation if a spore load of 
l oVml or greater is to be used. For lower spore con
centrations, extending this period to at least 10 weeks 
may prove necessary in the case of certain cultivars.

It is clear that host B was apparently a less suscep
tible test cultivar than was host A at all stages of the 
experiment. It may be that the response of the root 
tissues to infection generally occurs less rapidly in the 
former than in the latter. However, when the inoculum
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had been produced by the "universally susceptible" 
host A (Chinese cabbage), the difference may partly have 
been due to population heterogeneity (see Section B) and 
to the presence in the inocula of physiologic races to 
which host B was resistant, thus effecting a reduction in 
the virulent spore load. Differing rates of spore 
maturation amongst races may also differentially influence 
cultivar infection levels. Such phenomena could provide 
an explanation for some of the effects recorded in 
Table 11(b). Inoculum of population 2 which had "passed 
through" host A caused markedly less disease in host B 
than in host A, whereas passage through host B presumably 
resulted in selection of only those races virulent on 
host B and consequently produced similar disease indices 
on the test hosts. In the case o.f population 1, however, 
the reduction in the amount of disease obtained using 
B as the test host rather than A was significant following 
passage through either host, although much less marked 
than for inoculation treatment A2. Perhaps a signifi
cantly larger proportion of spores in population 1 was 
virulent on host B as well as on host A.

Overall, the amount of disease recorded in the experi
ment for population 2 was very significantly greater than 
it was for population 1. This difference was apparent at 
all stages of the experiment, and population 2 seemed to 
achieve maximum infectivity at an earlier stage than did 
population 1. It can be inferred from the data that this 
effect was due to different rates of spore maturation 
rather than to overall differences in aggressiveness, as
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there were comparatively few instances of "intermediate" 
disease symptoms on individual plants. Assuming that the 
populations used were heterogeneous, these observations 
are evidence in support of the differing spore maturation 
rates of physiologic races. The results obtained in 
Section C similarly indicate that spores from different 
populations differ in their mean rate of development.

The proportion of diseased roots in the sample was 
almost always less than 100$ for both hosts inoculated with 
population 1 and for host B inoculated with population 2, 
even during the later stages of the experiment (Table 10). 
Instances of incomplete infection of host B could have 
been due to heterogeneity for clubroot resistance in the 
seed stock. However, this argument cannot be adopted for 
cases of incomplete infection of host A if this host is 
correctly regarded as being susceptible to all races of 
the pathogen. Population 1 (Cll) also produced incomplete 
infection of Chinese cabbage in the physiologic population 
survey (Section B) and in Expt 6. Further instances of 
incomplete infection of this host have been obtained in 
ECD tests despite seemingly effective techniques and high 
spore loads. The reason for this remains unclear. It 
should also be pointed out that, as indicated by the re
sults of the present experiment, the assessment of seed
lings in clubroot resistance tests should be carried out 
no sooner than 6 weeks after inoculation in order that the 
disease index obtained accurately reflects, the degree of 
infection.
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During Stage 1 of this investigation, the tap root 
segments of host A inoculated with population 1 grew the 
largest and the most rapidly (Fig.^). Growth ceased 
before the end of the sampling period, but the severity 
of tissue decay in these roots was less than in roots of 
host A infected with population 2 and this probably ex
plains why a similar weight loss did not take place in the 
former during the last few weeks. Galls of host B 
grew less rapidly than those of host A, but the apparent 
difference was partly due to the proportion of plants show
ing symptoms of disease increasing more slowly in host B 
than in host A (Table 10). Little difference in the 
maximum diameter reached was recorded. Swelling of the 
roots of host A apparently ceased at about the same time 
that maximum spore infectivity was achieved (8 weeks). 
However, for host B the clubs, continued to grow for a 
further 1 or 2 weeks (up to week 10 or 11) after maximum 
infectivity in the extracted inoculum had been reached.

It should be pointed out that some of the estimates 
of the mean gall diameter and weight of the root segments 
used for inoculum extraction must have been marginally 
influenced by the inclusion of uninfected roots, except 
for inoculation treatment A2. in which infection was found 
to be complete by the end of the sixth week after inocu
lation. The use of the fresh tissue weight to determine 
the dilution factor for the filtrate prepared from the 
youngest tissues was thought to introduce a similar degree 
of error, but the subsequent discovery (see below) that
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the factor used was itself slightly lower than it should 
have been suggested that the overall effect would probably 
have been negligible. It was considered important to 
include all the roots collected in order to obtain a repre
sentative sample of inoculum based on plant age. In any 
event, it would have been impossible to discard healthy 
roots until the stage when every infected plant first 
showed macroscopic symptoms of disease.

It is also pertinent to mention an additional problem 
encountered during the sampling of Stage 1 of the experi
ment. Variation amongst the inoculation treatments was 
found not only in the size, but also in the shape and form 
of the clubbed roots. Whilst the galls of host A infected 
with either isolate and of host B inoculated with population 
2 were typically of the familiar spindle shape, each tap 
root comprising a large symmetric club extending into the 
laterals and tapering at both ends, the morphology of the 
root system of host B infected with population 1 was 
entirely different. These roots were most often very 
"knobbly" and irregular in appearance, each being a group 
of connecting spheroid galls of varying size (Fig.13). 
Swelling of the tap root was frequently asymmetric. 
Occasionally, whilst the main root appeared to be free of 
disease, large galls had developed on one or more of the 
secondary roots close to the tap root. A large proportion 
of these clubs showed internal mottling and had obviously 
been infected at an early stage. Therefore, if they were 
in appropriate positions along the tap root, lateral galls 
were included in the sample. Root measurement and sampling
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Fig.13. Comparative gall morphology of roots of four 
inoculation treatments: A2 (top left), B2 (top right),
Al (bottom left) and B1 (bottom right). Hosts:
A, Chinese cabbage; B, Kevin rape. ?.brassicae popu
lations: 1, Cll; 2, C56.



of this treatment was thus frequently subjective and diffi
cult to carry out consistently from week to week. The 
degree of error was therefore likely to have been corres
pondingly high and this may account for the apparent reduc
tion in mean diameter and weight recorded during the twelfth 
week in tissues which showed little sign of decay. Despite 
this problem, the infection levels subsequently recorded 
for this inoculation treatment were thought to reflect 
closely inoculum maturity in primarily invaded tissues. 
However, as it was also this treatment which showed the 
least gall decay, which produced inoculum that contained 
the smallest proportion of relatively large spores at the 
10-week stage and which achieved maximum infectivity least 
rapidly, it may be inferred that gall morphology has a 
causal effect upon these factors. Indeed, the restriction 
of.root hypertrophy to comparatively small spherical clubs, 
as described above, may be a form of partial host resis
tance .

The period of most rapid increase in the log,0 of the 
numbers of spores extracted per segment and per centimetre 
diameter ceased 6 or 7 weeks after the date of sowing in 
host A and at the 8-week stage in host B (Fig.5). ?or 
each inoculation treatment, this immediately followed the 
week of greatest increase in the degree of root swelling 
and, incidentally, occurred when the roots had reached 
almost exactly 1.C0 cm in diameter, 1-3 weeks before gall 
growth ceased completely.

Over the period for which measurements were recorded,
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the effect of gall age upon spore content per unit fresh 
weight appeared in most cases to be negligible. Although 
the numbers produced at different stages varied, for three 
inoculation treatments (Al, Bl and B2) there was no trend 
in the series of values obtained. For the fourth treat
ment (A2), however, there appeared to be a slight increase 
in the log10 of the number of spores extracted per gram 
with increasing time interval from inoculation. This was 
probably partly a result of the earlier occurrence of gall 
decay in these roots which presumably caused the marked 
loss of weight after the 8-week stage with a corresponding 
constant mean diameter (i.e. a reduction in density).
The logical conclusion is that the number of detectable 
spores which can be extracted from a gram of infected un
decayed root tissue is most often independent of the age 
of the host. This number also appears to be unaffected 
by the P.brassicae population and host species involved in 
the relationship. This is of particular interest in the 
light of the earlier finding that similar numbers of spores 
can be extracted per unit fresh weight from large and small 
galls of the same age. It may therefore be valid to esti
mate the approximate concentration of spore suspensions 
solely on the basis of fresh tissue weights in order to 
reduce the preparation period required.

Kunkel (1918) studied the relationship of this parasite 
to the host tissues in the roots of 32 adult cabbage plants 
60 days after inoculation. He found that, whilst the 
ratio between infected and non-infected cells varied con
siderably, a unit volume of diseased tissue always yielded
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approximately the same quantity of spores. In the 
present experiment, tissue weight may he considered to he 
directly related to tissue volume, assuming constant den
sity. This can he verified from F lg .b . If tap root 
segments are considered to be roughly cylindrical in shape, 
then doubling the diameter should approximately quadruple the 
volume or weight, as was the case for the early stages of 
inoculation treatments Al, A2 and B2. For treatment Bl, 
however, the relative increase in weight was less than 
expected perhaps because, as mentioned above, the roots 
often comprised groups of smaller, more spherical galls.
The findings of this experiment, therefore, not only agree 
with Kunkel's work, but also infer that resting spore numbers 
per unit weight or volume are generally independent of gall 
size, host age, host species and pathogen population.

It is encouraging that the estimate of the number of 
spores per gram used for the early stages of the experiment 
when direct counts were impossible was within the range of

O
values calculated during the subsequent weeks (5’*1 x 10 
to 2.6 x 10 ̂  spores/g). As the estimate was below the

O
experiment mean (7*75 x 10 spores/g compared to 1.52 x 
10? spores/g), the absence of infection in most of the
3- and *+-week tests cannot be attributed to over-dilution 
of the inoculum. It is unlikely that the 3-week-old 
inoculum of inoculation treatment A2 produced infection as 
a result of under-dilution, because the amounts of disease 
recorded at the h- and 5-week stages were negligible. As 
all firm segments were processed using the same washing
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procedure, it also seems unreasonable that only these roots 
remained contaminated with the previous inoculum; nor was 
this anomaly likely to have been caused by cross-contamina
tion between trays of plants because the affected trays were 
not grouped together in the glasshouse bench. Conceivably, 
the 3-week harvest may fortuitously have coincided with 
the maturation of root hair zoosporangia in this particular 
inoculation treatment which, perhaps, could then have acted 
as infective propagules, but this interpretation seems im
probable. The release of secondary zoospores would nor
mally be expected to occur at an earlier stags. The most 
likely explanation is that the inoculum itself became con
taminated during preparation in spite of the procedures 
adopted to avoid this happening.

There may be a relationship between mean spore size 
and infectivity. The suspension prepared with 10-week-old 
galls which contained the highest proportion of relatively 
small spores came from the inoculation treatment which was 
also the slowest to achieve maximum infectivity (Bl).
Those which contained the highest proportions of large 
spores were prepared with the inoculation treatments which 
first showed infectivity in the youngest inocula (Al and 
A2). The evidence obtained suggests that mean spore size 
continues to increase with increasing plant age after 
maximum spore infectivity has been achieved. This implies 
that at least some small spores are as infective as the 
larger ones, and it is therefore unlikely that spore size 
can be used as a direct measure of infectivity. It may
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be that the use of even lover, more sensitive spore con
centrations in this type of study would reveal that mean 
spore infectivity continues to increase beyond the time 
indicated above. This seems unlikely, however, bearing 
in mind that the lower spore loads used in this experiment 
seldom produced 100/2 infection.

Chupp (1917) stated that, during their formation, 
before they had become spherical, resting spore diameters 
were much more variable than at'a later stage, ranging 
from 2.5 to 6.9 pn with a mean of 3«3 pm* Uniformity of 
spore size may therefore have more relevance to maturity 
than actual diameter. In an ultrastructural study of 
cabbage plants which had been in infested soil for 28 days, 
it was found that different cells in the swelling root 
contain P .brassicae spores at all stages of development, 
ranging from vegetative plasmodia to mature resting spores 
(Williams & McNabola, 1967). This is consistent with the 
finding in the present experiment that the proportion of 
large spores which can be extracted from galls gradually 
increases with increasing time interval since inoculation.

The stage of spore maturity, in terms of infectivity, 
apparently cannot be assessed from a visual estimation of 
the time of onset or severity of surface tissue decay 
(Table 10 ). The appearance of significant amounts of 
rotting of clubs on host A infected with population 2 
coincided with the achievement of maximum spore infectiv
ity. However, although the infectivity of the 31 inocula
tion treatment appeared to be maximal towards the end of
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the experiment, there were almost no signs of gall decay. 
Most clubs in each inoculation treatment showed a grey 
internal mottling at the age of 10 weeks but, although no 
quantitative study was undertaken, there was no evidence 
to suggest that its appearance was related to spore infec- 
tivity. In a cytological study of diseased roots, Ghupp 
(1917) found that the onset of internal darkening coin
cided only with the appearance of fungal hyphae in addi
tion to the bacteria already present and not with any 
apparent change in the pathogen itself. The hyphae 
seemed to induce discolouration, and roots containing bac
teria alone as secondary invaders seldom if ever showed any 
pronounced blackening.

Under controlled conditions, the relationship between 
gall age and the time-course of secondary decay seemed to 
depend upon the host species and also upon the origin of 
the ?.brassicae population. The inoculation treatment 
which produced the highest proportion of swollen roots 
(A2) also showed the greatest amount of gall decay. 
Macfarlane & Last (1959) reported that increasing the spore 
load caused earlier secondary gall decay. Similar obser
vations have been made by the present author. Presumably 
the host cells are more rapidly invaded by the pathogen as 
a result of penetration at a larger number of sites.
Under such circumstances it is possible that the spore pop
ulation develops and matures at a faster rate.

It is of interest to note that Fedotova (1928) 
detected bacteria in roots as early as *+ days after the
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first symptoms of infection were evident whilst the first 
signs of rotting became apparent from 1 week to 5 months 
leter. Chupp (1917) suggested that bacteria enter the 
root when the epidermis has ruptured soon after swelling 
begins and found rod-shaped organisms between and within 
the cells of tissues which had not yet turned dark. It 
seems, therefore, that although microbes other than 
P.brassicae are present in most roots showing disease 
symptoms, the clubroot pathogen penetrates alone with 
additional organisms acting as secondary invaders. Chupp 
also inferred that mature spores can be found in clubs at 
about the time of initial bacterial penetration, but spore 
maturity in this instance was apparently related to germi
nation rather than to infectivity. Although the results 
of the present experiment indicate that spore infectivity 
is not directly influenced by the appearance of visible 
bacterial activity in the root, no information was obtained 
concerning the time of actual invasion by secondary organisms.

Macfarlane (1970) noticed that suspensions of spores 
extracted from very rotten roots often contained many 
empty spores which he presumed had already germinated. As 
germinated spores are not easily identified during routine 
counting procedures, this would be an obvious source of 
error in the case of inoculum from very advanced tissues.
In 1969, Ingram had found that P.brassicae was able to 
pass through all the stages of its: life cycle in callus 
tissue in culture. In addition, the frequent presence of 
primary plasmodia and zoospores, and the germination of
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newly formed resting spores in situ in unrotted 3- to
6-week-old B.camuestris clubs, was later reported by 
Ingram & Tommerup (1972). It cannot therefore be assumed 
that the spores extracted from clubbed roots at any stage 
of maturity have necessarily been produced after a single 
cycle of the parasite. Apparently, the recycling process 
may operate from a very early stage, perhaps even before 
resting spores can be extracted in detectable numbers.
This recent finding is extremely important and inevitably 
casts doubt on any possible relationship between spore and 
gall maturity. However, the present investigation has 
shown that mean spore infectivity does increase with in
creasing time interval from inoculation. At any one time 
the number of spores which are immature as a result of 
recent recycling may be too low to influence the amount of 
infection, or the proportion undergoing recycling may 
decrease as the gall ages. The recycling rate may also 
be affected by the genetics of both host and pathogen, and 
particularly rapid recycling may account for the instances 
of incomplete infection sometimes recorded with otherwise 
apparently mature inoculum.

The findings of this investigation are complex, but 
the main points can be outlined as follows. Most of the 
infected tap roots began to swell as a result of disease 
between 2 and 6 weeks after the date of sowing. The mean 
size and weight of tap root segments of standard length 
then increased rapidly for about 5 weeks. The phase of 
most rapid spore production within the invaded roots
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apparently ceased at the end of the period of most rapid
gall growth, about 2 weeks before swelling stopped, when
the mean root diameter had reached 1 cm. The log of° 10
the number of detectable spores per unit fresh tissue 
weight seemed in undecayed roots to be almost constant and 
independent of plant age, host cultivar, P.brassicae 
isolate and gall size. For three out of the four inocula
tion treatments, an interval of 2 or more weeks elapsed 
after gall growth ceased before surface rotting was 
observed on more than 20% of the roots. Infective spores 
were first detected in 6- or 7-week-old roots. Infectiv- 
ity subsequently increased rapidly to a maximum level with
in 1-3 weeks. Maximum spore infectivity was most often 
first recorded in inoculum from firm white galls which, in 
the case of one cultivar, had not ceased growth, and with 
suspensions in which not all the spores were comparatively 
large or of uniform size. The rate of spore maturation 
was influenced by the P.brassicae population and host species 
involved in the relationship.

The most important conclusion is that, for maximum 
infection, it is necessary to use root material at an 
advanced stage- of development as the source of inoculum, par
ticularly if low score loads are to be used. The infectiv
ity of an inoculum depends not only upon the time interval 
since the inoculation of its source, but also upon the par
ticular combination of host species and pathogen population 
from which it is derived. Apparently, under the conditions 
described, maximum spore infectivity in hypertrophied tap
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roots is reached between 8 and 10 weeks after inoculation, 
but this stage cannot be satisfactorily identified from 
estimates of gall diameter, weight or degree of rotting.
It may be inferred from the evidence obtained that galls: 
which show internal discolouration and surface decay 
contain spores of maximum infectivity. In most cases, 
however, much younger roots can also be used as the 
source of mature inoculum.



EXPERIMENTS 7 & 6 
COMPARISON OF METHODS OF INOCULUM STORAGE

83

INTRODUCTION

As an obligate parasite which cannot be grown in pure 
culture, the problem of the storage of P .brassicae in a 
dormant form has always been a topic for discussion.
Several methods have been devised, but there is no report 
of research into the comparative loss of viability.

Colhoun (1953) kept diseased cabbage roots, collected 
from the field, in glass jars after mincing and mixing 
them together. This material was stored for as short a 
period of time as possible at -3 °C. Wit & van de Weg 
(196 -̂) mixed clubbed roots with steamed soil and stored 
this inoculum, macerated or unmacerated, in a refrigerator 
at b -6 °C or glasshouse at alternating temperatures. They 
found that the capacity to produce infection of the same 
turnip variety as was used for inoculum production re
mained stable under all conditions of storage for at least 
6.5 months. Macfarlane (1958) found that spores could be 
stored in dense suspensions at 3_!+ °C following repeated 
washing by centrifugation. There was no serious loss of 
viability after 3 years. Similarly, Kole & delink (1962) 
reported that a purified suspension prepared from disinte
grated root tissue and containing 9 x 10® spores/ml was 
still infectious after 8 years' refrigeration. In 1970, 
Macfarlane discovered that spores stored in dilute suspen
sion (*+ x 107 spores/ml) at b °C for a few weeks had a



reduced capacity for germination compared with inoculum 
stored as a concentrated suspension. He attributed this 
to the leaching of a possible germination factor from the 
spores.

The extraction, centrifugation and purification of 
spores before storage is, however, a very time-consuming 
process. During the past 15 years a more attractive 
method, whereby intact roots are frozen directly and kept 
at low temperatures, has become popular. Although in 1952 
Macfarlane reported that galls stored at -8 °C became non- 
viable in 6 months, frozen material has more recently been 
considered suitable for long-term storage, probably as a 
result of the lower temperatures maintained by modern 
freezers (lower than -15 °C). Inoculum stored in this 
manner was reported to show no loss of infection capacity 
after 3 years (Tjallingii, 1965)- Toxopeus & Janssen 
(1 9 7 5) found that frozen clubs: keep their infective power 
for at least 5 years.

In the proposals arising from an international meeting 
(Buczacki et al, 1975)» it was recommended that inoculum 
should be stored in the form of frozen roots at -10 °C or 
lower for up to 5 years. Storage as a resting spore sus
pension or root slurry should be in a refrigerator at not 
higher than 2 °C for not more than 6 months.

It was also agreed that information on the change in 
reaction on the ECD set over a period of time is urgently 
required. In 1968 Johnston had reported that the storage 
of clubbed roots at -2 to -10 °C did not result in any
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apparent loss of pathogenicity on a B.nauus differential 
set. Since this time, however, changes in population 
pathogenicity and virulence during storage have sometimes 
been inferred by other workers.

In 1976 Dixon published the results of a survey of 
methods used in Western Europe and the U.S.A. All the 
workers involved stored inoculum as frozen galls. Refrig
erated concentrated spore suspensions were occasionally 
used to store inoculum for no longer than a few weeks.

Resting spores of P.brassicae in naturally infested 
soils are apparently able to survive what must be widely 
fluctuating environmental conditions for periods of up to 
about 20 years. It is to be expected, therefore, that 
spore populations may be stored under controlled conditions 
and retain infectivity for several.years. However, the 
literature contains no quantitative information on the inci
dence of spore persistence in the field or laboratory. 
Individual spores may survive for different periods of time. 
Longevity is likely to be related to physiologic status^ but 
may also be modified by genetic factors. Evidence for the 
differential survival of physiologic races leading to 
changes in the reaction pattern produced by populations on 
the ECD set would be of concern to workers artificially 
maintaining spore populations as well as to those inter
ested in the persistence of the organism in naturally in
fested soil. It is furthermore conceivable that the 
virulence of individual races maj/ in some way change during 
storage, although this seems unlikely.
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The following account describes two experiments on 
the effect of different methods of storage upon the 
ability of inocula to cause disease in the differential 
hosts. In the first experiment, inoculum of one 
P.brassicae population was stored in the form of root 
galls and concentrated spore suspensions at three tempera
tures. The suitability of freeze-drying as a storage 
method for this organism was also examined. The three 
treatments found to be most successful in this experiment 
were studied in further detail in the second experiment 
using spore populations from four different sources.
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MATERIALS AND METHODS

Details of the inoculation methods and environmental 
conditions used are given in Expt 1.

Storage treatments 
The following methods of inoculum storage were 

tested:

Environment

Freezer

Refrigerator

Temperature 
( approx.)
-18 °G

b °C

Room Temperature 15-25 °C

Type of inoculum

Clubbed roots (FC) 
Spore suspension (FS)
Clubbed roots (RefC) 
Spore suspension (RefS)
Clubbed roots (RTC) 
Spore suspension (RTS)

Roots for treatments involving intact tissues were 
selected randomly and stored in sealed plastic bags.

The suspensions of free spores of single populations 
which were to be stored in different environments were pre
pared together in bulk. Spores were extracted into suspen
sion as described earlier. Spore sedimentation was 
carried out by centrifugation at 2,600-2,900 r.p.m. and 
the supernatant discarded. In Expt 6 the spores were 
washed three times in distilled water by repeated re-suspen
sion and centrifugation. The spores extracted in Expt 5 
were not washed. Sedimented spores were covered with 
distilled water to a depth of 2-b mm and stored in plastic 
centrifuge tubes sealed with rubber stoppers. Each 
inoculum sample in the first experiment was divided between



two tubes, one for each replicate test, but in the second 
experiment inocula were stored in single tubes.

Several roots of each sample of intact galls were 
always selected for inoculum testing in order to reduce 
the possible effects of variation between plants. Frozen
sub-samples were thawed under cold running water. Spores
were extracted as described in Expt 1. Sub-samples from 
inocula stored as concentrated spore suspensions were 
thawed at room temperature if necessary and re-suspended 
in water in a blender for 2-3 min. Inocula were tested 
after different periods of storage on the ECD set.

Experiment 5
P .brassicae population C25 was used in this experiment 

(see Appendix 1). Samples of the original inoculum were 
"passed through" Chinese cabbage (cv. Granaat) and re- 
inoculated onto the same cultivar in order to produce 
sufficient diseased material for the investigation. „The 
roots were harvested 6-7 weeks after inoculation, washed 
free of soil under cold, running water and stored in a 
freezer for up to 3 weeks until the setting up of the six 
storage treatments at "storage period 0". Initial test
ing of the unstored inoculum was carried out as part of 
Expt 1, as the same batch of diseased roots had been used 
for the inoculum source of each. Sub-samples were taken 
and tested M-, 12 and 2b months later. Treatments which 
showed negligible infectivity levels at any stage were not 
sampled again. Two replicate tests were performed using 
the root dip method of inoculation (dipping period 1 min).
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Seed trays of the same inoculum source were placed to
gether in the same gravel tray, but they were otherwise 
arranged randomly in two glasshouse benches.

The experiment was also designed to examine the infec- 
tivity of freeze-dried inoculum stored at b °C. However, 
free spores caused no disease development on any differen
tial host immediately after treatment and negligible levels 
of infection were produced by freeze-dried clubbed root 
material. The technique was therefore regarded as un
suitable for this pathogen and so the material was dis
carded.

Experiment 6
The following P.brassicae populations were used:

Cb, Cll, C52 and C56 (see Appendix 1).

Inocula for storage were produced as described above.
A comparison of three methods was made: frozen clubbed
roots (FC), frozen spore suspension (FS) and refrigerated 
spore suspension (RefS). Inocula were sub-sampled and 
tested after 0 , 6 and 18 months1 storage using the slurry 
inoculation method.

As the number of experimental units at each sampling 
stage was extremely large (51+c )> it was necessary to use 
a confounded design. A 3 x 2^ factorial plan in blocks 
of six units was employed (Cochran & Cox, 1957). Each 
of three replicate blocks was divided between two glass
house benches. The 15 differential varieties and one 
additional Chinese cabbage "blank" were arranged in
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pre-fixed combinations of four with each group in four 
separate rows of 7-10 plants in one seed tray. Within 
each block, the four seed trays containing all the differ
entials inoculated with inoculum from a single storage 
treatment were placed in two adjacent gravel trays.
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RESULTS 

Experiment R
The mean disease levels recorded on each differential 

host are given in Table 12. Negligible infection was 
produced by RefC and by RTC after b months' storage and by 
RTS after 12 months' storage. Further sampling of these 
treatments was not, therefore, carried out and the results 
obtained were not included in the analyses.

Analyses of variance were carried out following 
angular transformation of the data. The effects of short- 
and long-term storage (12. and 2b months respectively) were 
examined separately. The mean method differences are 
illustrated in Fig.l1!-. At the final sampling stage one 
sub-sample of RefS produced high infection levels, but the1 
other (taken 'from a different tube) was apparently com
pletely non-pathogenic. As the degree of error between 
replicates was consequently disproportionately high and, in 
any case, this method was clearly unreliable for long-term 
storage, it was omitted from the second analysis. Both 
analyses included- camparisons between unstored (storage 
period 0) and stored inocula.

Short-term Storage. In some cases the stored inocula 
were found to produce significantly more infection than the 
initial sample. The difference depended upon the method 
used (? « 0.001). It was very highly significant for the 
RefS inoculum at both the b - and 12-month sampling stages 
(P ^ 0.001) (Fig.ll+) . At the 12-month stage, the FS
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inoculum was also significantly more infective than the 
original sample (P < 0.05). Over the same period, however, 
the FC inoculum showed a slight decrease in infectivity 
(P 0.05), largely as a result of the marked decrease in 
the disease index recorded on differential 12. Inoculum 
stored as RefS gave considerably more infection than did 
inoculum from either of the other treatments after b months, 
and than the FC inoculum at the 12-month stage (P « 0.001).

Differences between storage treatments, varied according 
to the test host used (P < 0.001). They were smallest for 
hosts which were almost completely resistant or susceptible. 
The differences were most marked for differentials 06, 10 
and 15 (Table 12) with, at each stage, the amount of dis
ease recorded using the RefS inoculum being considerably 
greater than using inoculum of the other treatments or than 
the initial sample.

Long-term Storage. At the 2Lt--month sampling stage, 
the FS inoculum was again more infective than the FC 
inoculum (P < 0.05) which at this stage produced a similar 
amount of disease to the initial sample (Fig.l^-). The 
influence of the method used upon the effect of storage on 
the infection pattern on the differential hosts was not 
significant. Inocula of both FC and FS showed a marked 
increase in infectivity on differential 06 between 12 and 
2*+ months' storage, the disease indices recorded showing a 
rise of about 70% (Table 12).
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Experiment 6
The mean disease levels recorded are given in 

Table 13 and the overall treatment effects illustrated 
in Fig. 1*+. An angular transformation was applied and, 
as the relative usefulness of the storage methods was 
obvious at the 18-month stage, an analysis of variance was 
carried out only on the results obtained after 6 months. 
Data from differentials 07, 13 and 1^ were not included 
as they were 100)2 throughout. Analysis of the combined 
data revealed that there were no significant differences 
between the methods tested. Analysis of the differentials 
separately, however, indicated that the FS inoculum pro
duced significantly less infection of differential 01 than 
did either of the FC or RefS inocula (P 0.05). In 
addition, the FC inoculum was more infective on differen
tial 09 than were the other types of inoculum (P < 0.001) 
as a result of the considerably higher level of disease 
recorded with population C*+ (Table 13)»

The interaction between storage method and 
P.brassicae isolate was highly significant in the com
bined analysis (P « 0.01). The amount of infection 
recorded for populations Cll and C56 was not affected by 
the method of inoculum storage. For isolate C52, however, 
the RefS inoculum gave significantly more disease than did 
the FS inoculum (P 0.05), with the level produced by the 
FC inoculum being intermediate. The RefS inoculum of 
isolate Ĉ + was, however, significantly less infective than 
inocula of the other storage treatments (P ^ 0.05).
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At the 18-month sampling stage virtually no infec
tion was produced with the RefS inoculum of populations 
Cll, C52 and C56 and the FS inoculum of isolate C*+ gave 
only low disease levels (Table 13). The FC and RefS 
inocula of population C*+ showed considerably increased 
infectivity on differential 06 between 6 and 18 months' 
storage. Inoculum of each population extracted from frozen 
clubs gave acceptable mean disease levels on the differen
tial series after 18 months' storage (Fig.1*0.

Figure 1*+ also reveals that, in addition to the in
stances of apparently increased infectivity during storage 
mentioned for Expt 5> three of the four populations in
cluded in Expt 6 were markedly more infective after storage 
than the original material. Other than for the final 
sample of the FS inoculum of population Ĉ -, there was little 
evidence to suggest that inocula were in the process of 
losing infectivity at the time of sampling. The amount of 
disease obtained with the FC inoculum of isolate C56 was 
lower at 18 than at 6 months but was, nevertheless, still 
greater than that recorded with the unstored sample. The 
infectivity of the FC inoculum of population CM- appeared to 
increase between 6 and 18 months of storage. However, for 
the remaining treatment combinations illustrated in Fig.l^, 
the pattern of infection recorded was similar at the two 
sampling stages.
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DISCUSSION

It is evident from the results of the present inves
tigation that the efficiency of different methods of 
artificial storage of P.brassicae populations differs.
The least successful treatments were those for which 
clubbed roots were stored at room temperature (RTC) and 
in a refrigerator (RefC), followed by the storage of con
centrated spore suspensions at room temperature (RTS).
The action of bacteria and other secondary organisms at 
normal laboratory temperatures completely destroyed root 
galls within a few weeks. It is possible that the rest
ing spores were also killed by these invaders or by their 
toxic products but, bearing in mind the humid atmosphere 
in which the inocula were kept, it is more likely that the 
loss of infectivity was due to spore germination during 
storage. Repeated life cycles' have been observed in 
young^ unrotted galls (Ingram & Tommerup, 1972:), and the 
presence of empty spores which have probably germinated 
has been reported in inoculum from very rotten roots 
(Macfarlane, 1970). In rotting clubs spores may germi
nate and release primary zooapores in situ, but host cell 
death would preclude re-infection and the formation of 
further resting spores. Survival of zoospores is prob
ably short-lived. It may be that the direct contact 
amongst spores stored in concentrated suspension inhibits 
germination and that, as a result, spores stored in this 
manner at temperatures higher than the freezing point 
remain infective for a longer period of time than do



spores in intact host tissues.

Only three of the storage methods initially con
sidered can he regarded as useful: frozen clubbed roots
(FC) and frozen and refrigerated concentrated spore sus
pensions (FS and RefS). The relative amount of infection 
obtained with inocula stored by these methods for a short 
period of time depended on the P.brassicae population 
being used. The RefS inoculum of the isolate used in 
Expt 5 was found to produce the highest disease levels at 
the first two sampling stages. In addition, inoculum 
stored as FS was more infective than inoculum obtained 
from FC. In Expt 6, the RefS inoculum of population C52 
also gave the highest disease indices after 6 months' 
storage, but the differences wereless significant. In 
contrast, the RefS inoculum of population C*+ was signifi
cantly less infective than either of the FC or FS inocula.
At this sampling stage, the amount of disease produced with
populations Cll and C56 was unaffected by the source of 
inoculum used. The notably smaller treatment differences 
recorded in Expt 6 were thought to have occurred mainly 
because the slurry inoculation method produced a greater 
incidence of complete host infection than did the root dip
procedure employed in Sxpt 5-

Only the FC method of inoculum storage maintained a 
generally acceptable level of infectivity of each popula
tion for 18 months or more, although consistency among 
results obtained at different sampling stages was less 
than that achieved using inocula stored as concentrated
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spore suspensions. It is likely that at least part of 
the variation obtained amongst tests using this form of 
inoculum was a result of differences between clubs and 
that the four or five galls which usually made up a sub
sample were too few to reflect accurately the entire popu
lation. Experiment *+, which was carried out at a later 
stage in the project, revealed that inoculum from 6- to
7-week-old plants is frequently immature. Individual 
galls from young plants may be at slightly different 
stages of development. Alternatively, it is conceivable 
that the race structure of spore populations produced by 
different seedlings may vary (see Expt 8) even though 
infection did not take place in the field.

The relative success of frozen and refrigerated con
centrated spore suspensions as methods of long-term 
(18-2*+ months) inoculum storage apparently varied accord
ing to the P.brassicae isolate used. Deterioration of 
the RefS inoculum during the course of the experiments 
was marked in the case of four populations. One sample 
of inoculum of the isolate used in Expt 5 became completely 
non-pathogenic and for three populations in the second 
experiment virtually no infection was produced as a result 
of any inoculation at the final sampling stage. The fifth 
population (C*+ in Expt 6), however, gave high levels of 
disease following storage as RefS but showed partial loss 
of viability during storage as FS. In Expt 5 each sample 
of concentrated spore suspension was stored in two tubes 
and different replicate tests involved inoculum from dif
ferent tubes. The finding at the 2*+-month sampling stage
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that the RefS inoculum from one tube was highly infective 
whilst inoculum from the other was completely non-patho- 
genic suggests that loss of viability in stored free-spore 
inoculum is not simply related to inoculum source and 
method of storage, but it is also markedly influenced by 
certain unidentified environmental (tube) effects. This 
is difficult to explain as tubes were stored together in 
the same container. From the results of both experiments 
it seems that once inoculum deterioration begins the pro
cess progresses very rapidly so that the sub-samples of 
inoculum were either fully infective or totally non-viable, 
with only one instance of clearly partial loss of infec- 
tivity. It may be, therefore, that the difference de
tected between replicate tubes in Expt 5 was a result of 
the final sampling fortuitously taking place during what 
could be-a very short period of time separating the occur
rence of inoculum death in different tubes. It would be 
interesting to extend the period of storage to determine 
whether the eventual loss of infectivity takes place less 
rapidly in spore populations in intact galls.

Instances of apparently complete loss of infectivity 
in artificially stored inoculum within 2 years are diffi
cult to relate to field soils in which survival in the 
free-spore form is thought to span many years. However, 
naturally and artificially infested soils have not shown 
prolonged spore longevity in controlled environments. 
Indeed, Fedotova (1933) recommended that soil samples 
should be kept for not longer than b days under laboratory
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conditions, as the viability of resting spores was sub
sequently found to decline rapidly. It may be that field 
populations of P.brassicae frequently persist mainly on 
weed plants with a relatively short period of survival in 
the soil itself. From the results of experiments carried 
out in artificially infested soils, Macfarlane (1952.) 
inferred that the number of infective resting spores de
clines rapidly during the' first few weeks: following con
tamination, but that a small proportion persists and these 
may be important in the long-term survival of the organism. 
The decline was found to be particularly marked in wet 
soils of low pH and Macfarlane attributed the phenomenon 
to spontaneous spore germination. It may therefore be 
that, in the field, only a fraction of the inoculum re
leased into the soil persists for a significant period of 
time, but that the spore concentration is generally so high 
around a decaying gall that subsequent crops do become 
diseased. The spore load used in the present experiments 
was considerably lower than would be expected in the 
immediate vicinity of a rotting diseased root system and 
the tests would have failed to detect any very low level of 
spore survival that might have been present in the inoculum.

It may be inferred from the results that different 
spore populations do not necessarily have the same capa
city to survive particular conditions. It seems that the 
free spores of most populations remain viable for the 
longest period of time at very low temperatures, but that 
those of others may prefer temperatures higher than 0 °C. 
This suggests differential sensitivity of free spores to
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temperature amongst physiologic races. The longevity 
of spore populations in the field may therefore be imposs
ible to predict. Conceivably, the widely fluctuating 
temperatures prevailing in naturally infested soils may 
specifically enhance spore survival. It is also possible 
that the level of other factors such as moisture content, 
nutrient status, pH and aeration is more favourable for 
inoculum persistence in the field than it is under the con
trolled conditions used in the present experiments.

There were several cases of increased infectivity of 
inocula on particular hosts after storage compared with 
the unstored material. In Expt 5? the RefS inoculum pro
duced markedly increased disease levels on differentials 06, 
10 and 15 following *+ and 12 months' storage (Table 12).
In addition, the amount of disease which the FS and FC 
inocula of this isolate were able to produce on host 06 
increased significantly between the 12- and 2b-month 
stages.

In Expt 6 several instances of increased infectivity 
during storage were recorded for populations C^, C52 and 
C56 (Table 13)* In addition, all stored inocula of 
isolate Cb showed an increase in infectivity on differen
tial 06 between the 6- and 18-month stages. The FC 
inoculum of population C1!- apparently became pathogenic to 
differential 09 during the first 6 months of storage, but 
12 months later the level of disease produced on this host 
had fallen to a very low level. The most likely cause of 
this was marked variation between sub-samples of clubs,
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the spores in those sampled at the 6-month stage contain
ing spores which were unrepresentative of the entire popu
lation. The general increase in the amount of disease 
produced on differential 15 following 6 months' storage 
in this experiment could have been due to variation be
tween batches of seed, as this host was thought to be 
highly heterogeneous. The use of different seed lots 
was unavoidable considering the time-span of the experi
ment and the fact that seed was available in only very 
small quantities at any one time. In both experiments, 
there were several instances of increased disease levels 
on the stubble turnip differentials (01-0*+) as a result of 
storage which were unlikely to be due to heterogeneity.

It is difficult to account for increases in inoculum 
infectivity during storage especially as they were not 
restricted to particular methods. ■ In Expt 5? particularly 
high levels of variation in the disease indices obtained 
with different inocula were recorded on differentials 03,
06, 10 and 15. It is useful to draw comparisons with 
Expts 1 and 2, as the same batch of Chinese cabbage roots 
was used as the source of inoculum for the three experi
ments. The results of Expt 1 (Table *+) reveal that such 
variation may be partly due to the imprecision of the root 
dip inoculation method and those of Expt 2 (Table 5) suggest 
that larger differences may be attributable mainly to dif
ferences in the infective spore load. In the early stages 
of Expt 5? RefS generally provided the most infective inocu
lum. It is perhaps understandable that spores which have
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not been subjected to the possibly damaging effects of 
freezing and thawing initially have greater viability than 
others which have been processed in this way, but it is 
hard to explain the very large increase in disease 
obtained with the stored RefS inoculum compared to the un
stored material. Spores in suspension may be able to 
take up nutrients from the solution thereby increasing 
their potential for infection. In the case of immature 
inoculum, it is conceivable that spores thereby complete 
their development. This could partly explain why, in 
Expt 6, the RefS inoculum was not significantly more in
fective than inoculum of the other storage treatments, as 
these spores had been washed before storage. Alternat
ively, increased levels of infection of a particular host 
could be the result of an increase in the proportion of 
races in the population carrying corresponding virulence 
genes. This could be caused by the earlier death of 
avirulent races. However, it was apparent in the later 
stages of the investigation that non-viable spores do not 
immediately disintegrate and would not therefore have been 
excluded from the total spore count.

Euczacki & Ockendon (197*+) were similarly unable satis
factorily to explain the marked increases which they re
corded in the virulence of inoculum from frozen root 
material which had been stored for lU- months. This find
ing was of particular significance as the samples tested 
were from a single gall. These workers suggested that 
environmental factors might have influenced disease levels.
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Although environmental control in the present inves
tigation was thought to he adequate, it is conceivable 
that, in Expt 6, the generally greater infectivity of the 
stored inocula compared with the initial samples was in 
some way due to seasonal effects. The inocula were 
initially tested in the winter (December) and then sampled 
during the following two summers. However, this explana
tion was not supported by the pattern of results obtained 
in Expt 5 which was set up in February.

Incidentally, an unusual reaction pattern was obtained 
with population Cll. It can be seen from Table 13 that the 
amount of disease recorded on the "universally susceptible" 
differential 05 was, in almost all cases, less than that 
on any of the differentials in the E.naous and 3.oleracea 
species groups. Similar observations made with this par
ticular isolate are described elsewhere in this thesis.

It was of interest that the careful washing of free 
spores prior to storage (Expt 6) did not appear to prolong 
their period of infectivity. This time-consuming procedure 
apparently need not be considered an essential part of the 
processing of inoculum.

In conclusion, although it has been found that the 
behaviour of different P.brassicae populations may differ, 
general rules can be applied in the selection of methods 
of artificial inoculum storage. Material stored in the 
manner described will not survive unless subjected to low 
temperatures. Concentrated spore suspensions may be
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stored without loss of infectivity for periods of up to 
6-12 months. However, the virulence of inocula of some 
populations appears to increase during storage and, 
although in the present investigation this did not seem 
to be restricted to particular methods, the changes 
occurred with greater overall frequency in inocula stored 
as refrigerated suspensions.

In order to obtain high levels of spore infectivity 
over longer periods of time, it appears that frozen clubs 
must be used as the source of inoculum. It should be 
borne in mind, however, that variation in the pathogenicity 
and virulence of inocula from different roots may influ
ence the results if only a small number is used for ex
traction purposes. Finally, it cannot be assumed that the 
reaction of inocula on the ECD set remains stable during 
storage using any of the methods tested and, for critical 
investigations', inocula should be re-tested at the time of 
use.
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EXPERIMENT 7
THE DEVELOPMENT OF A SINGLE SPORE INOCULATION PROCEDURE

109

INTRODUCTION

The inability of the clubroot pathogen to grow 
in vitro has hindered the advancement of research and 
breeding techniques. Until a suitable medium has been 
devised, standard methods for achieving genetic uniformity 
by culturing single spore lines cannot be applied to 
Plasmodioohora brassicae. The inoculation of single rest
ing scores directly onto the host has proved extremely dif
ficult. The fact that P.brassicae is normally a root- 
invading organism and that its spores are extremely small 
in size (approx. 3 pm diameter) causes major manipulative 
problems. Nevertheless, a successful and reliable tech
nique is an essential tool for the complete understanding 
of the biology of the organism and of the disease. The 
effective screening of breeding material would also be 
facilitated by an awareness of the composition of races in 
naturally occurring P.brassicae populations.

An investigation which reported some degree of success 
was carried out by Buczacki (1977)* 7he technique in
volved dispensing small drops of carefully diluted spore 
suspension from a micropipette under the surface of liquid 
paraffin in a cavity slide and scanning each drop micro
scopically to ensure that those selected contained only 
single spores. The drops were then transferred to the 
roots of 5-day~old rape seedlings grown on moist filter



no
paper in Petri dishes. Two days later the seedlings were 
planted in sterile compost. Successful infection and 
gall development was recorded in only two cases out of 250 

inoculations.

Procedures which involve inoculation directly onto 
the root surface before planting have inherent disadvan
tages. In roots the primary site of infection is the root 
hair. Hairs in the vicinity of the inoculation zone are 
clearly liable to be damaged or completely broken off, 
thus reducing the chance of infection. The present inves
tigation was designed to devise an alternative technique, 
principally in an attempt to preclude this possibility.

Initially, the most attractive method appeared to 
involve the infection of organs which do not possess root 
hairs. Chupp (1917) conceded that other workers had 
reported that not only root hairs but also epidermal cells 
and even thick stem cuticles may be penetrated and become 
infected by the primary stages of the pathogen. However, 
he believed that epidermal cells are almost certainly 
never invaded. In addition, as he was unable to infect 
healthy root pieces in test tubes, he thought it unlikely 
that the pathogen could gain entry through a wound.
Wounded stems were later found to become infected when 
3-month-old cabbage plants were transplanted to a deeper 
level in infested soil (Larson, 193*+) • Galls developed 
at the nodes if the petioles had recently been removed, 
and also on the internodes at points where the tissues 
had been punctured with a needle. These results were



confirmed by the present author by sinking Durham Early 
cabbage plants into compost and filling the zone immed
iately around the injured stems with infested slurry 
medium (Fig.15). In cases of adventitious root initia
tion subsequent gall formation could have been primarily 
attributed to infection of the hairs on these roots. In 
the absence of root structures, however, the primary as 
well as the secondary stages of infection must have been 
located in stem tissue. It is also of interest that 
stem infection of Nevin rape had earlier been obtained 
during the course of routine tests. A seedling which had 
been inoculated using the root dip method formed a large 
gall, apparently at the first node, which presumably had 
been injured and subsequently positioned below the soil 
surface. Surprisingly, however, no symptoms of disease 
developed on the root system (Fig.l6).

No infection was obtained when spore suspensions were 
applied directly to stem wounds immediately before cover
ing them with spore-free slurry medium. Inoculation was 
either by injection or by absorption from the surface.
In similarly inoculated 6- and 12-week-old cabbage plants 
which were not transplanted but covered with wet plastic 
bags to create a moist environment, no symptoms of disease 
developed. In another study, the roots and largest 
leaves were removed from 30 adult plants and 30 seedlings 
and the stems placed on a moist surface in sealed containers. 
The wounds were covered with infested slurry medium.
Several weeks later diseased callus tissue was found to
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Fig.15. Gall formation on the wounded stems of adult 
cabbage plants which had been transplanted into infested 
slurry medium.

Fig.16. Gall formation on the stem of Nevin rape follow
ing inoculation by the root dip method. Note the 
development of an abnormal adventitious shoot. Such 
shoots also formed on the diseased roots of certain 
cultivars (see also Kunkel, 1918 and Colhoun, 1958).



have formed on only two of the older and none of the 
younger stems (Fig.17).

Although it was thought that younger tissues are more 
susceptible to P.brassicae. attempts to produce stem in
fections of Chinese cabbage and cabbage plants at the 
expanded cotyledon stage of development were even less 
successful. After removing a single cotyledon from 
each seedling, drops of spore suspension were absorbed 
from the wounded area. Tests using spores stained over
night in a solution of cotton blue in lactophenol and 
carefully washed by repeated centrifugation revealed that, 
whilst the moisture from a suspension was readily taken up 
into the host tissues:, the spores remained on the surface. 
It was therefore considered essential to maintain a con
tinuous film of water over the inoculated areas. A wick 
system similar to that described by Roach & Roberts (19^5) 
was designed for this purpose. Thick cotton threads were 
extended from the wounded nodes into water reservoirs for 
the duration of the experiments. However, no swellings 
developed on the plants.

It would have been futile, considering the high spore 
loads (10^ - 10^/ml) employed in these stem inoculation 
experiments and the ineffectiveness of any of the methods 
adaptable for single spore inoculation, to have attempted 
to achieve infection with single spores. This line of 
investigation was therefore discontinued in favour of a 
root inoculation method which did not involve transplan
tation.
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Fig.17. Nodal gall development on an excised cabbage 
shoot following the application of infested slurry 
medium.
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During the course of the project it transpired that, 
using the modified slurry method of inoculation described 
in Expt 1, high levels of infection could consistently be 
produced using very low spore concentrations (< 10/ml).
It seemed feasible that, if each inoculation was isolated 
in a separate aliquot of slurry medium and the volume of 
the medium reduced as far as possible, infections could 
be achieved using single spores of highly viable inocula. 
Ihe procedure devised is described below together with an 
improved technique for single spore manipulation.
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MATERIALS AND METHODS 

Basic method
Grids were marked out on glass microscope slides.

The reverse sides were coated with a layer (approx. 2 mm 
thick) of dilute agar dispensed from a Pasteur pipette.
The slides were allowed to set in a small sealed con
tainer to prevent the agar from drying excessively.

A colloidal suspension of carbon particles was pre
pared by mixing lamp black powder to a paste with a little 
water and a few drops of "Tween 80" and dispersing it in 
a larger volume of water for 5 min in a blender.
The mixture was filtered twice through filter paper to 
remove aggregations of several particles.

Using the most highly infective material available, 
a suspension of P.brassicae spores was prepared as des
cribed in Expt 1 and stored at about h °C for the shortest 
possible period of time. Aliquots of spore and carbon 
particle suspensions were mixed immediately before use, 
and the volume was adjusted to give the required spore con
centration. One drop of this mixture was then dispensed 
from a "Shardlow" micrometer syringe onto the surface of 
the agar over each square of the grid on the slides. The 
syringe was frequently shaken during this process in order 
to minimise the influence of spore sedimentation. Within 
1-2 min the water from the drop had dispersed into the 
agar, leaving the spores and carbon particles in the same 
plane in a thin film of moisture on the surface.



The purpose of the biologically inert carbon particles 
was to delineate the area for scanning. Without an 
indicator it was impossible to locate the drops. Using 
the xlO and xMD objectives, squares of agar containing 
only the desired number of spores could be located within 
a relatively short period of time. These were cut out 
and used for separate inoculations.

Small depressions were made in the surface of J.I. 
no.3 compost in a seed tray. These were filled with less 
than 0.5 ml of spore-free slurry medium prepared with a 
lower water content than that described in Expt 1. Small 
blocks of agar carrying known numbers of spores were mixed 
into the aliquots of medium with a small spatula. Seeds 
of a susceptible host cultivar were placed on top and 
covered lightly with compost. The trays were incubated 
for 6-7 weeks under the conditions previousiy described as 
being the most favourable for infection and disease devel
opment .

Experiment 7
The most infective inoculum available was shown in 

earlier tests to be 7-'week-old Chinese cabbage galls which 
had been produced following inoculation with spore popula
tion Ĉ +O (see Appendix 1). The roots had been stored at 
about -18 °C for 6 months. The largest clubs were selec
ted to provide inoculum for the present experiment.

"Davis" agar made up to 0.25 times the normal 
strength was used to cover the slides. More dilute agar 
was difficult to handle and the spores and carbon particles
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fell to different depths below the surface. At higher 
concentrations the water in the drops did not immediately 
disperse and some particles remained suspended above the 
agar surface.

The most suitable drop size was found to be 0.2-0.*+ jil. 
Whilst volumes in this range could be measured suffic
iently accurately with the equipment available, the drops 
were small enough to allow rapid microscopic scanning.
The concentration of spores in the final mixed suspension 
was adjusted to 5 x lO^/ml and 0.*+ jul drops were dispensed 
onto the agar surface. An average of two spores per drop 
was therefore expected and, following actual counts, inocu
lations known to involve only two spores were carried out.
As spore infectivity in this experiment was not thought to 
be maximal, inoculations with single spores were not attempted 
at this stage. Two seeds of Chinese cabbage (cv. Granaat) 
were sown in each aliquot of inoculum. Control inocula
tions involving many spores per plant were also set up.
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119

Five of the 85 plants inoculated were found to have 
symptoms of disease 7 weeks after the date of sowing.
Each had grown in different aliquots of inoculum. The 
diameter of swellings on infected roots was 2-5 mm. Each 
gall seemed to be a single spheroid swelling located on the 
tap root at the base of the hypocotyl and to one side of 
the root axis. In most cases only those lateral roots 
originating from the short zone of tap root hypertrophy 
showed signs of disease. In contrast, the control plants 
which had been raised in aliquots of slurry media contain
ing many spores had developed considerably larger galls, 
and the swellings, which were typically spindle-shaped, 
generally extended symmetrically down the length of the 
tap root and into most of the secondary roots (Fig.18).
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Fig.18. Infected Chinese cabbage plants 7 weeks after 
inoculation with many spores per plant (left) and with 
two spores per plant (right).



DISCUSSION
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Using a fully effective technique, the degree of 
success of single spore inoculations probably directly 
reflects inoculum infectivity. It is therefore of prime 
importance to select highly viable material. The 7-week- 
old roots used in the present experiment were a suitable 
source of inoculum for most purposes, but there is evidence 
suggesting that these have a more variable and generally 
lower level of spore infectivity than either 12-week-old 
rotting clubs produced in the glasshouse or galls obtained 
from the field at the end of the growing season (see 
Expt b and Section C). The work was carried out towards 
the end of the project: at a time when older material was 
not available. The source of inoculum selected had pre
viously produced 95$ infection of Chinese cabbage seedlings 
when the spore load was 10/ml (Section C).

The main purpose of the experiment was to test the 
practicability of the techniques. The achievement of a 
6$ success rate in inoculations involving two spores 
suggests that infection may be possible with single spores 
of older} more infective inoculum. Only 0.8$ of 
Buczacki's (1977) single spore inoculations were successful. 
It seems likely that the present method will prove at 
least as effective whilst being less exacting and time con
suming, and potentially more amenable to adoption as a 
routine procedure. It is imperative that any procedure 
employed ensures that every inoculation involves only a



single spore. The entire contents of a drop of spore 
suspension can be assessed more rapidly and with a much 
greater degree of accuracy when reduced to a single plane. 
The subsequent handling of blocks of agar was also simpler 
than transferring small drops in a micropipette and, as 
spores of P.brassicae are known to adhere to glass sur
faces (Macfarlane, 1970), their successful deposition in 
the inoculating medium was thought to be more likely. In 
addition, the necessity for meticulously positioning the 
inoculum directly on susceptible root tissue was avoided 
with the present method. The slurry medium undoubtedly 
provides a more favourable environment for spore germina
tion and infection, and the factor which limits successful 
penetration with this procedure is probably spore proxim
ity to root hairs. Minimal volumes of medium should 
clearly be used for each inoculation. Growing more than 
one seedling in each aliquot of inoculum also increases 
the likelihood of spore germination occurring in the 
vicinity of susceptible host tissue. Zoospore motility 
is an important factor to be considered in this context. 
Chupp (1917) observed that zoospore movement was random 
and not directed in any one straight line and therefore 
the effective distance travelled was very slight. He 
also found that motion of the swarm spore stage alone 
caused dissemination over less than 5 inches in one grow
ing season. With the present techniques, however, zoo
spore displacement of no more than a few millimeters 
would be required for contact to take place between host 
and pathogen. It seems probable that, even with single



spores in the slurry medium, successful encounters will 
occur.

The location of drops of dilute spore suspension on 
agar initially presented a particularly difficult problem. 
The spores were found to fluoresce in ultraviolet light 
in the presence of at least 0.002$ of a brightener 
("Calcofluor"), but the possible effects of this chemical 
and of ultraviolet light on viability were not known. In 
addition, as examination under white light was also neces
sary for the positive identification of spores, the pro
cess was laborious.

Several substances were tested for their ability to 
delineate drops of suspension on agar. Water-soluble 
dyes diffused into the agar below the spores and, unless 
used at very high concentrations, were difficult to detect 
microscopically. It was evident that the marking agent 
should not be a solution, but rather a suspension of par
ticles. The carbon particles in drawing ink were found 
to be ideal in size as they are distinctly smaller than 
P .brassicae resting spores and so cannot shield the latter 
from the field of view, whilst they are large enough to 
remain on the agar surface in the same plane as the spores. 
The ink formed a clear impression of the drop and, there
fore, of the area to be scanned. However, to avoid the 
possibly toxic effects of unknown additives, an aqueous 
suspension of carbon particles was prepared using lamp 
black together with a small amount of detergent to aid 
dispersion.
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The method of spore manipulation described was 
easier to carry out than alternative standard procedures 
in which spores are spread across the surface of more 
solid agar and picked off individually; it was also 
thought likely to maintain a higher level of infectivity. 
Chupp (1917) was unable to obtain spore germination on 
agar and it is possible that, under such conditions, drying 
has a damaging effect.

It was of interest that the roots which had been 
infected by one or two resting spores in the present exper
iment produced mainly spheroid galls, whereas clubs on con
trol plants raised in the presence of many spores tended 
to be spindle-shaped. Larson (193*+) reported that 
although the wounded stems of cabbage plants developed 
spheroid galls at the points of injury when sunk into in
fested soil, the roots formed spindle-shaped swellings.
He attributed this difference to the restriction of hyper
trophy largely to the cortical cells in stems-, whereas in 
roots it appeared to extend also tangentially and longi
tudinally within the rapidly dividing cambium. Larson 
also stated that, when several points close to one another 
became infected, the root galls often fused to produce an 
irregularly shaped compound spindle. In 1913 Kunkel 
had made a similar observation. In view of the present 
findings, it may be that spindle-shaped root galls are 
themselves sometimes the products of multiple infections 
and that they develop as a result of the early fusion of 
independent hypertrophied zones:, each of which alone would
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form a spheroid gall. The greater inoculum potential 
of a multiple infection may conceivably also promote 
pathogen migration into deeper host layers as well as more 
rapid longitudinal spread in the cambium.

Nevertheless, it is clear that not all roots in 
heavily infested soil develop spindle-shaped swellings, 
but that some produce groups of spheroid galls. These 
clubs are often large and symmetric about the root axis, 
and so it seems improbable that their lack of longitudinal 
development is due to the absence of cambial invasion.
Nevin rape (see Expt b, Fig.13) and Wilhelmsburger swede 
have particularly variable gall morphology, apparently 
depending at least partly upon the origin of the inoculated 
P.brassicae population. Whether or not the clubs within 
a root system fuse seems to be dependent upon the genetics 
of both host and pathogen. The asymmetric nature of the 
clubbed roots formed in media containing only two spores 
in the present investigation is probably indicative of 
hypertrophy spreading from initial invasion at only one 
point on the root surface. A similar interpretation was 
applied by Kunkel (1918) to the development of asymmetric 
galls on roots, and stems.

Recent electron microscopical studies have confirmed 
that, after penetration, the fungus probably migrates 
across the cortex in the form of amoeboid bodies 
(Dekhuijzen, 1976). Chupp (1917) found little evidence 
for the longitudinal movement of amoebae and concluded that 
a single root hair infection could not disperse the organism
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sufficiently to produce the characteristic symptoms of 
disease. Plasmodial distribution, however, is thought 
to occur mainly passively through host cell growth and 
division (Dekhuijzen, 1976). In addition, each zoo- 
sporangium which forms from a single primary infection 
releases four to eight secondary zoospores (Ayers, 191+1f).
In the case of each of the two seedlings which were success
fully inoculated with single resting spores, Buczacki (1977) 
observed several smaller clubs on the lateral roots a few 
centimetres away from the main tap root swelling at the 
point of inoculation. He attributed their formation to 
infection by different secondary zoospores from the same 
zoosporangium. This implies considerable unilateral 
motility. In addition, the galls on the plant shown in 
this report appeared to be spindle-shaped rather than 
spheroid.

Waiki, Kageyami and Ikegami (1978) reported that, 
although Buczacki (1977) was able to carry out single spore 
infections of rape, the minimum spore density required to 
produce clubbed roots of Chinese cabbage was higher than 
3-55/g. This value was calculated from a regression 
analysis of responses to higher spore doses. The comparison 
seems invalid, as Buczacki's technique was specifically de
signed to bring the spore into close proximity with the 
host tissue, as was the method described in the present in
vestigation. No evidence has been obtained to suggest 
that single P.brassicae resting spores are biologically 
incapable of causing disease in Chinese cabbage.

It is hoped that the procedures described in this
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report will be further tested by other workers. Inoculum 
likely to provide maximum infectivity should be obtained 
before inoculations with single spores are attempted.



EXPERIMENT 8
STUDIES ON THE USE OF PLANT MATERIAL AS THE SOURCE 
OF INOCULUM IN TESTING FOR VARIATION IN NATURALLY 

OCCURRING P.3RASSICAE POPULATIONS

INTRODUCTION

In testing P.brassicae populations from different 
sites for physiologic specialisation, most workers use 
plants growing in the field rather than the soil as the 
original source of inoculum. It is often more convenient 
to collect diseased roots than samples of soil, but it 
is not known whether the spore population extracted from 
roots taken from a number of points in the field differs 
in pathogenicity and virulence from the population con
tained in a composite soil sample. Plants may select only 
a proportion of races from the mixture which probably 
exists in the soil. For example, Wit and van de Weg (196^0 
recorded differences between the isolates obtained from 
the galls of different turnip cultivars collected from the 
same field. Comparisons between sites may therefore be 
particularly distorted if the inocula used are extracted 
from hosts of different species or cultivar. Buczacki 
et al (1975) recommended that populations should be ob
tained from the soil and suggested that inoculum from dis
eased plants could be examined separately for comparison.

The tests carried out in the first part of the experi
ment compared inocula from different sources at each of 
three sites. The second part studied the spore popula
tions extracted from different galls on single plants.
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MATERIALS AND METHODS
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Details of the methods used and conditions provided 
are given in Expt 1. Inocula were tested in parallel on 
the ECD set. The seed trays in each test were arranged in 
pairs in gravel trays which were positioned randomly in the 
glasshouse bench.

(a) Comparison of inocula from different sources at 
the same site

The following samples were obtained from sites in
E. Lothian:

Site Inoculum sources
1 Ferrygate soil (C53) & cauliflower (White Chief)
2 Lochhill soil (C5l) & cabbage (cv. unknown)
3 Tranent Mains cabbage (McEwan's Early) & charlock

Several galls were included in each sample of root 
material. Each of the original inocula was, as previously 
described, used to infect Chinese cabbage (cv. Granaat) 
seedlings in order to standardise the procedure. The galls 
subsequently obtained were used for inoculum extraction. 
Inocula were tested using the root dip method of inocula
tion (1 min dipping period). The tests carried out on 
soil.samples from sites 1 and 2 also formed part of the 
physiologic population survey (Section B).

(d) Comparison of inocula from different galls on 
the same plant

The following severely diseased roots were collected:

Site Plants
Devonshire, Fife one swede (Victory)
Cults Mill, Fife two cauliflowers (cv. unknown)



Each plant had a large central gall -which was begin
ning to decay and several smaller, firmer clubs on the 
lateral roots. Two of these secondary clubs were selected 
from opposite sides of the root system. The spores ex
tracted were inoculated directly onto the differential 
hosts using the slurry method.



RESULTS

(a) Comparison of inocula from different sources 
at the same site

The levels of disease recorded on the ECD set are 
given in Table 1*+. Infection of the "universally sus
ceptible" hosts, 05 and 07, was often incomplete. This 
probably reflects the inefficiency of the root dip inocu
lation method and therefore perhaps only large differences 
should be considered significant.

Inocula from the first site produced similar res
ponses on most differentials, but differential 15 appeared 
to be more susceptible to inoculum from clubbed cauli
flower plants than to that from the soil population. 
Similarly, for site 2, the differences were large only for 
the B.oleracea differentials. In this instance, inoculum 
extracted from cabbage roots was less virulent on dif
ferential 15 as well as on hosts 12 and 1^ than was the 
population taken directly from the soil. With inocula 
from the third site, however, large differences were re
corded on two of the B.naous differentials. Spores ex
tracted from charlock galls were apparently unable to 
infect differentials 06 and 10, whereas inoculum obtained 
from cabbage roots gave disease indices of 37$ and 56$ 
respectively. The former inoculum, however, produced a 
higher level of infection of differential 11.

(b) Comparison of inocula from different galls on 
the same plant

Considerable differences in the reaction produced on
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the ECD set were recorded between populations from dif
ferent galls on the same root system (Table 15). The 
second club from the swede plant contained inoculum which 
produced markedly less disease on differentials 01, 06 and 
09, but more on differential 11, than did the spore popula
tion obtained from the first club. Inoculum from the 
first club of the first cauliflower root was generally 
less infective than that from the' second club, particularly 
on differentials 08, 11 and 15- In addition, whilst inocu
lum from the second gall gave complete infection of dif
ferentials 09 and 12 the spores extracted from the first 
were apparently unable to infect these hosts. With the 
second cauliflower root, the only large difference in 
infection levels was recorded on differential 11. It will 
also be noted that, although the cauliflower plants were of 
the same cultivar and were collected from the same field, 
neither of the populations extracted from the first was 
the same as either of those from the: second.
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DISCUSSION

The results of the first part of this experiment 
indicated that the spore populations extracted from dis
eased roots and from soil collected in the same field may 
differ in their ability to overcome particular resistance 
factors in the host. Differences between brassica 
species growing at the same site were also found. In 
the comparisons between populations extracted from cabbage 
(B.oleracea) or cauliflower (B.oleracea) roots and the 
soil population, greatest variability in the reaction of 
the ECD set was recorded on the B.oleracea group of differ
entials. The most marked differences between inocula 
from galls on cabbage and charlock (B.arvensis) plants was 
produced on the B.naous species group.

It may be inferred from these results that hosts often 
have a selective effect upon the mixture of races in the 
soil population. This would be expected to result in a 
quantitative increase or decrease in the frequencies of 
at least some of the virulence factors, leading to changes 
in the amount of disease recorded on the differential hosts.

The effect of local variation in soil populations at 
the sites may also have contributed to the differences re
corded as the roots were collected from many fewer points 
than were the samples of soil. Indeed, the findings of 
the second part of the experiment suggest that local 
variation may be an extremely important factor to be taken



into account, as it seems that the spore populations at 
points in the soil only a few centimetres apart may 
differ considerably. Differences in the ability to 
cause disease in certain differential hosts were found 
between the inocula extracted from different plants of the 
same cultivar grown at the same site, but the differences 
were no less marked when the inocula were from different 
galls on the same plant (Table 15)- Considering the 
longevity of P.brassicae resting spores and their low 
mobility in soil, one can envisage residual pockets of 
inoculum from the decayed roots of different hosts persis
ting separately, but in close proximity and, conceivably, 
infecting different parts of the same root system. In 
such circumstances, differential race selection by the 
original hosts could be responsible for differences be
tween galls.

This investigation has shown that it is essential to 
use as the source of inoculum carefully mixed composite 
soil samples collected from many points in the field in 
order that the spore populations to be tested for physio
logic specialisation represent the entire spectrum of 
pathogenicity and virulence at a particular site. The 
information subsequently obtained will be of greater re
levance to the advisor and plant breeder.
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EXPERIMENT g
THE EFESCT OF "PASSAGE" THROUGH THE DIFFERENTIAL HOSTS 
UPON THE PATHOGENICITY AND VIRULENCE OF A P.BRASSICAE

POPULATION

INTRODUCTION

This experiment was designed to examine host effects 
upon the pathogenicity and virulence of the inoculated 
spore population and, if possible, to obtain information 
on the heterogeneity of a naturally occurring soil popula
tion. "Passage" of a mixed inoculum through the differ
ential hosts would be expected to lead to at least partial 
race separation. Further separation could be achieved by 
repeated inoculation of the ECD set in sequential tests. 
Identical responses would be produced in successive tests 
when separation of individual races was complete, 
(Williams, 1966; Buczacki et al, 1975; Nowicki, 1977)
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MATERIALS AND METHODS

The source of inoculum was population C2*f (see 
Appendix 1). The root dip method of inoculation was used 
with a 1 min dipping period. Details of procedures and 
conditions used are given in Expt 1. In the original 
test, which also formed part of the physiologic population 
survey (Section B ) , eight differential hosts produced galls 
which were large enough to use for inoculum extraction. 
These roots were collected 6 weeks; after inoculation and 
stored at approximately -18 °C for about 6 months. The 
spore population extracted from each differential was then 
inoculated directly onto the ECD series,. The seed trays 
in each test were arranged in pairs in gravel trays which 
were positioned randomly in the glasshouse bench.



RESULTS
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The disease indices obtained in the original test, 
and following the re-inoculation of the ECD set with 
inocula from the susceptible differentials, are given in 
Table 16. If partial resistance is assumed not to be 
involved, the selection of virulent races by a host would 
be expected to result in complete infection following 
inoculum extraction and re-inoculation of the same culti- 
var. This would give values close to 100% across the 
"diagonal" of the Table, from the upper left to the lower 
right. Infection was almost complete, however, only when 
differentials 08 and 10 were the source of inoculum.
Inocula from differentials 05 and 07 gave slightly lower 
disease indices and using differentials lb- and 15 the 
diagonal values were very low. The corresponding values 
obtained with inocula from differentials 12 and 13 were 
both 0%.

The total amount of disease recorded on the remain
ing differentials was greatest in the test using differen
tial 08 as the source of inoculum and the disease indices 
obtained were closest to those of the original test. The 
next highest infection levels were obtained with inoculum 
from differential 10, followed by, in order of decreasing 
infectivity, those from differentials 1̂ -, 07, 15? 05? 12 
and 13.
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Table 16. Pathogenicity and virulence of inocula recorded as 
disease indices (%) on ECD set following passage 
through differential hosts in original test

Test
differen

tial
Original

test
Differential used as inoculum source in retest
B.camnestris

05
B

07
.naDus 
08 10

B.
12

oleracea
13 Ik 15

01 1 0 13 2 0 0 0 0 0
02 0 0 0 0 0 0 0 0 0

03 7 0 0 7 1 0 0 0 0
Olf 0 0 0 0 0 0 0 0 0

05 100 80 85 100 89 0 3 69 72

06 0 0 0 0 0 0 0 0 1

07 100 52 77 99 96 0 0 70 5^
08 97 65 tf6 93 90 0 0 6k k i

09 0 0 0 0 0 0 0 0 0
10 82 3 56 99 97 0 0 86 58

il 19 0 0 1 2 0 0 0 0
12 51 0 0 70 39 0 0 6 0

13 50 6 6 68 56 0 0 Ik 1+

1 k 76 19 73 95 77 3 0 18 26

15 26 0 5 2k 6 1 0 0 11



DISCUSSION

Although a high proportion of intermediate disease 
indices is to be expected in the results of experiments 
using the root dip method of inoculation, it is clear that 
most of the re-tests, carried out in the present -work were 
exceptionally inefficient in that they produced disease 
levels which were often considerably less than those of. 
the original test.

Despite the fact that inocula were kept as frozen 
galls for 6 months before being tested, storage in this 
form would not be expected markedly to reduce infectivity 
(see Expts 5 and 6). However, the investigation was 
carried out at a very early stage in the work when spores 
extracted from plants 6 weeks after inoculation were 
thought to be fully mature. The results of Expt *+ have 
since shown that this is not usually the case. It is 
probable, therefore, that the apparent loss of virulence 
obtained in the present experiment as a result of passage 
through some of the differential hosts can be attributed 
to inoculum immaturity.

The results of Expt *+ also revealed dissimilar rates 
of spore maturation, as measured by infectivity, in the 
two hosts from which inoculum was extracted. It was 
suggested that such differences may be related to host 
growth rates and this seems logical, as pathogen develop
ment in this relationship is dependent upon hypertrophy 
of host tissues. In the present experiment, the least 
infective inocula were obtained from the differentials
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which had the slowest growth rates under glasshouse con
ditions (B.oleracea), whereas the differential which pro
duced the most infective inoculum (08) was one of the most 
rapidly growing cultivars in the ECD set. The infected 
roots of differential 05, however, also grew relatively 
quickly and yet the infectivity of inoculum from this host 
was comparatively low in the re-test. This is difficult 
to explain, but it is not possible to infer that the re
duced levels of disease were a result of the effects of 
host selection in view of the fact that infection of the 
"universally susceptible" differentials 05 and 07 was 
incomplete. The inoculum used in the original test was 
also extracted from roots of differential 05. Although 
these roots would have been collected only 6 or 7 weeks 
after transplantation into infested soil, they seem to have 
contained comparatively mature inoculum. It may be im
plied from this that pathogen development in roots grown in 
field soil progresses more rapidly than in plants grown in 
compost. It may also be significant that the galls 
formed on the former usually decay earlier than those which 
develop on the latter as rotting galls were found in Expt b 

to contain mature inoculum.

Inocula from differentials l̂ f and 15 produced low 
"diagonal" values, but considerably higher disease indices 
on differentials 05, 07, 08 and 10. This perhaps suggests 
differing sensitivity to immature inoculum amongst hosts, 
as was also indicated in Expt b. The differences were 
unlikely to have been a result of partial resistance in 
differentials 1*+ and 15 because most of the plants which
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showed disease symptoms had formed tap root galls as well 
as small swellings on the laterals.

With inoculum extracted from differential 08 the 
disease levels were generally similar to those of the 
original test. It is probable, therefore, that this dif
ferential had little or no selective effect on the pathogen 
population. Alternatively, it is conceivable that differ
ential 08 selected a particularly pathogenic and aggressive 
race or that the spore population was highly homogeneous.

Major differences amongst the infection patterns of 
inocula extracted from the differentials in an ECD test 
should provide evidence for the occurrence of race mixtures 
in soil populations. "Diagonal" values close to 100$, as 
well as complete or almost complete infection of the "uni
versally susceptible" differentials must, however, be 
achieved before an interpretation of this kind may be 
considered.
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INTRODUCTION

Early investigations. Variation in Plasmodiouhora 
brassicae populations was first recognised more than 60 
years ago, but the existence and importance of physiologic 
races has been widely accepted only comparatively recently. 
Conventional studies on physiologic specialisation in 
other pathogens have involved race identification, based 
on the reaction of isolates on standardised series of host 
cultivars carrying different resistance factors. A 
similar approach has been adopted for P .brassicae spore 
populations, and a number of differential groups "nas been 
used (Macfarlane, 1955; Ayers, 1957; Lammerink, 196!+;
Wit and van de Weg, 196*+; Tjallingii, 1965; Williams, 1966; 
Johnston, 1968). Specialisation was thought to be related 
principally to host cultivar, rather than to species or 
genus as is often the case for cereal pathogens.. Williams' 
differential set comprised two commercial cabbage cultivars 
and two commercial swedes and could theoretically differ
entiate 16 possible races. There was, however, no clear 
genetic basis for their selection. For successful race 
differentiation it is important that seed of the chosen 
differential cultivars is as genetically uniform as poss
ible with homozygous resistance/susceptibility loci. 
Commercially produced seed is often unacceptable as a 
source of resistance. The classification system of 
Johnston (1968) was based on the use of five Brassica 
naous differential genotypes with qualitative resistance



factors of apparently known genetic constitution.
Buczacki & Humphrey (1973) used these hosts to identify 
seven physiologic races'.

The European Clubroot Differential Series. It was 
considered desirable to standardise the classification of 
P.brassicae populations by compiling a single acceptable 
differential series. Against a background of inadequate 
knowledge of the genetics of the host-pathogen relation
ship, an international meeting of clubroot workers in 197*+ 
agreed upon a differential set of 20 cultivars. This was 
reduced to 15 shortly afterwards: and designated the 
European Clubroot Differential (ECD) set (Buczacki et al,

1975).
The ECD set comprises three brassica species groups 

(Table 1). Brassica camaestris (differentials 01-05) 
and B.oleracea (differentials 11-15) are predominantly 
outbreeding. Brassica narus: (differentials 06-10) has 
an inbreeding mating system.. Outbreeding species tend 
to show considerable heterozygosity for many characters 
and, in the case of differential hosts, this is a particular 
problem if there has been no selection for disease resis
tance. It is easier to maintain genetically pure stock 
of inbreeding plant groups. Variation within the Dutch 
stubble turnip differentials (01-0*+) was reduced as much as 
possible by using inbred lines in which clubroot resistance 
is homozygous and inherited dominantly, probably at three 
independent loci (Toxopeus & Janssen, 1975). Few cultivars 
of B.oleracea possess effective resistance, which in this
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species is thought to be polygenic, recessive and perhaps 
quantitative in certain hosts. In 1973, Buczacki & 
Humphrey suggested that it may never be feasible to use 
lines of B .oleracea as differential hosts. With the lack 
of alternative material, five somewhat arbitrarily selected 
B.oleracea differentials were, however, incorporated into 
the ECD set. Differentials 11 and 13 had been used in 
Williams' differential set (1966). Differential 12: is a 
"clubroot resistant” cabbage and differential l1* was selec
ted as the most susceptible of the B.oleracea var. 
cauitata hosts (Buczacki et al, 1975)* Differential 15 
is a Dutch "clubroot resistant” cultivar of curly kale.

The B.nanus genome is made up of the B.camnestris 
and 3.oleracea genomes. The finding that resistance in 
this species is dominant implies that the factors are 
located on the B.camnestris genome (Toxopeus, 1977). The 
B.nanus differentials (06-10) were selected for the ECD 
set because they had been specifically bred for the iden
tification of physiologic specialisation and their reaction 
to certain P.brassicae populations had already been des
cribed (Johnston, 1968). Differential 05 is a cultivar 
of Chinese cabbage and was included as a control which was 
thought to carry no resistance factors because it had 
shown universal susceptibility to all P.brassicae popula
tions tested (Buczacki et al, 1975).

The basis for setting up the ECD series was similar 
to that discussed by Johnson, Stubbs, Fuchs & Chamberlain 
(1972) in relation to the classification of P .striiformis

147



races on wheat. As the genetics of resistance was not 
fully understood, the differentiating characters were the 
cultivar resistances, rather than the genes for resistance 
contained by these cultivars. Until a full set of hosts 
with suitable genotypes can be assembled it will not be 
possible to use host specificity as a tool for the complete 
characterisation of genetic variants in P.brassicae.
Genetic impurity in the host differentials may also prevent 
the precise distinction of races. Williams (1966) pro
posed that differentials which were regarded as genetically 
pure should be carefully increased and continually screened 
to maintain a high level of uniformity. If possible, a 
single stock source should be used. With the advent of 
the ECD set, seed of each differential species group has 
been provided by one group of workers for all European in
vestigations.

Although the ECD set has been available for several 
years and has been adopted by most European workers, com
paratively few detailed investigations on variation in 
P.brassicae have been carried out. Test results are 
usually listed in the "Clubroot Newsletters'1 which form 
the basis for communication amongst members of the Inter
national Clubroot Working Group. Unfortunately, as the 
Newsletter is not an official publication, the work it des
cribes may not be cited. The data it presents and those 
given elsewhere in the literature are often for studies 
which have been restricted to a small number of sites.
In addition, information on the source of inoculum used,
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on the methods and conditions employed and on the resis
tance/susceptibility cut-off value applied is not always 
provided.

Nomenclature of physiologic populations. It has been 
agreed that the nomenclature of P.brassicae populations 
should follow the system proposed by Habgood (1970) and 
applied to the classification of cereal rust (Puccinia 
striiformisJ races (Johnson et al, 1972). The ECD hosts 
in Table 1 are arranged in a fixed order and the denary 
numbers 1, 2, *+, 8 and 16 corresponding to the series 
2°, 2 1 , 22 , 2^ and 2^ are assigned within each group as 
indicated. When an isolate of the pathogen is tested on 
these differentials, the population code is obtained by add
ing the denary values of the susceptible hosts, giving a 
possible maximum coding of 31~31_31 in the case where all 
differentials are susceptible. This system of nomencla
ture is concise and allows the pattern of susceptible and 
resistant reactions to be deduced from population code 
alone.

Heterogeneity in the pathogen population. It is 
important to draw attention to the distinction between 
physiologic "races" and "populations" in relation to 
P.brassicae. A single race is made up of infective 
units of uniform reaction on a set of differential hosts. 
There is considerable evidence to suggest, however, that 
the resting spore population in naturally infested soils 
comprises a mixture of races occurring in varying propor
tions, probably largely depending on the previous cropping 
history (Nieuwhof & Wiering, 1963; Wit & van de Weg, 196̂ -;
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Lammerink, 1965; Tjallingii, 1965; Williams, 1966;
Ayers, 1972; Buczacki & Humphrey, 1973; Toxopeus & 
Janssen, 1975; Dixon, 1977; Mattusch, 1977; Nowieki,
1977; Yoshikawa, Ashizawa & Hida, 1977). Bearing in 
mind the long-term survival of P.brassicae* resting spores, 
it can be deduced that the field population is an accumu
lation of free spores or spores from infested material 
which have been directly introduced in previous years to
gether with any spores formed in the roots of crops or 
weeds in situ over a similar period. It is therefore 
very unlikely that single physiologic races occur naturally 
in infested soils.

As there is as yet no satisfactory procedure for 
obtaining single spore inoculations, it is not possible to 
determine the precise race composition of P.brassicae popu
lations using single s:pore isolates. The International 
Clubroot Working Group suggested that the term "physiologic 
race" should not be applied to a population until at least 
two separate extractions of spores from the susceptible 
differentials followed by re-inoculation of each onto all 
the ECL hosts produces no change in reaction (Buczacki et. al 
1975) (see Expt 9). However, when Buczacki & Ockendon 
(197^) used this procedure in an attempt to produce homo
geneous populations, inexplicable changes in pathogenicity 
took place which led them to question the stability of the 
differential reactions. They concluded that for screen
ing work it may be more appropriate to inoculate with mix
tures of spores from as many races as. possible. The



detection of potentially valuable horizontal or polygenic 
resistance may be more likely in tests using inoculum 
"soups", but evidence suggesting useful sources of race 
specific resistance could be masked.

Wit & van de Weg (196*0 found at least two races of 
P.brassicae occurring together in soil and roots, and re
marked that the complete purification and separation of 
races may not be possible if commercial varieties are used 
as differential hosts due to the often unknown level of 
heterozygosity at the resistance loci. In Canada at 
least six races of the pathogen were found and differentia
tion revealed remarkable individual homozygosity in most 
isolates (Ayers, 1972). In addition, extensive testing 
of isolates from Prince Edward Island over a period of 
12 years detected little change in the race infestation 
spectrum. In contrast, the four races identified, in 
Poland often occurred in combinations of two or three and 
the author attributed this difference to the smaller size 
of the farms: and more intensive growth of crucifers in his 
country (Nowicki, 1977).

Analysis of virulence frequencies. Wolfe & Schwarz- 
bach (1975) Wolfe, Barrett, Shattock, Shaw & Whitbread 
(1976) suggested that pathogenic variation should be 
analysed in terms of virulence frequencies, individually 
and in combination, rather than more complex physiologic 
races (phenotype-phenotype analysis). Data on the re
action of differential hosts may thus be more easily 
collected and greatly simplified in order to provide more 
basic and useful information. The expected frequencies of
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combinations of virulence factors, in a pathogen population 
may be calculated from the individual virulence frequen
cies. Analysis of all possible combinations of virulence 
genes (i.e. physiologic races) is not normally necessary. 
Significant deviations between observed and expected fre
quencies indicate non-independence of the virulence genes. 
Several such differences were found for virulence pairs 
in wheat yellow rust and oat stem rust. Deviations from 
expected frequencies were also reported for wheat and 
barley mildew (Wolfe, Wright, Barrett & O'Donald, 1973;
Wolfe & Schwarzbach, 1978). Shattock, Janssen, Whitbread 
& Shaw (1977)> however, found the observed and expected 
frequencies for potato blight virulence combinations to 
be very similar. Virulence pairs occurring less often than 
expected indicate resistance gene combinations which may be 
particularly useful to the plant breeder. Those occurring 
with greater frequency than expected infer either that 
there is selection or adaptation for particular virulence 
combinations or that a relationship exists between the re
sistance factors carried by the corresponding differential 
hosts.

A similar analysis was carried out on the data collec
ted in the present survey, as this approach had not pre
viously been adopted for clubroot. It was thought that 
this would prove to be the most satisfactory means of 
examining physiologic specialisation in P .brassicae, in 
view of the fact that tests are carried out on spore popu
lations which probably comprise race mixtures rather than 
single pathotypes. Indeed, Wolfe & Schwarzbach (1975)
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pointed out that, for cereal mildews, more accurate esti
mates of virulence frequencies can be obtained from bulk 
isolates than from single spore lines. The frequencies 
of virulences among the airborne spores reflect the over
all ability of the current population to cause disease on 
particular varieties. As is also the case for a classi
fication system in terms of physiologic populations, how
ever, precise interpretation of an analysis of virulence 
frequencies for P.brassicae is prevented by the lack of 
independence of the present differential hosts.

In testing brassica cultivars for resistance to 
clubroot, a single source of inoculum or a mixture of dif
ferent isolates is generally used. Alternatively, new 
material is tested in the field at a small number of con
taminated sites. Whether or not the pathogen populations 
selected are representative of local variation can be 
determined only following the testing of many naturally 
occurring populations.

As well as facilitating the selection of P ♦brassicae 
screening material by discovering the incidence and range 
of virulence factors in the pathogen, it was hoped to 
identify the most useful sources of resistance and perhaps 
to help to elucidate the genetics of resistance in the 
ECD set.
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MATERIALS AND METHODS

Samples of inoculum from 80 sites known to be con
taminated with the clubroot organism were collected as 
described in Expt 1. The site locations are listed in 
Appendix 1(a). Procedures used in the survey were im
proved when the information given in Section A became 
available. Thus, as indicated in the Appendix, initial 
tests included six using clubbed roots as the original 
source of inoculum, but the remainder were carried out 
with samples of soil (see Expt 8). In the first instance, 
the differential hosts were inoculated using the root dip 
method (spore load lO^/ml) with a 1 min dipping period 
(see Appendix 1(b)) but, in order to improve test sensi
tivity, the slurry inoculation procedure (spore load 
105/ml) was later adopted. Details of each method are 
given in Expt 1.

The finding in Expt *+ that, for maximum spore infec- 
tivity, spores should be extracted from diseased roots no 
sooner than 8 weeks after their inoculation did not, how
ever, influence the procedures used in the present inves
tigation. The galls which formed on the Chinese cabbage 
seedlings used to "bait" field soils decayed at an earlier 
stage and the spores probably matured at a faster rate 
(see Expt 9) than did those on plants grown in J.I. compost. 
It was inferred from the results of Expt b that spore in- 
fectivity is generally maximal in inoculum extracted from 
decaying roots. Rotting of the galls on bait plants in 
the mixture of field soil and compost which was used was
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apparent by the seventh week after transplantation.
Roots were collected when the first signs of decay were 
seen immediately below the soil surface and stored at 
about -18 °C for up to several weeks.

All or most of the roots which became diseased were 
generally used for inoculum extraction in order to reduce 
the effects of possible variation amongst plants. De
tails of extraction techniques, conditions for inoculum 
storage and plant growth and disease assessment procedures 
are given in Expt 1. The 15 seed trays of a single test 
were grouped together in the glasshouse bench in order to 
avoid the possible shading effects caused by older plants 
in earlier tests.
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RESULTS

The disease indices recorded on the ECD set follow
ing inoculation with P.brassicae spore populations from 
each of the 80 sites sampled are given in Appendix 1(b).
For the purposes of classification of the reactions 
obtained, it was considered essential first to examine 
the effects' of the application of three different resis
tance/susceptibility cut-off points. In the absence of a 
generally accepted value based on practical experience, 10$ 
had been arbitrarily chosen at an early stage in the work 
and is therefore included in this account. The results 
of the present survey were later used to determine the most 
appropriate level for the particular distribution of data 
obtained. The overall frequencies of the disease indices 
recorded on all differentials are illustrated in Fig.19 and 
these are grouped for each species separately in Fig.20.
Two disease index ranges occurred with greatest overall 
frequency : 0-20$ and 80-100$. The lower peak of this 
bimodal distribution originated mainly from the B.camuestris 
and B.nanus groups and the upper one from the B.nauus and 
3.oleracea differentials. Low disease indices for the 
first two species groups usually derived from small propor
tions of severely diseased plants with the remainder show
ing no clubroot symptoms and therefore could be the result 
of host or, more likely, pathogen heterogeneity. The 
second cut-off point was selected at the upper end of the 
lower peak (20$) in an attempt to avoid giving significance 
to responses which were uncharacteristic of the large
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proportion of the host or pathogen population. In addition, 
cut-off values lover than 20$ would not give "clear-cut" 
differentiation between resistance and susceptibility and 
may therefore give rise to a high incidence of mis- 
classification. The distribution of the overall fre
quencies of disease indices formed a trough between 20% 

and 80$, but there appeared to be some advantage in selec
ting the third cut-off point at 35%, especially for the 
B.camuestris group of differentials.

The frequencies of the ECD population codes obtained 
as a result of applying the three cut-off values are given 
in Table 17. For each cut-off point, populations 16-31-315 
21-31-31? 20-31-31 and 17-31-31 were amongst the six most 
frequently occurring, with the first being identified at 
the greatest number of sites. Otherwise there was little 
similarity amongst the population frequencies recorded and 
the influence of the cut-off value upon the number of dif
ferentials classified as susceptible was clearly consider
able. Using 10$ as the cut-off value, ¥r$ of the spore 
populations were virulent on more than 11 of the differen
tial hosts and 9% were virulent on fewer than nine. The 
corresponding values for the 20$ cut-off point were 2b% 

and 19$? and were 11$ and 23$ when the level used was 35$.

A disproportionately large number of the rarest ECD 
codes, which generally represented populations able to 
cause disease in the fewest differentials, was obtained 
following host inoculation by the root dip method. This 
was mainly a result of the greater tendency for this
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Table 17. Influence of cut-off value on frequency of occurrence 
of ECD codes

Array of recorded 
Differential

B.camnestris B.nanus
01 02 03 04 05 06 07 08 09 10

Ia 1 1 1 1 1 1 1 1 1
1 1 0 1 1 1 1 1 1 1
1 1 1 0 1 1 1 1 1 1
1 0 0 1 1 1 1 1 1 1
1 0 1 0 1 1 1 1 1 1
0 0 0 1 1 1 1 1 1 1
0 0 1 0 1 1 1 1 1 1
1 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
1 0 1 0 1 0 1 1 1 1
0 0 0 1 1 0 1 1 1 1
0 0 1 0 1 0 1 1 1 1
1 0 0 0 1 0 1 1 1 1
0 0 0 0 1 0 1 1 1 1

1 0 0 0 1 1 1 1 0 1
0 0 1 0 1 0 1 1 0 1
1 0 0 0 1 0 1 1 0 1

1 0 0 0 1 1 1 1 1 0
1 0 0 0 1 0 1 1 1 0
0 0 0 0 1 1 1 1 0 1

0 0 0 0 1 0 1 1 0 1
0 0 0 0 1 0 1 1 1 0
0 0 0 0 1 0 1 0 0 1
0 0 0 0 1 1 1 0 0 0
0 0 0 0 1 0 1 0 0 0
1 0 0 1 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1
0 0 0 0 1 0 1 1 1 1
0 0 0 0 1 0 1 1 1 1
0 0 0 0 1 0 1 1 1 1
0 0 0 0 1 0 1 1 1 1
0 0 0 0 1 0 1 1 1 1
0 0 0 0 1 1 1 1 0 1
1 0 1 G 1 0 1 1 0 1
0 0 0 0 1 0 1 1 0 1
0 0 1 0 1 0 1 1 0 1

reactions

B.olerácea
11 12 13 14 15 ECD code
1 1 1 1 1 31-31-311 1 1 1 1 27-31-31
1 1 1 1 1 23-31-31
1 1 1 1 1 25-31-31
1 1 1 1 1 21-31-31
1 1 1 1 1 29- 31-311 1 1 1 1 20-31-31
1 1 1 1 1 17-31-31
1 1 1 1 1 16-31-31
1 1 1 1 1 21-30-31
1 1 1 1 1 29- 30-31
1 1 1 1 1 20-30-31
1 1 1 1 1 17-30-31
1 1 1 1 1 16-30-31
1 1 1 1 1 17-23-31
1 1 1 1 1 20-22-31
1 1 1 1 1 17-22-31
1 1 1 1 1 17-15-31
1 1 1 1 1 17-19-31
1 1 1 1 1 16-23-31
1 1 1 1 1 16-22-31
1 1 1 1 1 16-19-31
1 1 1 1 1 16-18-31
1 1 1 1 1 16- 3-31
1 1 1 1 1 16- 2-31
0 1 1 1 1 25-31-30
0 1 1 1 1 16-31-30
1 0 1 1 1 16-31-2.9
1 1 1 0 1 16-31-23
1 1 1 1 0 16-31-15
0 0 1 1 1 16-31-28
1 1 1 0 0 16-31- 7
0 0 1 1 0 16-31-12
0 1 1 1 1 16-30-30
1 0 1 1 1 16-30-29
0 1 1 1 0 16-30-lif
1 0 1 1 0 16-30-13
0 0 0 1 0 16-30- 8
1 1 1 1 0 16-23-15
0 1 1 1 1 21-22-30
0 1 1 1 1 16-22-30
0 1 1 1 0 20-22-19-

Frequency with 
cut-off value:

10# 20# 35$
1 0 0
0 1 0
5 2 0
1 0 0

11 1+ 31 0 0
8 7 3
6 if 3

l9-(3) 23(2) 27(2)
2 0 0
1 0 0
2(1) 2 1
0 2 2
3(2) if (2) 5(1)
1 0 0
1 0 0
1 2 1
1(1) 0 0
1 1 0
2 1 1
5(9-) 3(2) 2(1)
2(2) 9-(3) 6(3)
0 1 0
1(1) 1(1) 0
0 1 2
0 1 0
1(1) 0 2
1 0 0
0 1(1) 0
0 1 2
1(1) 0 0
0 0 1(1)
0 1(1) 1(1)
0 0 1
0 1 1
0 1(1) 1(1)
1(1) 0 0
1 0 0
0 I 1
1 0 0
1(1) 3(2) 2(1)
1(1) 0 0

Contd



162

Table 17 - contd

01 02 03 04 05 05 07 03 09 10 11 12 13 14 15

1 0 0 0 1 0 I 1 0 1 1 0 0 1 0

0 0 0 0 1 0 1 1 0 1 0 0 1 1 1

0 0 0 0 1 0 1 1 0 1 0 1 1 1 0

0 0 0 0 1 0 1 1 0 1 0 0 1 1 0

0 0 0 0 1 0 1 1 0 1 0 1 0 1 0

0 0 0 0 1 0 1 1 1 0 1 0 1 1 1

0 0 0 0 1 0 1 1 1 0 1 1 0 1 1
0 0 0 0 1 0 1 1 1 0 1 0 1 1 0

0 0 0 0 1 0 1 1 1 0 1 1 0 1 0

0 0 0 0 1 0 1 1 1 0 0 0 0 1 0

0 0 0 0 1 0 1 1 1 0 0 0 0 0 0

0 0 0 0 1 0 1 1 0 0 1 0 0 1 0

0 0 0 0 1 0 1 1 0 0 1 0 0 0 0

0 0 0 0 1 1 1 0 0 0 0 1 1 1 1

ECD code 10)1 20# 35%

17-22- 9 1 (1 ) 0 0
16-22-28 0 0 1
16-22-m- 0 2 (2 ) 2(2)
16-22-12 0 0 1(1)
16-22-10 0 0 1(1)
16-14-29 1(1) 0 0
16-14-27 0 1 (1 ) 0
16-14-13 0 2 (2 ) 2(2)
16-14-11 0 0 1(1)
16-14- 8 0 1 1
16-14-- 0 0 0 1(1)
16- 6- 9 0 1(1 ) 0
16- 6- 1 0 0 1(1)
16- 3-30 0 0 1(1)

0, resistance
1, susceptibility
() Number out of total frequency for which root dip

inoculation method used



procedure to produce intermediate disease indices and 
its replacement with the slurry method during the course 
of the survey was clearly justified. Differences in the 
efficiencies of the two inoculation methods were also 
reflected in the mean disease levels produced on the appar
ently universally susceptible differentials, 05 and 07:
9lk 3% and 93*7$ for the root dip procedure and 98.9% and 
98.6% for the slurry method. It was, however, impractic
able to re-test the 21 populations classified using the 
former technique and analyses were therefore carried out 
on the combined data.

A representative sample of roots from a single ECD 
test is shown in Fig.21 to give an indication of variabi
lity in gall morphology.

The overall frequency of susceptible reactions on 
each differential host is given in Table 18 which also 
shows the influence of the cut-off value selected. For 
most differentials the frequency decreased as the cut-off 
point was raised, reflecting the- presence of intermediate 
disease indices. Differentials 05 and 07 were "univer
sally susceptible" for each cut-off value. Host 15- was 
susceptible to all populations only when the lowest cut
off point was applied.
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Fig.21. Samples of roots from an ECD test showing 
variability in gall morphology. Only differentials 
02 and 0i+ failed to develop significant levels of dis
ease in this test.
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Table 18. Influence of cut-off value on frequencies of 
susceptible reactions recorded on BCD set 
with 80 P.brassicae populations

Cut-off
value

B.campestris 
01 02 03 QÏ+ 05

Differential
B.napus 

06 07 08 09 10
B.oleracea 

11 12 13 1^ 15

01—1 32 6 32 1+ 80 55 80 79 65 7k 7k 7k 78 80 76
20/S 17 3 15 2 80 if8 80 77 6*+ 68 71 7^ 77 79 70

35% 9 0 7 0 80 k5 80 77 6k 65 65 71 75 77 6k

The possible reaction patterns of the 3.campestris 
and B.napus differentials postulated to carry resistance 
genes based on the genotypes described by Crute, Gray, 
Crisp & Buczacki (1980) are listed in Tables 19-21 (these 
workers similarly considered both differential 05 and dif
ferential 07 to be universally susceptible). The fre
quency with which each response was recorded in the pre
sent survey is also given for each of the resistance/sus
ceptibility cut-off values chosen. Reactions termed 
"possible mixtures" necessitate infection by more than one 
physiologic race of the pathogen. Several populations 
were found to produce "unexpected" reaction patterns;.
The disease indices involved were often very close to the 
cut-off point used in these cases, as can be confirmed 
from Table 22. However, the reaction of the 3.campestris 
hosts to population C73 was more "clear-cut". When the 
three-gene theory was adopted for the B.naous hosts, four 
populations (CIO, C6l, C75 and C79) produced comparatively 
clear-cut, unexpected responses, but if this species group
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Table 19. B.camaestris differential responses and frequency
of occurrence in S.E. Scotland. Differential 05
assumed universally susceptible

Theoretical reaction array (Crute et al. 1980)1 Freauencv with
cut-off value:

Differential
Postulated
genotype

01
aaBBCC

02 03 
AAbbCC AABBcc

ok

AABBCC

Code 
value 
(+ 05) 10% 20% 35%

Possible
reactions 1° 1 1 1 31 1 0 0

0 0 1 0 20 12 9 1+
0 1 0 0 18 0 0 0
1 0 0 0 17 11 9 6
0 0 0 0 16 3^ 9+ 6 7

Possible
mixtures 1 1 1 0 23 5 2 0

0 1 1 0 22 0 0 0
1 0 1 0 21 11+ k 3
1 1 0 0 19 0 , 0 0

Not
expected 0 1 1 1 30 0 0 0

1 0 1 1 29 0 0 0
1 1 0 1 27 0 ( 1 ) C91 0
0 0 1 1 28 0 0 0
0 1 0 1 26 0 0 0
1 0 0 1 25 1 C73 1 C73 0
0 0 0 1 21+ (2)C67v 'cio: 0 0

° 0, resistance 
1. susceptibility
() cut-off value unsuitable (see Table 22(a))



Ì68

Table 20. B.naous differential responses (three-resistance-eene
theory) and frequency of occurrence in S.E. Scotland.
Differential 07 assumed universally susceptible

Theoretical reaction array (Crute et al. 1980)
06 08 09 10Differential

Postulated
genotype R 2+R3 H i R,

Code 
value 
(+ 07)

Frequency with 
cut-off value:

10% 20% 35%

Possible
reactions

Possible
mixtures

Not
expected

1°
1
0
0
0
0
0
0

0
0

1
1
1
1
1
1

1
0
1

1

0
0
1

0

1

0

1

1

0
0
1

0

1
1
0
1
0
1
0
0

1
1

0
1
0
1
0
0

1
1
1
0
1
0

0
0

1
1

1
0
1
0

0

0

31
27
22

lif
18
10

6
2

30
26

23
15
19
11
7
3

50
0

11
1+
0

0

0

0

10
0

^5

0

10
9
1

0

1

1

10

0

if2
0

10
11

0

0

1

2

11

0

C61"2 C75 2 c75 2 C7SC79 C79 C79
( 1 ) C 3 8  o  

0 0
0 0
0 0

0

0

0

0

1  cio 1  a o  1  cio

0 , resistance
1 , susceptibility
() cut-off value unsuitable (see Table 2 2(b))
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Table 2 1 . B.nauus differential responses (five-resistance-gene
theoryJ and frequency of occurrence in S.E. Scotland.
Differential 07 assumed universally susceptible

Theoretical reaction array (Crute et al, 1980)] Freauencv with
cut- off value:

Differential
Postulated
genotype

06 
R, +R2 +

r 3

08
R,

09 
R,+R2 +

R<

10
R,+R3-f

r 5

Code
value
(+ 07) 10% 20% 25%

Possible
reactions 1° l l 1 31 50 if 5 b2

1 1 0 1 23 3 2 2
1 i i 0 15 l 0 0
0 1 0 1 22 11 10 10
0 l 1 0 l b if 9 11
1 i 0 0 7 0 0 0
0 l 0 0 6 0 l 1
0 0 0 0 2 0 l 2

Possible
mixture 0 l 1 1 30 10 10 11
Not
expected 1 0 1 1 27 0 0 0

0 0 1 1 26 0 0 0

1 0 0 1 19 0 0 0

1 0 1 0 11 0 0 0
0 0 0 1 18 0 (1)C107 0

0 0 1 0 10 0 0 0

1 0 0 0 3 ] _ a o T_ao I c i o

° 0, resistance 
1, susceptibility
() cut-off value unsuitable (see Table 22(b))



Table 22. Details of differential reactions for
patterns listed as "unexpected1* in Tables 
T9 - 21 (from Appendix 1)

(a) Disease indices {%) recorded on B.campestris

Differential
Population 01 02 03 Ob 05

C6 7 6 9 0 10 100

C73 28 3 5 25 100

C91 65 32 15 28 100
C105 8 0 7 11 100

(b) Disease indices {%) recorded on B.naous

Differential
Population 06 07 08 09 10

CIO b7 97 0 3 0
C38 10 100 97 100 8
C6l 18 100 100 2 100

C75 100 100 100 2 100

C79 100 100 100 0 100
C107 5 100 18 3 2b
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was considered to have five resistance genes only one 
population (CIO) produced an apparently incompatible re
action pattern.

The frequencies of the reactions obtained on the 
B.oleracea differential group are given in Table 23. The 
very large number of combinations of susceptible reactions 
recorded, and the considerable influence of the cut-off 
value upon their frequency of occurrence, make it diffi
cult to discern any pattern which might suggest the pres
ence of common host resistance factors.

An analysis of the frequencies of virulence pairs in 
P.brassicae populations was carried out for each cut-off 
value using computer programmes written by Dr J. Gilmour.
The expected frequency of each combination was calculated 
as the product of the observed frequencies of the indivi
dual virulences divided by the total number of populations 
(compound probability law). Because some frequencies 
were very low, it was not possible to use the chi-squared 
distribution to test for significant deviations from ex
pected values. For each pair of differentials, the exact 
probability of obtaining the observed frequency of the com
bination was calculated (Fisher, 1958). Hosts showing 
"universal susceptibility" or "universal resistance" for any 
one cut-off point were omitted from that analysis.

The observed and expected virulence frequencies re
corded using 35% as the cut-off value (it was inferred 
from Fig.19 that this point gave the clearest distinction
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Table 23. Frequency of occurrence of B.olerácea differential
responses in S.E. Scotland

Array of recorded reactions Frequency with
Code cut- off value:

Differential 11 12 13 lb 15 value 10/® 20% 35/°
Ia 1 1 l 1 31 70 63 56
0 1 1 l 1 30 3 b 6
1 0 1 l 1 29 2 1 1
1 1 0 l 1 27 0 1 0
1 1 1 0 1 23 0 1 0
1 1 1 i 0 15 0 2 3
0 0 1 l 1 28 1 0 i
0 1 1 l 0 l b 1 3 3
1 0 1 l 0 13 1 2 2

1 1 0 i 0 11 0 0 1
1 1 1 0 0 7 0 0 1
0 0 1 1 0 12 0 1 2
0 1 0 1 0 10 0 0 1
1 0 0 1 0 9 1 1 0
0 0 0 1 0 8 1 1 1
1 0 0 0 0 1 0 0 1

0 0 0 0 0 0 0 0 1

° 0, resistance 
1, susceptibility
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between resistance and susceptibility), and the differ
ence between the observed and expected frequencies, are 
given in Table 21+. Equivalent tables for the other two 
cut-off points are given in Appendix 2. The calculated 
"Fisher probabilities" for each cut-off point are entered 
in Table 25. These values must be interpreted with care 
as they are not independent of one another - e.g. the 
probabilities given for combined virulence to differen
tials 06 and 10 and to differentials 09 and 10 cannot be 
compared as independent values as they have differential 
10 in common. It should also be pointed out that the 
sensitivity of the analysis varies with the observed fre
quency of combined virulence. For values near the mid
point (e.g. 30-50), the Fisher probability estimate is much 
more sensitive to small deviations between the observed and 
expected frequencies than for values close to either limit. 
Nevertheless, for the present purposes, conventional 
levels of probability have been used in Table 25 to give 
an indication of the likely significance of deviations.

Interestingly, there was not a single instance of an 
observed frequency being significantly less than expected. 
The observed frequencies were very significantly greater 
(P < 0.001) than the expected frequencies for each cut-off 
point in the case of combined virulence against two pairs 
of differentials (06 and 09 ; 12 and 15). Combined viru
lence to differentials 06 and 15? H  and 15 and 13 and 15 
also occurred more frequently than expected regardless of 
the cut-off point used, but the levels of significance
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were lower. Significant differences between observed 
and expected frequencies for intraspecific combinations of 
susceptible responses occurred mainly in the B.nanus and 
3.oleracea hosts. Significant deviations relating to 
interspecific pairs were almost entirely confined to those 
between these same two groups. There was greater similar
ity between the general patterns of significance found 
with cut-off points 20% and 35% than between those recorded 
with cut-off value 10% and either of the other two points.

An attempt was made to determine whether physiologic 
variation in Plasmodiophora brassicae could be related to 
the geographical location of the sites from which the pop
ulations were obtained. South East Scotland was divided 
into the following regions: north of the R. Tay (11 sites),
between the R. Tay and the R. Forth (21 sites), the 
Lothians (18 sites) and the Borders (3° sites). Differ
ences between the numbers of samples reflect the relative 
frequencies of reports of contaminated sites, in different 
regions.

The frequencies of the susceptible reactions recorded 
on the differential hosts for each of the four regions 
separately are given in Appendix 3* The incidence 
(expressed as a percentage because of differing numbers of 
tests) of susceptible responses on the three species groups 
is recorded in Table 26(a). Chi-squared analyses were 
carried out on the combined frequencies for each species 
(excluding the "universally susceptible" differentials,
05 and 07) and for each cut-off value in cases where the 
numbers involved were not too low. Only the 3.napus data
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Table 26. (a) Incidence (%) of susceptible reactions recorded
on differential species groups in ECD set ("univer
sally susceptible11 differentials. 06 and 07. omitted) 
for P.brassicae populations from four regions in 
S.E. Scotland, and (b) Details of chi-squared test 
carried out on B.nanus frequency data for 35% 
cut-off value

(a)
Region

N. of R.Tay 
(A)

R.Tay-R.Forth 
(B) ,

Lothians
(C)

Borders
(D)

Number Cut-off
of tests value(^)

11 10

20

35

21 10

20

35

18 10

20

35

30 10

20

35

(Observed-Expected) . 
Expected

Virulence
Avirulence

A
0.18
o . 66

Species group 
B.camrestris B.napus B.oleracea

B
0.13
0 .1+6

20.5 86.1+ 92.7
6.8 75.0 90.9
0 72.7 89.1

25.0 8^.5 97.1
13.1 78.6 96.2
M-.8 75.0 91.^

16.7 77.8 93-3
5.6 73.6 90.0
2.8 72.2 80.0

26.7 90.0 96.7
15.8 87-5 92.7
8.3 86.7 90.0

c D
0.36 1.01+

1.31 3.78

X 2 = 7.92
i.e. Regional differences significant (P ^ 0.05)
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obtained with the highest cut-off point showed statistic
ally significant regional differences (P < 0.05). This 
could mainly be attributed to the particularly high level 
of virulence to this species carried by P.brassicae popu
lations collected in the Borders (Table 26(b)). The 
frequency data in the Appendix reveals that the greatest 
difference was recorded on differential 10, but the differ
ences for differentials 06 and 08 were also marked. All 
populations from the Borders appeared to be virulent on 
differentials 10 and 08 and all those sampled in the area 
between the Rivers Tay and Forth proved virulent on differ
ential 08. Similar trends were found when the lower cut
off values were applied, but the differences were not sig
nificant. The incidence of virulence to the stubble 
turnip (B.camoestris) differentials seemed to be greatest 
in populations from the Borders and slightly lower in those 
from between the Rivers Tay and Forth. In the case of 
B .oleracea. the incidence of susceptible differential res
ponses appeared to be slightly higher for populations from 
the latter area than for those from the other regions, and 
second highest for populations from the Borders..
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DISCUSSION

This account comprises the most comprehensive survey 
of variation in P .brassicae based on naturally occurring 
soil spore populations yet completed. Testing for 
physiologic specialisation in this pathogen is a particu
larly laborious procedure and it is not always possible 
to accumulate a statistically useful volume of data. In 
addition, most other workers identify the spore populations 
extracted from galls on the roots of field crops. It was 
shown in Expt 8 that the pattern of pathogenicity and viru
lence in populations obtained from diseased roots may not 
necessarily correspond to that of the soil population, 
probably as a result of host selection for specific viru
lence factors. Moreover, differences were also found 
between spore populations extracted from different galls 
on the same plant. In order that the results of tests for 
physiologic specialisation reflect the overall ability of 
naturally occurring spore populations to generate disease 
on particular host varieties, it is essential to use care
fully mixed composite soil samples as the sources of inocu
lum. After this information had become available, subse
quent tests in the survey were carried out with samples of 
soil but, as it was not possible to re-test the sites, the 
results for field galls were included in this account.

It is important to draw attention to the apparently 
anomalous results sometimes recorded during the course of 
the project. The disease indices obtained in the survey 
often differed from those produced when a spore population
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from the same original source was tested as part of an 
experiment. In most cases, the differences could be 
attributed to the use of different inoculation methods.
The root dip method generally produced lower, more variable 
disease indices than did the slurry procedure. However, 
data obtained in the survey using the former inoculation 
method were not replaced by those subsequently recorded 
using the latter technique as the samples of inoculum used 
were not normally directly comparable. Differences be
tween inoculum samples probably accounted for some of those 
discrepancies in the data which seemed to be unrelated to 
inoculation method. Experimental inocula were obtained 
following at least two successive "'passages" of inocu
lum from the original source through Chinese cabbage com
pared to only one for the inocula used in the population 
survey. The population extracted directly from "bait" 
plants may more fully resemble the field population. 
Differences in the maturity of batches of inoculum pro
duced at different times may also have influenced the re
sults. In addition, the period of storage of inocula 
before use was usually longer for experimental material 
than for inocula which were later tested on the ECD set. 
Changes in inoculum virulence during storage were some
times recorded in frozen root material infected with cer
tain pathogen populations in Expts 5 and 6. Occasionally, 
the results of the survey and of experiments were not 
directly comparable because the seed used in experimental 
tests was from commercially produced stock. Indeed,



evidence was obtained suggesting that batches of seed of 
the particularly heterogeneous differentials (e.g. 15) 
may express variable resistance.

Buczacki et al (19 75) proposed that Chinese cabbage 
(cv.Granaat) should be used as a "bait" plant for the ex
traction and "bulking-up" of pathogen populations. This 
cultivar was employed for these purposes throughout the 
present project as it was thought not to be selective but 
to be susceptible to all physiologic races of P.brassicae. 
There is no clear evidence which suggests that this host 
carries resistance genes, but in certain circumstances it 
has been found apparently to change the virulence pattern 
of the inoculated populations (Dixon, 1977; T. Broken- 
shire, personal communication). However, in view of find
ings made in Section A, it is possible that such changes 
are occasionally related to other forms of variability 
amongst inoculum samples.

In testing soil populations of P.brassicae for 
physiologic variation, the alternative to using bait 
plants for inoculum extraction is to grow the differen
tial cultivars directly in the field soil, but the problems 
created by such an approach would be considerably greater. 
It would be difficult to mix large quantities of soil to 
ensure uniform spore distribution and, in addition, the 
plants would grow poorly as well as being predisposed to 
damping-off disease and early gall decay. Perhaps of 
greater importance, it would be impossible to compare the 
results obtained with different soils because there would
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probably be differences in spore load, nutrient level, 
texture and structure.

The selection of the resistance/susceptibility cut-off 
point for clubroot has recently been the subject of con
siderable debate, and disease index values ranging from 
3$ to 50% have been adopted. Most workers now favour a 
20-50% level. Breeders prefer a low value, as this 
assures a high degree of resistance. ■ It may also lead to 
a higher level of mis-classification, however, through the 
greater influence of error and of host heterogeneity. 
Conversely, a high cut-off value implies possibly unreal
istic confidence in the testing procedures employed, as 
disease indices may sometimes be intermediate rather than 
complete as a result of method inefficiency. It is clear 
from the ECD code frequency data in Table 17 that the 
classification of populations in S.E. Scotland was mar
kedly influenced by the resistance/susceptibility cut-off 
value used. This reflects the high incidence of inter
mediate disease indices, which is also generally a common 
feature of tests conducted by other workers. With this 
in mind, Mattusch (1977) thought that all users of the 
ECD set should adopt the same cut-off point so that popu
lation codes could be directly comparable. He also sug
gested that plants should be assessed only in terms of the 
presence or absence of disease, as environmental conditions 
may influence disease expression. In the present project, 
however, it was found that, within the range of environ
mental control available, disease development following
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infection was not significantly affected by conditions. 
Indices of disease based on severity ratings as well as 
on the proportion of affected plants more closely reflect 
the importance of the symptoms to the plant. Indeed, 
there may be some justification for extending the assess
ment range beyond three, so that the level of disease in 
a severely diseased plant is measured as more than three 
times that of one having only very slight symptoms. As 
agreement has not yet been reached it is important that 
published results include the procedure followed in dis
criminating between resistant and susceptible responses.

The possible causes of host responses which are not 
"all or nothing" in terms of disease index should be taken 
into account in the selection of the cut-off value.
Although seed of the ECD set is produced under carefully 
controlled conditions, host heterogeneity may be present, 
particularly in the B.oleracea species group as was dis
cussed earlier. The degree of variability in the other 
two groups should be very low, as these hosts have been 
specifically selected and inbred for genetic uniformity.
It may be logical, therefore, to propose a higher cut-off 
value for the B.oleracea differentials than for those in 
the B.camnestris and B.naous groups.

Figure 20 shows that, for B .oleracea. disease indices 
below about were recorded with approximately similar 
frequency, without the lower peak found for the other 
species groups. Low level susceptibility in 3.cleracea
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is usually expressed as a low percentage of plants 
showing slight symptoms of disease in addition to the 
small proportion of severely diseased roots generally re
corded for the other two species. Thus greater variation 
and no clear trend in the disease indices obtained for 
B.oleracea is probably to be expected. A high incidence 
of slightly diseased roots is suggestive of quantitative 
resistance and this has been implicated in the case of 
B.oleracea (Williams, 1966; Crute et al, 1980). Direct 
evidence, however, can be obtained only when the problems 
of host and pathogen heterogeneity have been overcome.

The Figures illustrate that cut-off values of 20^ and 
35% are not only suitable for the combined data, but are 
also appropriate for the B.camrestris and B.napus- results 
separately. The selection of a cut-off point for the 
B.oleracea group is rather more arbitrary. The relatively 
large proportion of slightly higher disease levels in this 
species may reflect a higher degree of host heterogeneity. 
Frequency peaks at about 92-95% in the B.oleracea and 
B.napus data are a result of the common finding of two or 
three completely resistant plants in a tray of otherwise 
severely diseased seedlings. The curve for B .campestris 
does not show this trend because of the high degree of 
resistance in the stubble turnip group and the high in
cidence of complete infection of Chinese cabbage.

The other major cause of intermediate disease levels 
is thought to be variability within the pathogen populations



themselves (Williams, 1966; Yoshikawa et al, 1977)*
The proportion of spores carrying specific virulence fac
tors may be low enough to produce sub-maximum levels of 
infection on the corresponding differential hosts. The 
distribution of spores in the inoculating medium may be 
such that not all hosts are sufficiently close to the few 
spores with corresponding virulence factors for success
ful infection to take place. Yet other virulence factors 
may occur so infrequently in the spore population that it 
is statistically improbable that any plant will become 
infected. Even a very low cut-off value, therefore, may 
not allow detection of the entire range of virulence, and 
interpretation would be confused by the possible effects 
of host heterogeneity. The problems of developing tech
niques which are sensitive enough to assess the complete 
range of variation in the pathogen have been emphasised by 
Wolfe & Schwarzbach (1978) in relation to patterns of race 
change in powdery mildews.

Alternative explanations for low levels of clubroot 
apply particularly to tests in which infection of "univer
sally susceptible" differentials is incomplete and concern 
deficiencies in the experimental procedures employed.
The use of the root dip method of inoculation in early 
tests undoubtedly resulted in a higher proportion of inter
mediate disease indices than did the adoption of the slurry 
procedure in later tests (see Appendix 1(b)). In addition, 
there is considerable evidence suggesting that if soil mois
ture is not maintained at a high level or if soil tempera-
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tures are below about 18 °C, infection levels may be 
reduced (Colhoun, 1958). However, these factors were 
thought to be controlled adequately in the present work.

In conclusion, if it is necessary to describe data in 
terms of resistance/susceptibility, the cut-off point 
should be selected to allow for host heterogeneity 
(greater than about 10%) and to encompass the effects of 
all major components in the race mixture (less than about 
k0%). Within this range, examination of the disease 
index frequencies of a particular series of results, as 
described above, will reveal the most "clear-cut" division 
between resistance and susceptibility. The disadvantages 
of classification systems' based on resistance and suscepti
bility as well as the problems of race nomenclature and 
the use of standard differential sets have recently been 
discussed in detail in relation to cereal parasites and 
their control (Scott, Johnson, Wolfe, Lowe & Bennett, 1980).

The overall frequencies of susceptible differential 
responses (Table 18) infer that either there is little 
variation amongst P.brassicae populations in S.E. Scotland 
or some members of the BCD series are unsuitable for the 
differentiation of this group of populations. Virulence 
to most differentials was either almost universally pre
sent or almost completely absent from the soils. In 
addition to differential 05, 07 was also always susceptible, 
regardless of which cut-off value was used. Although in a 
recent review of variation in P .brassicae differential 07 
was similarly considered to be universally susceptible

189



(Crute et al, 1980), in some parts of Europe (e.g. Dixon,
1977) and in Argentina (Vigliola et al, 1977) and Japan 
(Yoshikawa et. al, 1977) this host was apparently sometimes 
resistant and therefore may he usefully included in the 
ECD set. Differentials 02 and 0̂ - were almost always 
resistant and differentials 08, 13 and 1*+ were nearly 
always susceptible to P .brassicae populations in this part 
of Scotland. The reportedly "clubroot resistant" cult
ivar s of cabbage (differential 12) and kale (differential 
15) were, in fact, resistant to only one in eight or nine 
populations. Differential 11 apparently carried slightly 
more effective resistance to this group of populations than 
did the other three cabbage cultivars. This differential 
host evolved from a hybrid in which resistance was inher
ited from kale. The large frequency differences obtained 
with different cut-off points for differentials 01 and 03 
reflect the preponderance of low disease indices recorded 
on these hosts. Conversely, the frequencies of suscept
ible responses of differential 09 were similar for all 
cut-off values, suggesting a predominantly "all-or-nothing" 
reaction. Differential 06 divided the populations into 
two groups of approximately equal size. This cultivar is 
closely related to Nevin which was introduced in the early 
1970s when it was recommended for its clubroot resistance. 
It was clearly more resistant than the other rapes, includ
ing differential 09 which was also bred for resistance to 
clubroot. However, the data suggest that at most infested 
sites in S.E. Scotland Nevin would prove susceptible to 
P .brassicae. Similarly, McNaughton (1977) tested 10
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populations from U.K. sites and found eight to be virulent 
on Nevin rape.

A very high frequency of resistance was recorded on 
the stubble turnips (differentials 01-0^0. It was of 
particular importance, however, that one naturally occurr
ing population (C91) was found to possess virulence factors 
corresponding to the resistance factors in all 15 differ
ential hosts. The level of disease recorded on differ
ential 03 was only 15/ ,  but subsequent re-testing with the 
B .camnestris differentials produced disease indices which 
were similar to those of the original test. This finding 
indicates that new sources of resistance should be added 
to the BCD set, or perhaps substituted for what appear 
to be the least useful members of the current series. In 
order to permit further differentiation, additional differ- 
'entials should ideally carry resistance genes not already 
present, for example cultivars of radish or Raohano- 
brassica.

It is also apparent that the present ECD members may 
not be arranged in the most suitable order within each 
group. Ideally, the differentials should be arranged in 
decreasing order of susceptibility to European populations 
with those which are thought to be the most highly sus
ceptible (probably 05, 07 and l1!-) having the denary code 
value one. This would place greater numerical emphasis 
on virulence to the more resistant differentials. The 
most appropriate order may, of course, depend upon the 
population group being studied and changes in the ECD set
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must be agreed as the result of International cooperation. 
It may alternatively be necessary to consider compiling 
national or regional differential groups, as was proposed 
for the classification of Puccinia striiformis races 
(Johnson et al, 1972.).

Results produced by workers using the ECD set reveal 
apparently marked national differences in the pathogenic
ity and virulence of P.brassicae populations. Turnips 
which are found to be resistant elsewhere are usually sus
ceptible to clubroot in The Netherlands (Tjallingii, 1965). 
Differentials Ol-O^f were almost completely resistant to 
populations in Newfoundland (Proudfoot, 1977), Japan 
(Yoshikawa et al, 1977), West Germany (Mattusch, 1977) and 
England and Wales (Dixon, 1977), although the number of 
isolates tested was usually small. .The Newfoundland pop
ulations were apparently unable to infect differentials 
06 and 09, but those tested produced susceptible responses 
on the other three B.naous differential hosts. In Japan, 
disease symptoms on differentials 06 and 10 were usually 
absent or only slight, whereas high levels of disease were 
most often recorded on differentials 07, 08 and 09. Path
ogenicity to B.nanus in West Germany was less prevalent 
with about half the isolates tested apparently attacking 
only differential 07 in this group. A similar population 
was found at one location in England, but at the other 
three sites three or more of these differentials were 
susceptible. A single Argentinian population was iden
tified and found to produce a resistant response on each 
of the B.nanus differential hosts (Vigliola et al, 1977).



Whilst B .oleracea proved an extremely susceptible species 
in Newfoundland and West Germany, a very wide range of 
reactions was produced by populations elsewhere. Indeed, 
Yoshikawa et al (1977) stated that the most common re
action on these differentials at the 57 sites tested was 
complete resistance. However, they also found the most 
frequent ECD code to be 0-0-0 which perhaps suggests that 
the sensitivity of their testing methods was very low.

The differences in the techniques and cut-off values 
employed by other workers make it difficult to draw direct 
comparisons. The use of different types of inoculum 
sources is also likely to have influenced the results.
For example, as Mattusch (1977) extracted the populations 
which he tested mainly from B.oleracea and occasionally 
from B. camuestris., it is perhaps not surprising that he 
found them to be much more pathogenic on B.oleracea than 
on B.nauus. Although it may seem desirable to augment 
the ECD set with national differential groups this would 
clearly reduce the practicability of tests which are 
already comparatively laborious to carry out.

The frequencies of the combined responses of the 
differentials in the B.camoestris (Table 19) and in the 
B.nauus (Tables 20 & 21) groups provide information which 
may be of use in genetic studies on host resistance. Those 
populations which possessed virulence factors able to over
come the resistance of any of the stubble turnips (Ol-O^f) 
produced reactions which generally followed the expected 
pattern, assuming the postulated genotype (Toxopeus &

193



194

Janssen, 1975) to "be correct. About half of the popu
lations were unable to cause significant levels of infec
tion of any of these cultivars. However, these would 
include populations pathogenic on hosts carrying single 
resistance genes, were these available and included in the 
differential series. The probable digenic and trigenic 
nature of these four hosts constitutes a serious deficiency 
in the ECD set. The present 3. carrroestris. group is able to 
identify positively only four out of the eight possible 
pathotypes..

A single population (C73) produced a level of disease 
on differential 0>+ which was considerably greater than 
that on any one of the other members of the stubble turnip 
group. The disease indices recorded on differentials 01 
and 0 -̂ were similar (2-8$ and 25% respectively), but those 
on differentials 02 and 03 much lower (3% and 5% respec
tively). As resistance in differential 01, 02 or 03 
theoretically precludes susceptibility in differential 0 -̂, 
this reaction is difficult to explain. It may be that 
the stubble turnips carry additional, as yet undefined, 
resistance factors, and that differentials 02 and 03 
possess genes not found in differential 0b. Alternatively, 
although differentials 01-0*+ are thought to be highly homo
geneous with regard to clubroot resistance, the occasional 
occurrence of unexpected responses could be due to low- 
level seed impurity.

As a result of the probable presence of common resis
tance genes, combined virulence to pairs of 3.camuestris



differentials is likely to occur more frequently than 
expected from the observed frequencies of the individual 
virulences. Deviations for combinations involving dif
ferential 0*+ should be particularly significant. However, 
the frequencies of susceptibility of differential O1!- when 
each cut-off value was applied and of differentials 01,
02 and 03 using the two highest cut-off points were too 
low for statistical analyses to be meaningful (Table 2b 

and Appendix 2).

The frequencies of the reactions of the B.nanus dif
ferential group (Tables 20 & 21) suggest that the present 
data lend more support to the five-resistance-gene theory 
than to the three-gene-theory, as defined by Crute et al 
(1980). If the former theory were adopted, only one popu
lation would be described as producing a "clear-cut" un
expected reaction pattern which could not be related to 
inappropriate choice of cut-off value compared to four such 
populations for the three-gene-theory.

If there were only three dominant resistance genes, 
the present B.nauus group of differentials would be able 
to identify positively all eight possible pathotypes 
(Table 20). Crute et al (1980) reported, however, that 
populations producing reaction codes 7 and 23 have been 
found. In the present investigation, three populations 
gave the latter code when tested against these hosts.
As host heterogeneity is less likely to influence signifi
cantly the disease indices recorded on this strongly in- 
breeding differential group, it was necessary to postulate
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at least two additional resistance genes. The arrange
ment described (Table 21) accounts for the above reactions 
by assuming that, in the original crossing of differen
tials 09 and 10, differential 06 did not inherit all the 
resistance genes carried by its parents. Differential 08 
was originally selected from differential 07 and is 
thought to be monogenic. Alternatively, differentials 
09, 10 and 06 may be digenic, carrying resistance factors 
R2 + R^, R3 + R5 and R2 + R3 respectively. All of the 
reactions listed as "not expected11 in Table 21 would then 
become acceptable, with one (0011) being redefined as a 
response to a mixture of races and the others theoretically 
being reaction patterns to single P .brassicae pathotypes.
In practice, however, as only one population promoted any 
of these responses, the more complex five-gene hypothesis 
appears to account more satisfactorily for the frequency 
distribution obtained.

With five resistance genes in the B.naous species 
group there would be 32 possible pathotypes, but the 
present differentials would be unable to identify races 
or populations carrying corresponding single or double 
virulence factors and, indeed, most of those possessing 
three or four virulence genes. Only reaction codes 
7 , 15, 23 and 31 would be able to provide precise infor
mation in that, if single races were used as inocula, 
each would be the reaction produced by one pathotype only. 
With field populations, however, each of these responses 
could also be attributed to race mixtures. Thus the

196



inadequacies of this group of differentials are probably 
considerable. Attempts to confirm the genetic basis of 
their resistance and also to replace them with monogenic 
hosts are urgently required.

As differential 06 is closely related to differentials 
09 and 10, combined virulence to differentials' 06 and 09 
and to 06 and 10 would be expected to be present in spore 
populations more frequently than if these hosts were inde
pendent. The virulence analyses showed this to be the 
case for differentials 06 and 09 with a very high degree 
of significance (P < 0.001) for each cut-off value and for 
differentials 06 and 10 with a similar significance level 
for the 20^ and 35% cut-off points (Table 25). With the 
highest cut-off level there was also a high incidence of 
combined virulence both to differentials 08 and 09 and to 
differentials 08 and 10. This may be a result of the 
presence of common resistance genes, as suggested by the 
five-resistance-gene theory (Table 21), although the ex
pected high degree of association between virulences to 
differentials 06 and 08 was not a feature of the data.

The B.oleracea group of cultivars is genetically 
particularly unsuitable for pathogenic differentiation, as 
the resistance genes may be recessive and quantitative in 
effect (Crute et al, 1980). In their review of resistance 
to clubroot in B.oleracea, these workers stressed that it 
is not yet known whether different cultivars have common 
resistance genes. It is likely, however, that differen
tials 15 (Verheul kale) and 11 (Badger Shipper cabbage)
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have genes in common, as the source of resistance in 
Badger Shipper originated in kale. The general high 
level of association of virulence pairs found in the pre
sent survey (Table 25) suggests that a relationship 
amongst the B.oleracea differentials probably does exist. 
Indeed, the degree of similarity was so great, particu
larly when the cut-off value used was 35$» that there may 
be very little difference in the resistance factors carried 
by these cnltivars, at least as far as their effectiveness 
in differentiating the present group of populations is 
concerned.

Data on the frequency of interspecific virulence pairs 
are more easily interpreted as they are less likely to be 
influenced by the lack of host independence. Several pairs 
of virulences to combinations of B.naous and B.oleracea 
occurred significantly more frequently than expected, par
ticularly when the two highest cut-off values were used.
The patterns of significance obtained from these analyses 
were very similar (Table 25), almost invariably involving 
differentials 11, 12, 13 and 15 combined with 06 (Kevin 
rape) and 10 (Wilhelmsburger swede). There also appeared 
to be an association between virulence to differentials 
09 and 11. The most likely explanation for these obser
vations is that the selection pressure of crops in 
S.E. Scotland has promoted P.brassicae soil populations 
carrying virulence factors to both the rape/swede and 
cabbage/kale classes of resistance genes. If the path
ogen is assumed to occur most often as a complex of races, 
increases in virulence frequencies are more likely to be
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related to changes in the relative importance of patho- 
types rather than to specific adaptations in the pathogen 
as may be the case for single race systems. Virulence 
frequencies would therefore be expected to reflect 
directly the susceptible crop species grown. However, 
though the Scottish acreages of B.napus and B.oleracea are 
large, they are often not grown together on the same farm 
or, indeed, in the same area. It seems unlikely, in this 
instance, that virulence pairs occurred more frequently 
than expected as a result of similarity among resistance 
factors. Although B.nanus and B.oleracea have a genome 
in common, the mode of inheritance of resistance appears 
to be generally dominant in the former, but recessive in 
the latter. It may be that, in many cases, individual 
races naturally carry virulence factors corresponding to 
resistance genes in both these species groups.

The virulence analyses indicate the inadvisability 
of B.naous and B.oleracea resistance gene interchange in 
the breeding of new cultivars to be grown in this part of 
Scotland. Attempts are currently being made to introduce 
the resistance in differential 0^ (B.camuestris) to swedes 
and rapes at the Scottish Plant Breeding Station 
(McNaughton, 1977). The results of the present survey 
suggest that this is the most valuable source of resistance 
in the ECD set. Indeed, the resistance of the entire 
stubble turnip group was the most effective, and also there 
appeared to be no clear, consistent association between 
susceptibility in these hosts and that in either of the 
other two species groups. Corresponding virulence factors
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were not completely absent from the sites tested, however, 
for four naturally occurring soil populations were able to 
attack differential 0*+ (disease indices 2* 10$). Several 
produced disease indices higher than 50% on differentials 
01 and/or 03. Unfortunately, as none of the virulence 
combinations was found to occur significantly less fre
quently than expected in this investigation, no differen
tial pairs were identified as being specifically exploitable 
as sources of combined resistance.

An interesting feature of the results of the survey 
as listed in Appendix 1 is the disproportionately high fre
quency of the populations numbered from C83 to C103 which 
produced a higher than average disease level on the stubble 
turnip differentials (01-01+). This is difficult to ex
plain as these populations appear to have no clear connec
tion other than that most of them were collected from their 
respective sites during either April (C83, 088 & 093) or 
May (C81+, C85, C87, C89, C90, C91, C9^, 095, 097, C98, 099 & 
0100) of 1979. (The populations had been numbered in the 
approximate order in which they were sampled). In view of 
the fact that populations extracted from the original 
source of inoculum were first "passed through" Chinese 
cabbage as a form of standardisation before testing, it 
seems unlikely that the possible effects of, for example, 
seasonal conditions upon the virulence or viability of 
races could have influenced the results in this manner.
The higher disease indices recorded on the turnip differ
entials with these populations cannot be attributed to the
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fact that the tests were conducted during the summer, as 
most of the earlier tests were carried out at the same 
time of year. Furthermore, there was no difference in the 
techniques used for these particular tests. It is simi
larly difficult to account for the finding that all popula
tions numbered from C73 "to C85 produced complete infection 
of differential 06.

Toxopeus (1977) proposed that the results of tests 
carried out with the ECD set could be simplified by study
ing the resistance and virulence patterns. However, his 
scheme assumed that resistance in both the B.camuestris 
and B.nauus species groups is dominant and monogenic. It 
was not surprising, therefore, that the allocation of single 
independent resistance factors to differentials 01-0*+ and 
06-10 provided a notation capable of explaining all possible 
ECD codes. Most workers believe that resistance in these 
hosts is at least digenic, except for differential 03 in 
which it is probably monogenic (Crute et al, 1980).

The intensive cultivation of brassicas carrying 
similar major gene resistance factors should be discouraged. 
In The Netherlands, the repeated cropping of resistant 
turnip cultivars on the same land led to an increase in 
the incidence of clubroot to severe levels within b or 5 
years (Tjallingii, 1965). This was apparently the result 
of selection pressure on the mixture of races already 
present. Mattusch (1977) also suggested that the culti
vation of a crucifer which is largely resistant to the 
P.brassicae population may promote the "build-up" of minor,
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but more virulent, components.

In the present investigation, high levels of disease 
were recorded on both the B,nanus and B.oleracea differen
tial groups in tests with ?.brassicae populations from each 
of the four regions in S.E. Scotland. Populations col
lected in the Borders, however, produced a significantly 
higher proportion of susceptible responses on the B.nanus 
differentials than did those from any of the other regions 
(Table 26). This seems to reflect the larger proportion 
of swedes grown in this area. In 1977? the intensity 
of cultivation of B.oleracea crops in S.E. Scotland was 
highest in the Lothians and slightly lower in Fife 
(Department of Agriculture and Fisheries for Scotland, 
Agricultural Statistics, 1978). The proportion of the 
total area which grew these largely horticultural crops 
was about five times lower in Angus and Dundee and also in 
the Borders. In the present survey, populations from the 
Lothians produced a lower incidence of susceptible re
actions on the B.oleracea differentials than did popula
tions from the other three regions, although the differ
ences were not significant. It is not possible to con
clude, however, that the selection pressure of crops grown 
in this area has no significant overall influence upon the 
soil population, as a disproportionately high number of 
the tests on samples from the Lothians was carried out 
using the relatively inefficient root dip inoculation 
method (Appendix 1). Nevertheless, were selection on the 
pathogen population effective, a higher incidence of
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virulence to the B.oleracea differentials would have been 
expected to be carried by populations from the region 
between the Rivers Tay and Forth, all but two of which 
were sampled in Fife. It may also be inferred from the 
data in Table 26 that virulence factors corresponding to 
the 3.camoestris resistance genes are most frequently 
carried by P.brassicae populations from the Borders and 
from the area between the R.Tay and the R.Forth. Al
though the data are not available, it is probable that 
regional differences in the intensity of cultivation of 
turnips (B.canroestris) are similar to those of swedes and 
that these may account for such differences in virulence.

The prevalence of particular virulence factors in 
P.brassicae soil spore populations does not, therefore, 
appear to result simply from their selection and increase 
by previous susceptible crops. It has not proved possible 
to establish a relationship between population type and 
cropping history when this information was available. 
Moreover, differences in the reaction patterns produced on 
the ECD set were recorded for populations from different 
fields on the same farm even where field-to-field differ
ences in cropping were not expected. It may be that the 
brassicas grown in S.E. Scotland are generally susceptible 
to a wide range of races and therefore that the selection 
pressure exerted on pathogen populations is negligible. 
Alternatively, it may be that individual races within the 
population generally carry many virulence factors and that 
these correspond to more than one host species. In
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addition, the evidence for significant differences in race 
structure between and within diseased root systems in the 
same field (Expt 8) suggests considerable local variability 
in soil and overall crop effects may not be detectable in 
populations extracted from composite soil samples. Over
all changes in the composition of races in spore popula
tions would be expected to occur much more slowly for a 
root-invading pathogen than for a foliar pathogen. Ayers 
(1972) found little change in the spectrum of races over 
a period of 12 years. Dixon (1977), however, reported the 
loss of virulence to differentials 07 and 09 at a site 
within 3 years and attributed this to the fact that the 
cultivation of rapes at the site ceased shortly after the 
first sample was taken. However, at both stages the 
inoculum was apparently extracted from single turnip galls 
and, although the same cultivar was used, it is conceivable 
that the difference observed could have been due to varia
tion between plants.

Nevertheless, in certain circumstances it seems that 
the influence of cropping practices may be significant.
For example, Nieuwhof & Wiering (1963) found that races 
originating in fields formerly heavily cropped with 
cabbage attacked susceptible cabbage varieties more mark
edly than susceptible turnips, and that the opposite was 
the case for fields growing turnip crops.

Until a satisfactory routine procedure for obtaining 
single spore infections has been perfected, it will not be
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possible to define precisely the race composition of soil 
populations. However, the information contained in popu
lation studies is probably equally if not more useful to 
the breeder, whose primary interest should concern rela
tive virulence frequencies. Wolfe et al (1976) suggested 
that all surveys of pathogenic variation should be based 
on virulence frequencies rather than on physiologic races 
as the data are more relevant and easier to interpret.
This view is particularly applicable to studies on patho
gens which occur as race mixtures, and therefore in the 
present study greater emphasis was placed upon virulence 
data than on ECD codings. Though interpretation of 
results for P .brassicae is strictly limited by the seem
ingly gross inadequacies of the present differential hosts, 
it is felt that a valuable contribution to the investiga
tion of variation in this pathogen has been made.
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SECTION C

QUANTITATIVE ESTIMATION OF RESTING SPORE 
POPULATIONS IN NATURALLY INFESTED SOILS



QUANTITATIVE ESTIMATION OF RESTING SPOKE 
POPULATIONS IN NATURALLY INFBbTED SOILS

INTRODUCTION
Several procedures for the estimation of soil levels 

of resting spores of Plasmodionhora brassicae have been 
described in the literature, but they do not always pro
vide directly useful and reliable information on the 
relative potentials of sites to cause disease.

Methods based on direct microscopical counts of soil 
extracts have been developed, but the spores of this path
ogen are small and difficult to distinguish. Such pro
cedures cannot easily be applied to the routine testing of 
many samples. Fedotova (1933) used soils suspended in 
water, stained with cotton blue or neutral red, and also 
examined the combined suspensions from repeated soil wash
ings. A more recently described method involved soil 
deflocculation, filtration and separation in b0% sucrose 
followed by counts of the spores remaining in suspension 
using a microscope equipped with interference contrast 
optics (Buczacki & Ockendon, 1978)- Good spore recovery 
was achieved, but it was found that counts of several 
hundred microscope fields may be required for statistical 
accuracy with soils containing 10^ spores/g or fewer and 
for this an electronic image analyser would be essential. 
Preliminary tests indicated that the upper 10 cm of soils 
producing consistent and severe outbreaks of clubroot 
contain fewer than 105 spores/g. As Buczacki & Ockendon 
pointed out, a further problem with this type of procedure



is that it is not known whether all P .brassicae spores 
present in, or extracted from, soil are able to infect. 
Fedotova suggested that spore viability could be assessed 
by studying the plasmolysing effect of concentrated sugar 
solutions.

Several workers have found the proportion of root 
hair infections to increase with increased spore load 
(Samuel & Garrett, 19^5; Channon et al, 196^; Naiki et. al.
1978)« Macfarlane (1952) used counts of zoosporangial 
plasmodia to estimate the degree of soil contamination. 
However, this procedure is laborious and must be carefully 
timed to coincide with the maximum number of primary infec
tions before secondary zoospore release. In addition, as 
root hair infections are often found in plants which do not 
develop disease, such assessments may not necessarily re
flect the pathogenic spore population. Using the highly 
susceptible host, Chinese cabbage, Naiki et. al (1978) were 
unable to correlate the percentage of infected root hairs 
with the disease index subsequently recorded. Macfarlane
(1952) and Naiki et al (1978) found that, although low 

«spore levels apparently produced either very few or no 
primary infections, a high proportion of severely diseased 
roots was eventually formed. Macfarlane concluded that 
the percentage of clubbed plants could be used to assess 
the amount of soil infestation only at lower spore loads 
than could counts of root hair infection. More impor
tantly, however, it is clear that root hair infection 
cannot be used to detect spore levels which are low, but 
nevertheless of pathological significance.
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It has been generally recognised that the higher the 
P.brassicae spore load in soil the greater the amount of 
clubbing of host roots (Naumov, 1928; Gibbs, 1931; 
Macfarlane, 1952; Colhoun, 1953; Nieuwhof & Wiering, 1961; 
Lammerink, 196V), but the precise relationship is unclear. 
The proportion of seedlings which formed diseased roots in 
pots of field soil was used by Melville & Hawken (1967) as 
an indicator of the severity of infestation. A more sen
sitive glasshouse test had earlier been devised by Colhoun 
(1957)- He attempted to compare the percentage of dis
eased plants and the disease index recorded in naturally 
infested soils with the corresponding values for a range 
of soils of known spore loads. The latter inocula were 
prepared by directly mixing soil with spore suspensions and 
it would have been difficult to obtain uniform spore dis
tribution.

None of these workers appears to have considered the 
use of soil dilution techniques and therefore their tests 
would not have allowed the estimation of spore loads in 
soils producing complete infection in the glasshouse. A 
significant proportion of samples obtained during the 
course of this project behaved in this way, even though 
instances of 100$ infection in the field are rare. The 
inclusion of a range of dilutions of each soil would also 
greatly improve the accuracy of the tests. A further 
problem with using undiluted field soil is that, in glass
house tests, clubroot assessment is complicated by poor 
and variable host growth and a frequently high incidence
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of damping-off disease.

The modified slurry method of inoculation developed 
by the author and described in Expt 1 appeared to provide 
optimal conditions for infection and disease development 
with improved control of physical and chemical factors in 
the infection zone. The results obtained were more re
peatable using this procedure than they were with other 
inoculation methods. The inoculum spore load could also 
be more accurately controlled and uniformly distributed.
It seemed to be an ideal foundation for the estimation of 
spore concentrations in field soils. The preparation of 
a soil dilution series in the slurry medium was found to be 
a simple process and one which effectively produced a range 
of spore concentrations giving varying proportions of dis
eased plants following inoculation. It would have been 
virtually impossible to make up accurate serial dilutions 
of field soil in relatively dry soil or compost in which the 
inoculum was distributed with similar uniformity.

Colhoun (1957 > 1961) found that host response to spore 
load was markedly affected by light intensity. Equivalent 
spore concentrations caused fewer diseased roots when the 
plants were shaded than when they were grown in full light. 
He recommended that, for the estimation of spore loads in 
naturally infested soils, a range of artificially contami
nated soils of known spore concentration should be included 
in each test in order that the comparisons could be made 
between plants grown under identical conditions. However, 
in his test it would clearly have been impossible to match



the root environment in natural and artificially infested 
soils. The new inoculation method offered an alternative 
means of approach to the problem. By incorporating 
naturally contaminated soils and "pure" spore suspensions 
alike into the same basic slurry medium, a high degree of 
standardisation of soil factors was readily achieved. In 
addition, as a favourable environment was almost continu
ously available, with banks of fluorescent lights maintain
ing relatively high light intensities throughout the year, 
host response to spore load would not be expected to vary 
in the manner reported by Colhoun. Consequently, it was 
hoped to obtain a standardised dose-response curve which 
could be used repeatedly as a basis for comparison in all 
tests on soil dilution series. The construction of a 
standard curve was the initial aim of this investigation 
and it was considered important to include several physio
logic populations in this analysis in order to verify that 
one curve can justifiably be applied to the assessment of 
soils from different sites.

Dose-response curves are generally sigmoid in shape 
and commonly characterised by the ED^q aacl. the gradient at 
that point. In this investigation, the ED^q was defined 
as the estimated dose of the pathogen required to produce 
a disease index of 50% in the host. By comparing the 
ED^q value of a standard slurry dilution series contain
ing known spore concentrations with that of a field soil 
dilution series it would be possible to determine the in
fective spore load of the latter by simple calculation.
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Moreover, if the slopes of all response curves for this 
pathogen were found to he similar, a single accurately 
determined, intermediate disease index produced by an inocu
lum containing a known amount of naturally infested soil 
would, in theory, provide sufficient information for the 
calculation of the E D a n d  therefore of the soil spore 
content.

In the final part of the investigation, several field 
samples were analysed in order to determine whether clear 
differences in the infective spore load do exist in natur
ally infested soils and if they could be readily detected 
by the proposed test. To demonstrate further the practic
ability of the procedure, three such tests were carried out 
independently by another worker.
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MATERIALS AND METHODS

Details of the procedures for inoculum collection, 
extraction and storage are given in Expt 1. The slurry 
inoculation method, which was used throughout, and the 
environmental conditions provided are also described.

In some tests only Brassica camoestris ssp. pekinensis 
cv. Granaat (Chinese cabbage) was used. Brassica nauus 
var. napus cv. Bishop (Bishop rape) was also included in 
other tests as it had recently been introduced to advisory 
soil tests and was thought not to carry resistance genes. 
The two cultivars were grouped in the same seed tray.
Unless otherwise recorded, each group consisted of about 
20 plants. There were usually two replicate trays which, 
to avoid cross-contamination, were placed together in a 
gravel tray. These were positioned in order to avoid 
having markedly different spore or soil concentrations in 
adjacent trays.

Host responses to known score doses
The following P .brassicae populations were used:

C2, C8, C25, 01+0,052 and C56 (see Appendix 1).

Inocula for the present investigation were obtained 
from the roots of diseased plants which had been grown in 
the glasshouse for either 6-7 or 12 weeks. The younger 
inocula were stored in the form of frozen root material 
for several weeks until required. Owing to a shortage of 
glasshouse bench space, studies on older inocula were res
tricted to four populations (C2, C8, C25 and 056). The



plants -were grown in 15 cm pots (five per pot) to allow 
unrestricted root growth, and water was provided only as 
required from b weeks after germination to prevent prema
ture gall rotting. The pots were frequently re-randomised. 
The roots were stored at °C for a few days. Only the 
central parts of galls showing severe surface decay were 
used for inoculum extraction.

For each inoculum, an initial stock suspension was 
prepared which contained 10 times the spore concentration 
required in the most concentrated slurry inoculation treat
ment. A 10-fold dilution series was prepared by mixing 
20 ml of this initial suspension with 180 ml of tap water 
and repeating the procedure with the next suspension as 
often as required. Suspensions were thoroughly agitated 
immediately before sampling. A range of inoculation 
treatments was prepared by incorporating 10 or 20 ml of the 
stock suspensions into 200 ml aliquots of slurry medium.

Analysis of naturally infested soils
Recently collected soil samples from the following 

sites were used:

Soil no Site
1 Boghall, Midlothian

2 )
3)
If

Kirktonhill, Berwickshire

Lees, Berwickshire



Soils 2 and 3 were from different fields more than 
1 km apart. Soils 6 and 7 were from the same field 
which, for sampling purposes, had been divided into three 
strips. Sample 6 was collected from the central strip. 
This field was sampled and tested by another worker 
(T. Brokenshire). In this instance, replicate trays of 
test plants were not used, but the number of plants in each 
group was increased to about 3°-

Each soil was passed through a 6.35 mm sieve and 
carefully mixed. The moisture content was determined by 
drying a sub-sample overnight at 110 °C. The fresh soil 
equivalent of 80 g oven dried weight was made up to *+00 ml 
with tap water and blended at half the speed normally used 
for root homogenisation for 1 min. A 10-fold dilution 
series was prepared by mixing 20 ml of this initial stock 
with 180 ml of water and repeating with each new suspension 
five times to give seven stocks. Ten ml of each soil sus
pension were included in 200 ml of slurry medium in place 
of the aliquots of "pure” spore suspension. An additional 
inoculation treatment was prepared using 100 ml of the 
initial stock in the medium. All 10 and 20 ml samples 
were taken with 5 ml wide-ended pipettes, each one immed
iately after blending or shaking.

In order to clarify the distinction between soil 
dilution series and series containing known spore concen
trations, the final inoculation treatments of the former 
were labelled A-H, beginning with the most dilute.
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RESULTS
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Comparisons between different dilution series of 
the same initial field soil sample (soil 1) and between 
replicate inoculations of Chinese cabbage from each series 
are illustrated in Fig.22. Although there was consider
able variation in the intermediate disease indices pro
duced by similar soil dilutions, it appeared that the 
ED^q values obtained for the untransformed data without 
applying fitted lines were remarkably similar, lying be
tween dilutions D and E. There were generally greater 
differences between replicates than between the means for 
the two dilution series.

The dose-response curves obtained with 6- to 7-week- 
old inocula of six P .brassicae isolates are given in Fig.23 
for Chinese cabbage and in Fig.2*+ for Bishop rape. Agree
ment between replicates was relatively close. Differ
ences between populations were considerable, however, the 
estimated ED^q values for each host ranging from less than 
10 to about 10^ spores/ml. The responses produced by 
each population on the two hosts were generally similar.

The mean disease indices obtained using 12-week-old 
inocula of four populations are given in Table 27. In all 
cases, the values recorded using higher spore loads were 
100$. Lower spore loads would clearly have provided 
additional useful information. The inocula were thought 
to be fully standardised, and uniformity amongst data for 
different populations was such that detailed statistical 
analysis to test the degree of similarity was considered 
worthwhile.
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Soil dilution

Fig.22. Infectivity on Chinese cabbage of dilutions of a 
naturally infested soil: variation between replicate
10-fold dilution series and between replicate inoculations 
from each. Inocula contained 10-8-10-1 g field soil per 
ml slurry medium and were assigned characters A-H, repre
sented on log 10 scale. Dilution series 1: o, replicate 1; 
•, replicate 2. Dilution series 2: a , replicate 1;
a , replicate 2.
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Loĝ Q(spores/ml)

Fig.23. Relationship between log 10 (spore concentration) 
and level of infection recorded on Chinese cabbage with 
6- to 7-week-old inocula of six P .brassicae populations: 
o, C 2 ; ®, C 8 ; a ,  C25; a, CM); □, 0^2; a, C$6.
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Log-jg(spores/ml)

Fig.2*4-. Relationship between log ,0 (spore concentration) 
and level of infection recorded on Bishop rape with 
6- to 7-week-old inocula of six P .brassicae populations: 
o, G 2 ; 9 , C 8 ; a ,  C25; a, CM-O; □, C52; ■, ¿56.
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Table 27. Relationship between snore concentration and 
disease indices ( j , mean of two replicates) 
recorded on two hosts using 12-week-old 
inoculum of four P.brassicae populations

Spores/ml
Host Population 1 5 10 50

Chinese cabbage C2 17.5 63.0 91.0 100
C8 31.5 85-5 100 100
C25 55.0 93-5 100 100
C56 8^.0 97.5 100 100

Bishop rape C2 12.5 38.5 8^.0 90.5
C8 0.0 h6.5 69.0 96.5
C25 39.5 58.0 100 100
C56 12.5 97.0 100 100

The purpose of the analysis was to determine whether 
a common dose-response curve could reasonably be applied 
to P .brassicae populations from different sites and, if so, 
to discover the value of its and its gradient at that
point. The logit function (1 = In j q q ^_ ~~ ) was selected 
as the most appropriate transformation. It is similar to 
the probit function in that, if applied to data which follows 
a sigmoid curve, the plot is approximated to a straight line. 
For the purposes of this analysis, disease indices were re
garded as actual counts out of 100 and the errors were con
sidered to be binomially distributed. In order to avoid 
unnecessary distortion, the analysis was restricted to the



three lowest spore concentrations (log values).

The Generalised Linear Interactive Modelling (GLIM) 
system developed for the fitting of generalised linear 
models (Baker, Clarke & Nelder, Rothamsted Experimental 
Station) was used to fit the statistical models des:- 
cribed in Table 28. The corresponding values for the 
scaled deviance (residual mean square) after each fit 
were obtained as a measure of the "goodness of fit".
"Mean deviance" values for specific terms were calculated 
from the reduction in the scaled deviance produced by 
successive models (Table 29).

For each host, a very large proportion of the scaled 
deviance derived from the effect of the log10 concentra
tion (i.e. the log10 cone had a marked linear effect).
A large proportion of the remaining scaled deviance for 
both Chinese cabbage and Bishop rape was attributable to 
a population effect (i.e. different populations have sig
nificantly different intercepts on the Y-axis), but the 
effect for Bishop rape was smaller. Fitting the three- 
term model to either set of data did not reduce the 
scaled deviance sufficiently to give a corresponding mean 
deviance value which was significantly greater than the 
respective residual mean deviance.

The full model was used to produce linear parameter 
estimates and standard errors of their differences for 
Bishop rape because of the relatively large interaction 
term (Table 29). The second model was used for Chinese
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Table 28. Scaled deviance values obtained after fitting statis
tical models to dose-response data

Chinese cabbage

Model
Total
(Leone1
(Leone
(Leone

+ pop
pop Leone.pop

Bishop rape

Model
Total
(Leone
(Leone
(Leone

pop
pop Leone.pop

Scaled 
deviance

IIO5.O 
V 72.O 
106 A  
102.6

1578.0
658.5
376.5 
266.0

Degrees of 
freedom

23
22
19
16

2-3
22
1916

Table 29. Mean deviance values (reduction in scaled deviance/ 
degrees of freedom) for individual model terms

Source of 
deviance

Chinese
cabbage

Reduction in 
scaled deviance D.F.

Mean
deviance

Leone 633.0 1 633.0
pop 365.6 3 121.9
Leone.pop 3-8 3 1.3
residual 102.6 16 6 A

Bishop rape
Leone 919.5 1 919.5
pop 282.0 3 9^.0
Leone.pop 110.5 3 36.8
residual 266.0 16 16.6

° log 10 (spores/ml) 
b P.brassicae nodulation

Graphical
interpretation

Marked linear effect 
of Leone 

Different intercepts 
for different pops 

Similar slopes for 
different pops

Marked linear effect 
of Leone 

Different intercepts 
for different pops 

Similar slopes for 
different pops



cabbage. Although approximate, the models were con
sidered adequate for the present purposes. These values 
were in turn used to make individual comparisons between 
the fitted line intercepts of different populations 
(Table 30). The differences between the estimates were 
significant for all but one of the comparisons made for 
Chinese cabbage. Although none of the comparisons for 
the Bishop rape data individually achieved the 5% level of 
significance, the overall significant population differ
ences were principally accounted for by the difference 
between populations C8 and C25.

For a detailed analysis of the gradients of the 
fitted lines, parameter estimates for the interaction com
ponents were obtained after fitting the complete model to 
each set of data (Table 31). It appears that for each 
host a common slope may be applied to the lines for all 
four populations. However, the relatively larger inter
action term for the Bishop rape data arose mainly from the 
differences between the slopes for populations C25 and C56 

(see Fig.25)•

A field sample of fresh rotting clubs (Cannaird rape) 
was obtained for comparison with inocula from the glass
house material. Although no statistical analysis was 
carried out, the FD^q values recorded on Cninese caobage 
and Bishop rape were estimated to be about 1 spore/ml.

The mean results obtained following the inoculation 
of Chinese cabbage and Bishop rape with dilution series of 
three naturally infested soils are illustrated in i?ig.26.
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Table 30- Comparison of Y - axis intercepts for different P.brassicae 
populations using incomplete model for Chinese cabbage and 
complete model for Bishop rape

224

Chinese cabbage Bishop rape
Comparison Difference between 

parameter estimates
S.E.D. Difference between 

parameter estimates
S.E.D

C2:C8 1.17* O A 23 1.5+8 n.s. 1.831
C2:C25 2.09*** 0.5+63 1.70 n.s. 1.121
C2:C56 . *** 3.^9 0.575 0.5+1 n.s. 1.288
C8:C25 0.92 n.s. o .¥+3 3.19 n.sa 1.676
C8:C56 2.32*** 0.552 I .89 n.s. 1.79*+
C25:C56 1.39* 0.557 1.30 n.s. 1.056

Table 31. Comparison of slopes of fitted lines for different
P.brassicae populations using complete model for both
ho sts

Chinese cabbage Bishop rape
Comparison Difference between 

parameter estimates
S.E.D. Difference between 

parameter estimates
S.E.D

C2:C8 0 .75 n.s. 1.069 1.5+3 n.s. 2.255
C2:C25 0 .5̂  n.s. 1.263 0.86 n.s. 1.557
C2:C56 0.07 n.s. 1.772 5+.5+9 n.s. 2.899
C8:C25 0.21 n.s. 1.339 2.29 n.s. 2.120
C8:C56 0.82 n.s. 1.828 3.O6 n.s. 3.237

C25:C56 0.61 n.s. 1.9^7 5-35 n.s. 2.797

* *** 5 difference significant at P ^ 0.05 and 0.001
respectively
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Fig.25. Relationship between log10 (spore concentration) 
and infection level (logit scale) recorded on (a) Chinese 
cabbage and (b) Bishop rape for 12-week-old inocula of 
four P.brassicae populations: «, C2; a , C 8 ; a, C25;
♦, Fitted lines for complete statistical model,
o, a ,  □, corresponding observed values. 0% & 100% 
treated throughout as 1% & 99%> respectively.
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Fig.26. Infectivity of 10-fold dilutions of three 
naturally infested soils on (a) Chinese cabbage and 
(b) Bishop rape. Inocula contained 10-8-10-1 g field 
soil per ml slurry medium and were assigned characters 
A-H, represented on log 10 scale. o, soil 2; •, soil 3;
a , soil *+.



The data were not analysed, but the ED_,_ values were 
clearly different and approximate quantification of differ
ences between soils was possible. Thus the disease levels 
on Chinese cabbage indicated that the infective power of 
soil 3 was about 10 times that of soil 2 which was about 
10 times more infective than soil b. A similar relation
ship between soils 2 and 3 was found using Bishop rape, 
but the infectivity of soil b appeared to be about 100 
times less than that of soil 2.

The results of three further soil analyses carried 
out by another worker using the present procedure and 
Chinese cabbage as the test host are recorded in Fig.2.7 .
The samples were from different parts of the same field.
As the EDc^o values of soils 5 and 6 seemed to be approx
imately the same, the samples were of similar infectivity 
and this was similar to the infective power of soil Lf.
Soil 7? however, appeared to be almost 10 times less in
fective .

It should be emphasised that, considering the level 
of replication used in soil dilution tests, these approx
imations are intended only as a rough guide for the 
present purposes.
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Soil dilution

Fig.27. Infectivity on Chinese cabbage of 10-fold 
dilutions of three samples of naturally infested soil 
from different parts of the same field. Inocula con
tained 10"8-10_1 g field soil per ml slurry medium and 
were assigned characters A-H, represented on log10 scale, 

soil 5; D > soil 6 (central area); *, soil 7*



DISCUSSION
229

Preliminary testing of the sensitivity and feasibil
ity of the procedure using soil 1 produced encouraging re
sults (Fig.22). Although there was considerable variation 
amongst the infection levels produced at some dilutions, 
the position of the curves along the horizontal axis 
appeared to be similar. The values obtained directly
from these curves spanned the range of about one half of 
the interval between serial dilutions. As there did not 
appear to be significant differences amongst the results 
recorded for different dilution series, the method used to 
suspend and dilute the soil may be regarded as satisfactory. 
However, it may be inferred from the marked replicate dif
ferences often obtained that the number of replicate inocu
lations for soil dilution series should be increased. 
Clearly, accurate representation of the slope of a dose- 
response curve for a naturally infested soil would require 
more than two replicates. The inclusion of intermediate 
dilutions might also improve the accuracy of such tests.

Variation between the replicate inoculations of a 
single dilution series was found to be considerably less 
for "pure” suspensions of spores than for suspensions of 
field soils. In soils, spores are more likely to occur 
as groups adhering to larger particles than as the single 
units most frequently found in "pure" suspension. The 
faster sedimentation of particles in soil suspensions 
probably also contributed to the greater inoculum varia
bility.



A host carrying no resistance genes may be expected 
to give similar dose-response curves with standardised 
inocula of P.brassicae populations of different race com
position. The large differences recorded with 6- to 
7-week-old inoculum of six isolates (Figs 23 & 2b) were 
clearly not due to poor procedural technique as there was 
good replicate agreement and the results produced using 
different test hosts were very similar. With the benefit 
of the results of a more recent investigation (Expt 1+)5 
differences between populations were attributed to varia
bility caused by inoculum immaturity. Macfarlane (1952) 
and Colhoun (1961) also obtained evidence indicating that 
spore maturity is important in studies on spore load 
effects in artificially contaminated soils. Of particular 
relevance, Expt b revealed that the apparent rates of spore 
maturation for naturally occurring populations in diseased 
roots may differ, possibly as a result of specific differ
ences amongst physiologic races in heterogeneous popula
tions. Different spore populations frequently produce 
different host responses in terms of gall size and shape, 
and so differences in the rate of spore development might 
also be expected. It should also be borne in mind, how
ever, that these comparatively young inocula were from 
groups of plants which varied between 6 and 7 weeks in age 
and that this may have been responsible for part of the 
variation in infectivity subsequently recorded (see Expt M-).

When inocula of different P.brassicae populations 
were standardised as fully as possible by using galls 
which had completed their development and were at the
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stage of spore release, the curves obtained were much 
more closely related. As a result of the statistical 
analysis, however, it seems unlikely that this procedure 
can be adopted for the determination of precise spore con
centrations in field soils. Using the host which is 
generally regarded as being universally susceptible 
(Chinese cabbage), it was not possible satisfactorily to 
fit a single straight line to dose-response data produced 
by populations from different sites. The response of this 
host to spore loads giving intermediate levels of disease 
may be described by lines of common slope, but of differ
ent position with respect to the origin (Fig.25).
Although the differences between the parameter estimates 
recorded for all individual comparisons made using Bishop 
rape as the test host were found to be not significant, in 
two instances these were only slightly below the level of 
statistical significance (Tables 30 and 31) 5 ana 'the degree 
of error obtained with this host was considerably higher 
than for Chinese cabbage, as reflected by the residual 
mean square values and the standard errors.

The simplest explanation for lines of different inter
cept is differing levels of pathogen virulence. As a 
result of the probable mixture of physiologic races in 
P.brassicae populations, a host may be susceptible to 
different proportions of spores in different populations. 
Although it is possible to infer from this that Chinese 
cabbage does carry resistance genes, contrary to expecta
tion, several alternative explanations may be put forward.
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If a host is indeed universally susceptible, differ
ences in the positions of the fitted lines must be related 
to spore infectivity differences caused by differential 
aggressiveness or viability amongst races. The relative 
power of zoospores to infect, of amoebae to migrate across 
the cortex and of plasmodia to develop, divide, induce 
cell growth and division and produce recognisable disease 
symptoms in a susceptible host, may all be genetically 
determined. Although no quantitative evidence had been 
available before the present investigation, the "behaviour" 
of populations was often thought to differ, but each 
seemed to behave consistently throughout this project in 
terms of capacity to cause disease and the form of host 
symptoms induced. Population C56 was regarded as being 
one of the most "aggressive" isolates, in that it fre
quently produced the earliest symptoms and most rapidly 
developing galls, and often gave the most complete host 
infection. Similar findings were made with samples of 
the same isolate by another worker (C. Williamson, per
sonal communication). It is possible that this, in some 
way, accounts for the observation made above that the slope 
of lines fitted to the Bishop rape data seemed to be greater 
for this population than for the other three (Fig.25).

The proportion of dead and germinated resting spores 
in mature inoculum extracted from diseased roots may to 
a certain extent also be race dependent and may therefore 
influence the position of the dose-response curve. In
deed, there is evidence for the pregermination (Macfarlane, 
1970) and recycling (Ingram & Tommerup, 1972) of resting
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spores within galls.

A further explanation arises from the life cycle 
of P .brassicae. A single resting spore produces one 
primary zoospore which forms a single zoosporangium follow
ing root hair penetration. Each zoosporangium is thought 
to produce from four to eight secondary zoospores (Ayers, 
19^+). It may be that the precise number of secondary 
zoospores produced as a result of a single primary infec
tion is race dependent. Consequently, the average may 
vary according to the race structure of the inoculated 
population, leading to dose-response lines of different 
position. This relationship may not necessarily be the 
same for all hosts, but may depend also upon the compati
bility of the interaction between the two organisms.

On the basis of the results presented in this inves
tigation, it is apparently not possible to quantify accur
ately concentrations of infective P .brassicae resting 
spores in naturally infested soils. Furthermore, it can 
be argued that, as the ability of unit doses of different 
spore populations to cause disease apparently differs, 
precise spore concentrations may in any case be of little 
relevance to the infective power of soils. Measures of 
relative soil infectivity are probably more useful and it 
seems that these can be assessed using the present method. 
Incidentally, it should be pointed out that the variability 
found amongst isolates was for inocula equivalent to the 
most recently released spores in the soil population, and 
that these would be expected to show the least variation
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in the field. Inoculum from a sample of rotting field 
galls produced ED^0 values within the range obtained for 
glasshouse clubs in an advanced stage of development. 
Unfortunately, as it was very late in the year when this 
test was done, no roots were available from other dis
eased crops for further comparison. Although all spores 
in naturally infested soils are probably of similar matur
ity at the time of release from the host tissues, their 
period of persistence in the free-spore state is probably 
variable and this is likely also to affect the infectivity 
of unit spore doses (Macfarlane, 1952).

There is evidence to suggest that the infective 
power of P .brassicae may also be dependent on the nature 
of the soil (Fedotova, 1928; Naumov, 1928). Naoumova 
(1933) found that, for two soil types of similar spore load 
and pH, infection was greater in the- soil with the higher 
hygroscopicity and water-holding capacity. Colhoun (1953) 
emphasised the importance of considering the interaction 
of soil factors in studies on spore load effects. He 
found that the amount of inoculum was likely to become 
the factor limiting infection at a higher spore load in 
alkaline than in acid soils (1953 and 1957). Using spore 
concentrations in the range lO^-io^/ml, Macfarlane (1952) 
reported increased amounts of clubbing following the early 
application of nutrients.. In 1961, Colhoun discovered 
that, at least for soils containing 10^-10^ spores/g, 
differences in fertility did not generally influence the 
amount of disease produced. It seemed, however, that an
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increased level of nitrogen above that required for slow- 
host growth lowered the disease index. In the present 
spore load estimation test, only very small amounts of 
field soil were included in inocula. The influence of 
physical and chemical soil characteristics other than 
spore load would therefore probably be negligible. Clearly 
then, the test does not directly reflect soil infectivity 
in the field which is the product of a complex interaction 
but, as soil factors are likely to vary at different points 
within a site and also to fluctuate with time, standardi
sation of the inoculum in this manner is possibly the most 
acceptable solution to the problem. The independent anal
ysis of major soil parameters such as pH would help to 
predict the outcome in the field.

It is of interest that the levels of infection ob
tained in the present- investigation in response to the 
inoculation of known spore loads of 12-week-old inocula 
were of similar magnitude to those reported by Colhoun 
(1957 and 1961) for the most favourable of the conditions 
of light intensity and soil pH which he tested using soils 
artificially contaminated with spores from field galls. 
Naiki et al (1978) suggested that a minimum of 3»55 
spores/g dry soil is required to produce clubbed roots of 
Chinese cabbage, but Fig.25 reveals that symptoms of dis
ease may, in fact, develop at much lower concentrations.

Using the procedure described, approximate differ
ences between soil infectivities could be determined on a 
10-fold scale. This may prove adequate for most purposes.



Of the seven soils tested on Chinese cabbage, the greatest 
difference was about 1000-fold, between soils 3 and 7.
The infective powers of soils b, 5 and 6 were similar at 
about a tenth that of soil 7. The "saw-tooth" nature of 
the response curve obtained with soil 2, as well as with 
the immature inoculum of population C8 in the earlier test, 
cannot easily be explained, but it is interesting to note 
that the results of several other studies on host res
ponses to different spore loads also contained such fea
tures (Gibbs, 1931; Colhoun, 1957; Channon et al, 196̂ -; 
Buczacki & Ockendon, 1978).

It would be useful to test samples from additional 
sites in order to determine the range of commonly occur
ring infectivities. Dilutions A and H may prove unnec
essary for the large majority of soils. As mentioned 
above, the assay could be further improved by the inclusion 
of additional replicates and probably also of intermediate 
dilutions. The results illustrated in Figs 23 and 2b 

suggest that this would improve the accuracy of the tech
nique, perhaps making possible the detection of smaller 
differences. However, this would clearly restrict routine 
use of the method. Assuming the results are not urgently 
required it might be simplest to carry out a crude initial 
test without replication for each site, perhaps using only 
dilutions B, D, F and H, and subsequently to make a more 
detailed study within the range expected to produce inter
mediate amounts of disease. For critical soil analysis 
and more precise determination of infectivity differences,
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ED5o values should be obtained from lines fitted mathema
tically to all the intermediate results recorded using 
transformed disease indices, as previously described.

Using dilution series of mature inocula or of natur
ally infested soils, the disease levels obtained with 
Bishop rape were usually slightly lower than the comparable
indices recorded on Chinese cabbage and if the ED-,-, valuespu
had been calculated these would have been correspondingly 
lower. It may be inferred from this either that Bishop 
rape has resistance genes not carried by Chinese cabbage 
or, perhaps more likely considering the general nature of 
the discrepancies, that disease development proceeds less 
rapidly in the former host. The procedure may be simpli
fied by inoculating Chinese cabbage alone, but it is 
thought desirable to use at least two hosts in case either 
cultivar does possess as yet unidentified resistance genes.

It may be found useful to describe soil infectivity 
in terms of the position of the on a numerical scale
of the degree of dilution. As the lowest dilution, H, 
in the above series contained 10“^ g dried soil/ml it 
would be convenient to assign the scale values as the 
log10 of the reciprocal of the weight of soil in 1 ml of 
inoculum. Thus treatment H would be 1, treatment G would 
be 2 etc. and intermediate dilutions could be added accord
ingly. The scale could also be extended if necessary to 
include higher dilutions for exceptionally infective 
soils. It is probable that soils which cause no signif
icant disease when present as 10,! of the slurry medium
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are unlikely to be of immediate concern to the grower.

Although it seems that the precise concentration of 
infective P .brassicae spores in soil cannot be determined, 
it may occasionally be useful to be able to describe 
spore levels in absolute terms within fairly wide limits. 
For example, for Chinese cabbage the ED^q values for 
mature inoculum of the isolates used in the present inves
tigation were approximately within the range of 0 .5-5 
spores/ml. The ED^q values of soils >+, 5 and 6 were 
between dilutions E and F (i.e. 10-I+ and 10"^ g dried 
soil/ml). Therefore, it is likely that three of the 
seven soil samples contained between 5 x 10^ and 5 x 10^ 
mature infective spores/g, with a further three having a 
higher spore load, and the seventh containing fewer 
spores/g. Using microscopical total spore counts,
Buczacki & Ockendon (1978) estimated that the spore con
tent of seven soils from fields where consistent and 
severe outbreaks of clubroot occurred was in the range of 
6.8 x 102- l A  x l o V g  dry weight.

It is of interest that, in the present investigation, 
different fields on the same farm showed an approximately 
10-fold difference in infectivity (soils 2 and 3)* Of 
greater significance, one (no.7) of three samples from 
different parts of the same field appeared to be about 10 
times less infective than the other two (nos 5 and 6), 
although the accuracy of these tests was less because of 
the absence of replication. At best, soil samples reflect 
the average inoculum content of a given area of land.
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Bearing in mind that the clubroot pathogen is rarely dis
tributed uniformly, for critical analyses large fields 
should be divided into smaller areas and composite samples 
collected and examined separately for each. It would also 
be desirable to determine the minimum number of soil cores 
which should be taken per unit area. Colhoun (1957) 
suggested that, for his soil test, 50 small samples should 
be randomly collected from the top 6 inches of soil in up 
to 1 acre and that one composite sample should represent 
not more than 2 acres. At the East of Scotland College 
of Agriculture, soils are tested for clubroot using 50 
samples from each 6-12 acre sampling area (T. Brokenshire, 
personal communication). Tests may reveal, however, that 
for some purposes such detailed sampling is not necessary.

It is also important to relate infectivity in glass
house soil dilution tests to infectivity in the field. A 
site of uniform inoculum distribution would be required 
and comparisons should involve a number of host cultivars. 
Using the conditions described, infection in the glass
house would be expected to take place more readily than 
in the field. Melville & Hawken (1967) found that the 
amount of infection which takes place in pots of field soil 
to which fertiliser has been added is often less than that 
obtained in the field. However, they reported a high 
degree of correlation between the percentage infection at 
the original site and in pots of naturally infested soil 
in the glasshouse.
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The present procedure could easily be adopted by 
other workers and it is thought that it will prove par
ticularly useful for advisory soil tests which at present 
determine only the presence or absence of P.brassicae.
It will be particularly useful in regions such as the 
Scottish Borders where soil infestation is widespread and 
farmers would frequently like to be able to locate the 
least affected fields. The actual incidence of disease 
in the field will, of course, also depend on the host culti
var and on the physiologic race structure of the pathogen 
population. The method could be modified to include 
locally important commercial cultivars or, indeed, parti
cular cultivars selected by the grower.

The procedure also provides a valuable research tool.
As well as studies on the horizontal and vertical distri
bution of P .brassicae in the field, the effect of certain 
physical factors such as temperature, pH and moisture con
tent on soil infectivity could also be determined. Simi
larly, changes in the infective power of soil under the 
influence of different cropping sequences could be examined 
over a period of years. The test could also be applied 
to the evaluation of the relative effectiveness of chemical 
control agents.
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CONCLUSION

There has been comparatively little advance in 
clubroot research in recent years beyond the most basic 
investigations. This is largely because the causal 
organism, Plasmodiouhora brassicae. cannot be grown and 
maintained in vitro. The methods required to obtain 
maximum infection in resistance tests are specialised, but 
there has been little attempt to rationalise the approach 
by critical evaluation of the procedures employed.
Workers have adopted a range of techniques and the relia
bility of results has often been uncertain.

It is hoped that the series of experiments on inoculum 
production, storage and testing described in Section A of 
this thesis will help to establish an accepted set of 
standardised methods and general guidelines which can be 
readily applied by breeders and advisers as well as re
search workers. This would greatly facilitate the direct 
comparison of data recorded by different groups of workers.

In the second part of the investigation, physiologic 
specialisation in P.brassicae was examined and an attempt 
was made to classify populations occurring naturally in 
S.S. Scotland. The European Clubroot Differential set 
had been compiled as a result of international cooperation 
to detect variation in this pathogen. During the course 
of the present survey it became apparent that either there 
was a high degree of similarity amongst the populations 
studied or the ECD series was, in some cases, failing to



differentiate. More recent evidence suggests that the 
latter factor must be at least partly involved, as further 
differentiation of some members of the same group of popu
lations has been achieved using a set of commercial swede 
cultivars as differential hosts (T. Brokenshire, personal 
communication). Furthermore, in ECD tests one population 
carried virulence factors corresponding to all members of 
the series. The effectiveness of the ECD set should like
wise be assessed for population groups in other parts of 
Europe. If similar findings are made elsewhere, cultivars 
carrying new sources of resistance must be identified and 
added to the present set. However, in view of the fact 
that the tests are very laborious, requiring large numbers 
of plants to be maintained for periods of at least 6 weeks, 
it would be more practicable to substitute any additional 
differentials for the least useful cultivars currently 
included. As was earlier pointed out, there appears to 
be considerable national variability in the pathogenicity 
and virulence of P.brassicae populations and it may there
fore be appropriate to consider a modified European series 
to be used together with one of a number of local differ
ential sets. The latter would probably most usefully 
include resistance factors carried by locally grown com
mercial cultivars.

The development of suitable differential hosts has 
been hindered by the lack of information on the inherit
ance of resistance to clubroot in the brassicas. Ideally, 
each differential should carry a unique source of resis-
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tance of dominant homozygous inheritance pattern. The 
evidence presented in Section B supports the suggestion 
that the hosts of the ECD series are not independent. 
Indeed, it was found that some may he so closely related 
as to carry effectively the same resistance 'factors.

Further elucidation of the genetics of clubroot 
resistance is, however, unlikely to he achieved until a 
reliable method for infecting plants with single spores of 
the pathogen has been perfected. Attempts to carry out 
single spore inoculations have so far met with little 
success. The method recently devised and described in 
Section A is thought likely to achieve a higher incidence 
of infection. It is also simple and amenable to routine 
use. It was unfortunately not possible to perfect the 
technique during the present period of study, but this line 
of investigation is to be continued by other workers.

It is clear that precise information on the prevalence 
of P.brassicae physiologic races will not be available 
until such time as the problem of heterogeneity in both 
differential host and pathogen can be overcome. It is 
strongly felt, however, that the classification of pathogen 
populations which probably comprise race mixtures is an 
entirely artificial approach to the problem of physiologic 
specialisation. It is more realistic to study the dis
tribution of virulence frequencies. . In the population 
survey, ECD codes were included for the purposes of com
parability with other workers, but they have not been used 
elsewhere in the thesis. Bearing in mind the preponder
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ance of intermediate infection levels generally recorded 
with this disease relationship, for experimental purposes 
it is more useful to express data in terms, of actual dis
ease indices in order to avoid the application of an 
arbitrarily selected resistance/susceptibility cut-off 
value. Incidentally, in no part of the project was it 
possible to infer that instances of intermediate disease 
indices were a result of partial host resistance as, using 
the particular criteria for assessment described in Expt 1, 
the maximum disease score was almost always given to a 
very high proportion of the diseased roots in any group of 
test seedlings.

Even considering the above limitations, surveys of 
variation amongst naturally occurring spore populations 
of this pathogen are, nevertheless, of value. Indeed, as 
a result of the present investigation, workers of the 
Scottish Plant Breeding Station have, during recent years, 
been provided not only with details of the pathogenicity 
and virulence of P .brassicae in S.E. Scotland, but also 
with samples of inocula of identified populations for 
inclusion in resistance tests.

In the third part of the investigation it was found 
that it was not possible to develop a standard assay for 
the accurate determination of concentrations of infective 
P.brassicae spores in naturally infested soils. The 
procedure described, however, can usefully be applied to 
the evaluation of relative soil infectivities for compara
tive purposes. Absolute measurements of soil spore loads
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appear to be of little value, as unit doses of different 
soil populations may vary in their capacity to cause dis
ease. This work is to be continued in the form of an 
investigation of various aspects of pathogen persistence 
and distribution. The method has already been used as 
an advisory tool to examine the effectiveness of partial 
soil sterilisation (T. Brokenshire, personal communication).

In the light of the present findings, it is hoped 
that the precision with which tests for clubroot resis
tance are conducted will be substantially improved. It 
may also be possible to approach the elucidation of certain 
fundamental aspects of the disease in a more systematic 
manner, but with an awareness of the many problems which 
remain to be solved.
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APPENDIX 1(a)

Location of sites in S.E.Scotland from which inocula of P.brassicae
populations were collected

Population
number Site Region“

Cl Galalaw, Roxburgh D
C2 Oakvood Mill, Selkirk D
C3 House o' Rule, Roxburgh D
Cb Campend, Midlothian C
C7 Whitelee, Selkirk D
C8 Old Cambus, Berwick D
CIO Monktonhali, Midlothian C
Cll Monktonhali, Midlothian C
CIP Lochton, Berwick D
C18 Byrewalls, Berwick D
C23 Castlehill Manor, Peebles D
C2b Glenrath, Peebles D
C25 Woodhall, E. Lothian C
C26 Elmwood College Farm, Fife B
C36 Kettle Farm, Fife B
C37 Kettle Farm, Fife B
C38 Kettle Farm, Fife B
C39 Kettle Farm, Fife B
CbO Kettle Farm, Fife B
C50 Seton Gardens-, E.Lothian C
C5l Lochhill, E.Lothian C
C52 Tranent Mains, E.Lothian C
C53 Ferrygate, E.Lothian C
C5i Saltcoates, E.Lothian C
C55 Upper Keith, E.Lothian C
C56 Boghall, Midlothian C
C57 Peathill, Angus A
C58 Bòrlick, Perth A
C59 Taymount, Perth A
C60 Tealing House, Angus A
C6l Millhouse, Perth B
C62 Clentrie, Fife B
C63 Fleurs, Berwick D
C6h- East Nisbet, Roxburgh D
C65 Swinwood Mill, Berwick D
C66 Prenderguest, Berwick D
C67 Littleton, Perth A
C68 Easter Lathrisk, Fife B
C69 South Cobbinshaw, Midlothian C
C70 Newark, Fife B
C71 Ballinbreich, Fife B
C72: Coldstream Mains, Berwick D
C73 Pusk, Fife B

Inoculum source 
(if other than soil)
swede (cv.Victory) 
swede (cv.Doon Major) 
swede (cv.Victory) 
swede (cv.unknown)

Brussels sprout 
(cv.unknown) 

turnip/swede 
(cv.Acme)

Contd
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Population
number Site Region“ Inoculum source

(if other than soil)
C7I+ Dryden Mains, Midlothian C
C75 Lacesston, Fife B
C76 Devonside, Fife B
C77 Edenwood, Fife B
C78 Meikle Obney, Perth A
C79 Auchindorie, Angus A
C80 Luffness Mains, E.Lothian C
C8l Kemphill, Perth A
C82 Kirktonhill, Berwick D
C83 Corsbie, Berwick D
C8Ì Lees, Berwick D
C85 Kersquarter, Roxburgh D
C86 Airdrie, Fife B
C87 Easter Softlaw, Roxburgh D
C88 Kirktonhill, Berwick D
C89 Gilston, Fife B
C90 Burnbrae, Berwick D
C91 Pitcruvie, Fife B
C92 Little Kenny, Angus A
C93 Smailholm Mains, Roxburgh D
C§4 Riddleton Hill, Roxburgh D
C95 Blairfield, Fife B
C96 Old Jeddart, Roxburgh D
C97 Longnewton Forest, Roxburgh D
C98 Letham, Roxburgh D
C99 East Middleton, Midlothian C
C100 Linton Mill, Roxburgh D
C101 Middleton of Panbride, Angus A
C102 Wester Gospetry, Kinross B
C103 Woodhouse, Peebles D
CIO4- South Baldutho, Fife B
C105 Aberbothrie, Perth A
C106 Manderston, Berwick D
C107 Corstorphine, Midlothian C
C108 Whisgills, Roxburgh D
C109 Easter Howgate, Midlothian C
C110 Damhead, Midlothian C

Regions (see Section B):
A, north of the R.Tay
B, between the R.Tay and the R.Forth
C, the Lothians
D, the Borders
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APPENDIX 1(b)

Disease indices (%) recorded on ECD set following inoculation with 
P.brassicae populations from sites in S.E. Scotland

Differential
Population B. camoestri s B. nanus B. olerácea

number 01 02 03 0!+ 05 06 07 08 09 10 11 12 13 l b 15

c r 1 0 1 0 100 1 100 93 0 83 82 71 100 93 62
C2" 0 0 0 0 100 18 100 100 72 100 7 68 72 100 16
C3° 0 0 0 0 100 3 100 100 1 93 11 82 93 100 57
ci+° 0 0 3 0 81 2 100 83 6 82 2 21 bO 100 10
C7° 0 0 3 0 100 91 100 100 100 100 6 5 61 6i+ 18
c8 10 0 17 0 100 0 100 91 0 90 0 100 93 100 85
010° 0 0 0 0 95 ^7 97 0 3 0 29 100 100 100 90
Cll 0 0 0 0 88 100 100 100 100 95 100 100 100 100 100
0 1 3 ° 0 0 0 0 100 81+ 100 100 69 67 100 7 1 87 10 23
c i 8 0 0 11+ 0 96 0 100 100 2 80 2b 2b 82 96 1+6
C23 0 0 0 0 100 5b 100 100 100 100 8b 100 89 100 100
C2¡+ 1 0 7 0 100 0 100 97 0 82 19 51 50 76 26
G25° 2 1 6 0 100 75 100 100 93 bO 100 98 100 100 77
026° 0 0 6 0 97 0 100 90 0 90 2b 73 55 83 2 1
0 3 6 ° 0 0 0 0 100 7 100 100 100 32 100 90 100 97 52
C37° 3 0 0 0 100 0 100 100 100 100 83 100 100 68
C3 8 a 1 3 0 0 0 97 10 100 97 100 8 87 67 93 93 52
C 39a 9 2 2 0 97 3 100 100 100 59 91+ 59 93 100 52
Cl+Q a 1 5 0 3 0 77 0 90 6*+ 0 11 36 2 0 26 0
C50a 0 0 0 0 87 >+6 93 68 100 b2 55 bO 97 90 1+1
C 5 ia 0 0 0 0 93 3 87 89 7b 0 1+1+ 53 13 b6 33
C52° 7 7 3 0 83 0 1+0 b7 53 10 31 9 30 28 1
C53° 0 0 10 0 100 3 90 93 93 18 100 22. 92 79 30
051+° 0 0 2 0 98 0 70 77 87 1 l+l 7 70 67 10
c 5 5 a 0 3 1 3 0 75 0 100 77 7 80 9 3Z 28 ^3 0
C56 2 3 19 0 100 100 100 100 100 100 100 98 100 100 90
C57 0 0 0 0 70 0 7 1 7b 1+6 13 5 6 7 51 2
C58 0 0 21 0 100 100 100 100 100 100 100 76 100 100 5b
C59 0 0 0 0 100 0 100 100 100 1 5 100 98 87 100 36
C60 21+ 1+ 0 0 100 1+ 100 100 59 0 9>+ 56 100 98 1+9
C6l 33 0 6 2 100 18 100 100 2 100 62 95 100 100 ,53
C62 9 1 1 5 0 100 25 92 100 b6 100 28 5b 9*+ 100 ^3
C63 0 0 5 0 100 60 100 100 100 96 51 100 100 100 95
C6b 16 0 5 0 100 100 100 100 81 100 92 91 100 100 9^
C65 0 0 5 0 100 38 100 100 100 100 100 100 100 100 91
C66 V 0 1 0 86 1+6 95 100 100 100 95 90 100 100 68
C67 6 9 0 10 100 35 85 100 90 96 7 1 100 79 55 1+3
C68 0 0 b 0 100 10 100 99 100 88 100 100 100 100 88
C69 5 0 50 0 100 9 100 100 93 100 100 100 100 9^ 81
C70 0 0 5 0 100 100 100 100 38 100 57 87 100 100 37
C7 1 10 0 0 0 100 13 100 100 91 100 100 96 100 100 82
C72 10 0 1+ 0 100 29 100 100 100 100 58 81 100 100 79

Contd
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Population
number 01 02 03 Oif 05 06 07 08 09 10 11 12 13 lif 15

C73 28 3 5 25 100 100 88 100 100 100 lif 100 97 100 90
C7b 0 5 13 2 100 100 100 100 100 100 100 100 100 100 100
C75 0 0 0 0 100 100 100 100 2 100 ifl 73 98 100 82
C76 0 0 13 0 100 100 100 100 92 99 53 83 100 100 56
C77 0 0 0 0 98 100 100 100 93 100 95 95 100 100 78
C78 2 0 3 0 100 100 100 100 100 100 100 95 100 100 58
C79 0 0 7 0 100 100 100 100 0 100 66 77 9if 100 15
C80 3 0 15 0 100 100 95 100 100 ifl 100 100 100 100 60
C8l ib- 0 10 0 100 100 100 93 ^3 100 77 76 95 92 83C82 i o 0 0 0 100 100 9if 100 100 100 100 88 100 86 80
C83 17 0 70 0 100 100 100 100 100 100 100 91 100 100 82
CQb 16 5 33 0 100 100 100 100 100 78 100 96 100 100 96
C85 53 25 65 0 100 100 100 100 100 100 100 100 100 100 90
G86 0 2 0 0 100 96 100 100 100 100 95 91 100 100 33
G87 12 0 28 0 100 100 100 100 100 7*+ 56 56 93 100 50
C88 5 0 2if 0 100 83 100 100 67 100 9b 62 88 100 80
C89 73 16 39 8 100 82 100 100 100 100 100 100 100 100 88
C90 96 22 65 0 100 100 100 100 100 100 100 96 100 100 77
C91 65 32 15 28 100 61 100 100 100 100 89 100 100 100 100
C92 17 7 6 0 100 83 100 90 100 100 25 88 100 100 95
C93 15 0 21 0 100 50 100 68 100 92 100 100 100 100 98
C9b 8 if 52- 0 100 37 100 100 100 91 100 81 100 100 90
095 39 0 13 0 100 6 100 100 53 100 59 86 100 100 67
C96 61 0 0 0 100 7 100 79 5 100 91 9*+ 100 100 79
C97 27 7 21 0 100 39 100 100 100 100 100 100 100 100 7b
C98 *+9 11 3^ 0 100 93 100 75 81 100 100 100 100 100 60
C99 22 0 39 0 100 100 100 100 100 100 96 100 100 100 80
C100 ifif 10 10 0 100 10 100 96 100 100 100 100 100 100 ^9
C101 28 if 11 7 100 30 100 75 100 100 100 100 100 100 100
CIO 2 2b 8 13 0 100 100 100 88 100 100 100 100 100 100 100
C103 bo 0 7 1 100 5b 100 76 97 100 62 100 100 100 100
ClQif U 2 21 0 100 8 100 ^3 100 25 100 100 100 100 100
c io  5 8 0 7 11 100 if 100 15 12 13 61 52 100 89 93
CIO 6 0 0 if 0 100 90 100 96 100 100 100 69 86 96 19
C107 5 0 7 0 100 5 100 18 3 2if 100 100 100 100 100
C108 8 0 3 0 100 15 100 52 89 100 100 8 83 95 56
C109 17 0 16 0 100 80 100 93 100 100 96 86 100 100 79
Clio 25 if 11 0 100 93 100 83 81 100 100 83 100 100 51

° Root dip inoculation method used
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ĉ vD on n t  O-O-'vD H  a
. c

J -  COCOON C\l O-CnCn-nO iHCC
rHO-COONO H 
CnnOnO CnnO H

CO O nOCO O-CNJ o  
nOnOnOnOnOnO rH

J-UNO ONCNJ COCO On
no UnnO UNnO no UN o

01 
I—I

0 - O-CO H  J -  NO O- CO C 
CnnO nO nO Cn Cn CnnO O  P

O  O vd*C O  H J -  O -O N O  
CO O -nO nO  O-C

o
CO 

II
s■—  O CO O o-j-co rH J -  O-ONO UNCO J " 00 CnnOnO Cn Cn Cn O-Cn  o0}
CD W]
-H CMOJCUCMOJCMCMiHOJCOCMCM J-*H
O  O  hd -p0 w
3  U N O  UN r o  UN UN UN UN UN UN UN UN UN CO 0
CJ1 rH H H H r H H H H H H H r H  O P
0 EH P

P h COOJ rH CO CO CO CO COCO CO r o c o c o  CO CM O
O

Xi CQ
CD> Cn COnO C\J tOOl O-O-UNnOnO O-O-Cn Cn  H
H rH i—li—IrHi—I 1H 1—li—!i—I rH i—I rH O
<D
01
O  Vh
O  • ‘Uh

Cm  -h
—  Ch H  CM co  J -  UNnO (OCO ON O  H  CM rO J -  UN Q

£53 • H O O O O O O O O O H r H r H H r H HQ



(b)
 
Ex
pe
ct
ed
 

fr
eq

ue
nc

ie
s 

Di
ff

.

263

rH
• J -ON r—I M3

• n t  O H 
I

oj- • • roMO C'.H C'-MO
O J H I N• CM
H  m J -  i—I 
O-O-MO

O '-O {C:. . (-o ©
O H H “

£
©

CO H  CO H• • • C\J ̂
H ^ H « -

C '- c O i—I rH  
• • • • rH

U-NCO O  CM H  
MOMO 0 -\ 0

mi>-rH O• • • • i—t
H  O  O  f O H  

I

movt h  lr\
• • • • • o

O  C M  I f N C ^ O N r H  

MO M3 M3 M3 lOv

rOr-HMO r-HtTS........O
O  m C M  O  C M  H  ! I

J -0 0  CM M3 CM O
• • • • • •  Q \

J -  MO On H POMO O 
\r\0r\lf\M> M3 Its

MO CM CM J -  ÔJ O 
• • • • • •

O  r o o  O  O  C M  O  
i I

M3,t rocM H O j9 C0H Imco HJ-\OISO 
MO M3 M3 [>-t>-0-M 3

o o o o o o o o• • • • • • « •  Qs.
C'-phCO H J -  o-ovo O  
CMM3 M3 O -C r  O - O - O -

oc\JJ-coMO,tcM.t-o 
• » • • • • « • • \ 0

C O M O C O O C M J-M O O -C M O  _t-± roj* Jr Jr Jr Jr J-
o o o o o o o o o o• • • • • « • • • •  lf\
00 O  O -j c o  H i M ^ O O
j c o  (0~M3M3

O  CM O  OnvO 0 -0 0  CO On O  O '
• • • • • • • • • * *

CNJ H  OJ H  H  i—I H  i—li— I CVl i— I O

J r  O  O  O  n t  O  D - r O O V ± C O  rH
• • « • • a « * » *  • •  (*'**")

o  VTNONloj- CM OJ m m _ t j -  m oi—I I—li—I r—I i—li—IrHrHi—It—I
MO rH O  0 0  O  0 \ J-U > 0 -C O  O O M O  

* • • • • • • « • • • • •  O J

O  O  m H  rnCM CM CM CM CM CM mCM O

v O C M j - O O J O j - M O J - r H  O-oi-CO CO 
•  • • • • • • • • • • • * «  rH

o  m o  o - o  toMo r a t  iounmo mo j r  o
rH i—It—I rH i—It—I i—i' i—I rH i—I rH

•
P i

r H

CM m j -  lOMO C re o  CO O  rH CM m t  UA *H 
O O O O O O O O i —I H i—If—li—If—I Q

T O

03
- p

0  

©  

Ç U  

H  

©
1

•t í

©

>

©
n

H Oo
05
©

o

Ö
©

©

Pi
Pi
h - H

• O

! > >

Ü

Ö

©
OS

©
p

pSH

w

t - \ O m t M H O j -  3  
• • • • • #  * c o P  

O J H O O O O O O  c ö  I I I I I 0
P Q

J -  O O  C M  
• • • •

H O O rH

O O O O O O O O

o o o o o o o o o

OCONOCMJ-MOCOJ-O « « • • « • • • • \0
o  oMOMomcMHo m o

I

o o o o o o o o o o
o o o o o o o o o o o

O O O H i  m c o  CM rH O  CM 
• • • • • • • • • •  » f

o o  o o o o o o o o  ©
I  - H

P  

-p
0 M 3  0  CM O H V Û C V JO  03

• • * « • • • • •  m  ©
O  O  mCM H H O O H O  p.

E 
©  

o

o  H  VO lom C M  H  O  p t
• • » • • • • • •  OJ PQ

O O O O O O O O O O

o  o

J -  o  o  
« • •

O  O p t  
I

CM

CO M3 O 00 
• • • •

C M H O H

Pi
P| CM 

a  -H o
s _ , Q

m t  m-\m3 
o  o  o  o

0 M 3 t M ) O  m v o  C M  H  
• • • • • • • ■ •  rH

O O H H O H O O C M O

PHPiIN.CX3 ONOHCM rat UA.H o O O I—If—I H I—I rH I—I Û



264

APPENDIX 3

Frequencies of susceptible reactions recorded on BCD set ("univer
sally susceptible" differentials, 05 and 07, omitted) for P.brassicae 
populations from four regions in S.E, Scotland

Region°
Number 
of tests

Cut-off 
value{%)

B.campestris
01 02 03 01+

Differential
B.naeus 

06 08 09 10
B.oleracea

11 12 13 11+ 15

A 11 10 i+ 0 3 2 7 11 10 10 10 10 10 ll 10
20 2 0 1 0 7 10 9 7 10 10 10 ll 9
35 0 0 0 0 6 10 9 7 9 10 10 ll 9

B 21 10 10 2 7 2 l!+ 21 17 19 21 20 20 21 20
20 6 1 2 2 10 21 17 18 20 20 20 21 20
35 3 0 1 0 9 21 17 16 18 20 20 20 18

C 18 10 3 0 9s 0 10 17 li+ 15 16 16 18 18 16
20 2 0 2 0 10 16 i k 13 16 16 17 18 Ik

35 0 0 2 0 10 16 ii+ 12 li+ 11+ 15 17 12

D 30 10 15 1+ 13 0 21+ 30 2>+ 30 27 28 30 30 30
20 7 2 10 0 21 30 2k 30 iY> v-n 28 30 29 27
35 6 0 1+ 0 20 30 2k 30 2k 27 30 29 25

Regions (see Section B):
A, north of the R.Tay
B, between the R.Tay and the R.Forth
C, the Lothians
D, the Borders


