
        

University of Bath

PHD

The physiological and ecological characteristics of the red bread mould.

Yassin, M. Salleh B M.

Award date:
1980

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 24. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/a85385ae-befc-40df-b4bf-17ea99e5d0b5


THE PHYSIOLOGICAL AND ECOLOGICAL CHARACTERISTICS 
OF THE RED BREAD MOULD

Submitted by M. Salleh B.M. Yassin 

for the degree of Ph.D. 
of the University of Bath 

1980

COPYRIGHT

"Attention is drawn to the fact that copyright of this thesis rests 
with its author. This copy of the thesis has been supplied on 
condition that anyone who consults it is understood to recognise 
that its copyright rests with its author and that no quotation from 
the thesis and no information derived from it may be published 
without the prior written consent of the author".

This thesis may be made available for consultation within the University
Library and may be photocopied or lent to other libraries for the
purposes of consultation.

Signed.



ProQuest Number: U312377

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U312377

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



UNIVERS!: ' ■ ÜATH
LlüH, .  '

<7.61 -6JUN1980



CONTENTS

Page
SUMMARY i

ACKNOWLEDGEMENTS iii
SECTION 1. INTRODUCTION AND GENERAL METHODS 

INTRODUCTION
I. AIMS OF PRESENT INVESTIGATION 1
II. TAXONOMIC CONSIDERATIONS 2

A. Nomenclature 2
B. Species Concept 4
C. Factors affecting gene flow in populations of

higher fungi 5
i. Sexual Incompatibility 6
ii. Heterokaryon Incompatibility 7
iii. Allopatric and Sympatric Populations 11
iv. Criterion of Cross-fertility in fungal 

spéciation 12
D. The current position with Neurospora 14

III. ECOLOGY AND POPULATION STUDIES OF NEUROSPORA
IV. NEUROSPORA IN BAKERIES 22

A. Introduction 22
B. Epidemiology of Neurospora Contamination 23

C. Role of Bakery Environment 25

METHODS AND MATERIALS
I. STRAINS 30

A. Type cultures of Neurospora spp. 30

B. Natural Isolates of Neurospora spp. 30



Page
II. ISOLATION PROCEDURES 31

A. Wheat 31
B. Flour 32

C. Bread and Crumpet 32
D. Air sampling from bakeries 32

E. Dust samples from bakeries 32
III. PRODUCTION AND MAINTENANCE OF STOCK CULTURES 33
IV. CODING OF STOCK CULTURES 33
V . CULTURAL BEHAVIOUR OF NEUROSPORA 33

A. Selection of Media 33
B. Bulk collection of conidia 34
C. Bulk collection of ascospores 34
D. Determination of spore density 35
E. Heat activation of ascospores 35
F. Determination of percentage germination 36

VI. PHYSIOLOGICAL EXPERIMENTS 36
A. Growth of Neurospora strains on bread 36
B. Effect of heat flashes 37
C. Effect of water activity 37
D. Effect of food additives 39

VII. POPULATION STUDIES 41

A. Isolate morphology 41

B. Crossing experiments 42
C. Crossing experiments to observe pattern of

perithecium formation 43



Page

SECTION 2. RESULTS AND DISCUSSIONS

PART I. CULTURAL BEHAVIOUR OF NEUROSPORA 44
I. Results 44

A. Choice of Media 44
B. Germination of spores with respect to age,

condition of storage and temperature of
storage 44
i. Age of spores 44
ii. Condition of storage 46
iii. Storage temperature 46

II. Discussion 51

PART II. PHYSIOLOGICAL ECOLOGY OF NEUROSPORA 55
I. Results 55

A. Growth of Neurospora strains on bread 55
B. Effect of heat-flashes 55
C. Effect of water activity 56
D. Viability of stored Neurospora spp. 60
E. Effect of food additives 64

II. Discussion 70

PART III. POPULATION STUDIES 73
I. LIST OF ISOLATES OBTAINED 73

A. Results 73

i. Flour and Wheat 73
ii. Silage 73
iii. Bread and Crumpet 81
iv. Ontjom 81

B. Discussion 81



Page

II. MORPHOLOGICAL VARIATIONS 83

A. Results 83
i. Colour characteristics of cultures 83
ii. Proto-/non-protoperithecial 

characteristics of the cultures 83
iii. Conidial size 87

B. Discussion 87
III. IDENTIFICATION OF ISOLATES BY CROSSING EXPERIMENTS 92

A. Selection of the various testers 92
i. Results 92
ii. Discussion 98

B. Crosses of wild isolates with the various
testers 98
i. Results 98

a. Time taken for perithecium formation 99
b. Time taken for ascospore ejection 103
c. Time lapse between perithecium formation 

and ascospore ejection 103
d. Percentage of dark-coloured ascospores 

observed in crosses between various 
testers 105

e. Pattern of perithecium formation 125

ii. Discussion 127
a. Percentage of dark-coloured ascospores

127
as a criterion for species delimitation

b. Consideration of other crossing 

features and their validities as 
criteria for species delimitation 131



Page

IV. GENERAL CONCLUSIONS ABOUT THE POPULATION
STRUCTURE OF NEUROSPORA SPP.IN BAKERIES 138

SECTION 3. GENERAL DISCUSSION AND CmCLUSIŒS
I. GENERAL DISCUSSION AND CONCLUSIONS 148

REFERENCES 157
APPENDIX 150



“ 1—

SUMMARY

Physiological studies of type cultures of Neurospora crassa 

N, sitophila and N. intermedia in terms of growth on bread, effects 

of heat flashes, water activity, food additives and viability of 

stored conidia revealed no differences in either environmental or 
substrate preferences among the species on which a classification 
could be based.

345 putative wild isolates of Neurospora were collected from a 
wide variety of sources - silage, Indonesian ontjom, wheat grains, 
flour, bread, crumpets, bakery air and bakery dust. These all grew 
more vigorously than the type cultures. They were compared with 
respect to morphological traits such as conidial colour and size, 
and degree of protoperitheciality, but these features again proved 
inadequate to distinguish between species.

The wild isolates were crossed with tester strains which were 

derived or synthesized from isolates in the collection and authen
ticated with reference strains from the Fungal Genetics Stock 
Center and the Commonwealth Mycological Institute. The times 
required in these crosses for perithecium formation and ascospore 

ejection, and the perithecial pattern and percentage of dark-coloured 
ascospores produced were investigated. The latter proved to be 
an unambiguous and highly reproducible diagnostic character for 

species delineation.

Neurospora crassa accounted for the bulk of the collection, 

conflicting with the popular view that N. sitophila is the principal
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Neurospora contaminant of bread. Only heterothallic strains of 
both mating types of N. crassa, N. sitophila and N. intermedia 

were represented. Based on six characteristics (conidial colour, 
mating-type, protoperitheciality and percentage dark-coloured 

ascospores with the three species testers), the isolates of 
bakery origin were grouped into 112 individual strains. Such 
variability indicated that there was continual infection in these 
bakeries from a large population of strains estimated from analysis 

based upon the Poisson distribution to be about 170. Based on 
this finding, a model of the probable infection cycle of Neurospora 
in bakeries is described.
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INTRODUCTION

I. AIMS OF PRESENT INVESTIGATION

In the early stages of this investigation, physiological experi
ments using type cultures from the Commonwealth Mycological Institute 
and a few wild isolates were conducted in order to understand the 
nature of Neurospora infestation in bakeries. The aims of these 
experiments were two fold. Firstly, it was to provide information 
on the physiology of this fungus in terms of environmental and 
substrate conditions that exist in bakeries and known to be important 
in determining the relative abundance of particular species.
Secondly, it was to determine how far the physiology of N. sitophila, 
implicated as the principal Neurospora contaminant of bread (Shear 
& Dodge, 1927; Ramsbottom & Stephens, 1935; Christensen, 1949; 
Talbot, 1971; Reib, 1973; Webster, 1978) could account for its 
advantage over other species.

Later it became apparent that there were negligible physiological 

differences between the Neurospora spp. and it was necessary to 
obtain isolates of the fungus from bakeries in the U.K. and abroad 

in an effort to unambiguously ascertain the true identity of the 

'red bread mould'. Morphological criteria proved inadequate to 
distinguish between species and tests based on interfertility were 
conducted. This led into considerations of population biology, 
the mechanism of crossing and indeed the basis of species 
delimitation, all aspects of the taxonomic relationships of the 

members of the genus Neurospora.
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II. TAXONOMIC CONSIDERATIONS

7̂-. Nomenclature

The common red bread mould appears to have been first 

reported in the scientific literature by Lévéillé in France in 1843 
under the name Oidium auranticum (Payen, 1843; Shear and Dodge, 1927; 
Moreau-Froment, 1956). In the same year it was called Pénicillium 
sitophilum by Montagne and was finally transferred to the genus 
Monilia by Saccardo in 1882 (Shear & Dodge, 1927).

Although the genus Monilia was first described by Hill in 1751, 
the present so-called form genus Monilia is not usually credited to 
Hill but instead to Persoon, who first used it in 1801 to include 12 
species (Shear & Dodge, 1927). Monilia sitophila (Mont.) Sacc. 
as a collective species has become one of the best known and 
scientifically most important fungi owing to the work of Shear and 
Dodge in 1927 and Dodge and his pupils since that date. Their 
discovery of the perfect stage for which they instituted a new 
genus, Neurospora, has had considerable influence on mycological 
thought (Ramsbottom and Stephens, 1935). The fungus is genetically 
(Nelson and Backus, 1968; Burnett, 1976) and biochemically one of 
the most studied of eukaryotic microorganisms (Perkins et al.,

1976; Webster, 1978).

In its imperfect form, Monilia, the colonies occur as loose 
floccose masses of a pale pink, salmon pink or orange colour.

The vegetative hyphae are hyaline, septate and branched. The 
conidia are also hyaline, one-celled, ovate, variable in size 

but usually about 8 pm in width, forming chains by repeated 
budding which are aggregated into largish irregular masses.
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The mycelium later breaks up to some extent at the septa, forming 

arthroconidia (Shear & Dodge, 1927; Subramaniam, 1971; Perkins 
et al., 1976).

The perfect stage Neurospora (Shear & Dodge, 1927), is a 
filamentous ascoraycete in which the haploid products of meiosis are 
ascospores, grouped within linear 8-spored or 4-spored asci. The 
asci are formed in perithecia - fruit bodies having a beak and 
ostiole through which spores are discharged (Perkins et al., 1976).

The most widely described Neurospora species are N. crassa,
N. sitophila and N. intermedia, which are heterothallic (dimictic) 
and N. tetrasperma, which is pseudohomothallic (homodimictic).
In N. tetrasperma, each ascospore typically contains two haploid 
nuclei of opposite mating type. For a conventional taxonomic key 
to described species see Appendix I of Frederick et al. (1969).

According to Perkins et al. (1976), the conidial stages of 

different species of Neurospora cannot be distinguished from one 
another on vegetative characteristics. They further added that 
differences in conidiation, pigmentation and gross morphology are 

of little value for classification. The perfect stages of the genus 
have also been used in taxonomic diagnosis of the species. The 
size and shape of ascospores, asci and perithecia of the various 
species have all been considered. Dimensions taken from literature 
show overlaps in size between and within species.Ascus size is 
probably more variable and less useful than ascospore size, while 
perithecial size is so greatly affected by environmental influences



— 4"

such as crowding as to be of little use(Tai, 1935).

It is not surprising, therefore, to encounter rather con
flicting views on the identity of the 'red bread mould'. Several 
authors have reported Neurospora sitophila as being one of several 
known species of the genus Neurospora commonly referred to as 
the 'red bread mould' because of its infestation in bakeries 
(Shear & Dodge, 1927; Ramsbottom and Stephens, 1935; Christensen,

1949; Talbot, 1971; Reib, 1973; Webster, 1978). Ryan et al.
(1943) referred to it as being N. crassa. Other authors have 
instead restricted themselves to calling the fungus Monilia 
sitophila and also referred to it as being pink rather than red 
(Morison, 1933; Glabe, 1942; Christensen, 1947; Fowler, 1971; Seiler, 
1973) and sometimes even orange (Dodge and Swift, 1935). Spicher 
(1967) was perhaps the most cautious,referring to the fungus 
simply as Monilia spp.

B. Species concepts
The lack of suitable morphological differences between 

Neurospora species for use in practical taxonomy epitomizes certain 

problems encountered in the delineation of apparently closely 
related species. The problem primarily arises from the criteria 

used to define species and frcm difficulties in establishing 

their limits. In general, two basic types of approach appear to 
have developed towards this problem. In what we might term the 

'practical' species concept, species are regarded as assemblages 
of individuals with morphological features in common and separable 
from other such assemblages by correlated morphological discontinuities
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(Davis & Heywood, 1963). Although it is effective as a general 

purpose classification based very largely on phenetic evidence 
and regarded as an essential first step in classification, it 

is perforce at least partially subjective and incapable of precise 
definition. Especially, the recognition of variation in supposedly 
definitive criteria has clearly demonstrated the limits of its 
utility. Finally, it cannot serve to determine whether related 
populations are biologically discrete.

An alternative approach, the 'biological' species concept, 
is based on the genetical basis of variation, reproductive 
mechanisms and population structure. Here, species are defined 
as groups of individuals able to interbreed with component 
members but reproductively isolated from other populations 
(Davis & Heywood, 1963). The proponents of this concept have 
contended that it is an objective criterion and biologically 
meaningful. It is claimed that there are objective discon
tinuities in nature which delimit the units, such discontin
uities being restricted gene flow between actually or potentially 
interbreeding populations. This is something that can be 
determined by experiment. However, the definition embraces a 
number of elusive concepts. Reproductive isolation as an uncom

promising concept requires different species to be intersterile. 
Reproductive isolation in nature shows considerable subtlety and 

complexity. It evolves and functions at different intensities.
The theoretical problem of deciding the degree of intersterility 
(or how much interfertility is permitted) is difficult. Every 
degree of interfertility can occur between populations. The
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recognition of 'incipient' species amongst various organisms 

highlights such problems. In these species, the degree of 
gene exchange between populations is diminished but not elimin

ated (Perkins et al., 1976). The 'biological' species concept, 
therefore, is not an all-or-nothing criterion.

It should be stressed that both practical and biological 
species concepts (although based on quite differently conceived 
abstractions) may coincide in practice and frequently do so in 
sexual, out-breeding groups. Morphology provides the evidence 
for putting the genetical definition into practice. They are 
not mutually exclusive, but alternative descriptions, each 
valid in its own context. To abandon the practical and almost 
universal use of the term species in a morphological-geographical 
sense in favour of gene pools and reproductive barrier, would 
be unrealistic and impracticable.

C . Factors affecting gene flow in populations of higher fungi, 

There are processes in fungi which introduce sterility 
barriers and, ultimately, may act as isolating mechanisms leading 
to eventual spéciation.

i. Sexual incompatibility
Sexual incompatibility mechanisms control the 

types of nuclei which fuse during sexual reproduction. Homo- 

genic incompatibility prevents karyogamy between isolates 

carrying one or more identical mating-type factors and provides 
the basis for heteromictic mating systems favouring outbreeding.

In contrast, heterogenic incompatibility prevents nucleus fusion
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between isolates carrying certain different genetical factors 

which as a consequence favours inbreeding and hence the introduction 
of sterility barriers (Esser & Blaich, 1973). There has been 
confusion over the use of the term heterogenic incompatibility 
and its role as an isolating mechanism. Esser and Blaich's 
(1973) view of heterogenic incompatibility includes any system 

preventing fusion and exchange between genetically different 
isolates of the same fungal species. Under such circumstances , 
both heterokaryon incompatibility in ascomycetes (Grindle, 1953a, 
1963b) and intraspecific antagonism in basidiomycetes (Rayner 
& Todd, 1977) are included within the definition. Yet both these 
phenomena can primarily be regarded as purely vegetative in action 
(Rayner & Todd, 1979), providing no barrier to sexual conjugation 
which generally occurs between specialised sex organs in asco
mycetes and homokaryons in basidiomycetes. To act as an isolating 
mechanism, heterogenic incompatibility must act as a barrier to 

sexual conjugation.

ii. Heterokaryon incompatibility
That some authors do regard heterokaryon incompati

bility as an isolating mechanism is probably largely because it 
prevents somatic recombination in the parasexual cycle.

Occurrence of such a cycle is dependent upon heterokaryosis, 
and in purely asexual fungi represents the only possible mechanism 

for recombination: widespread heterokaryon incompatibility would

result in such fungi existing effectively as clones. Although 
heterokaryon incompatibility may represent an isolating mechanism, 
some argue that the real isolating mechanism in entirely imperfect 

fungi is the loss of the perfect stage (Rayner & Todd, 1979).
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Occurrence of heterokaryon incompatibility in Neurospora was 

first detected as a result of work done by Beadle and Coonradt 

in 1944 (Esser & Blaich, 1973). They found that strains of N. 
crassa must ordinarily be of the same mating type to be able to 

form a vigorous and stable heterokaryon (Sansome, 1946). Since 
then heterokaryon incompatibility in Neurospora has become 
genetically better understood. It evidently involves several 
loci, not concerned with the sexual phase, which act according to 
their allelic type. Heterokaryon incompatibility is based on 
genetic differences between strains which may reside at several 
or many gene loci (i.e. a polygenic mechanism). Heterokaryosis 
only occurs between strains carrying genes identical at such 
loci.

In N. crassa, Garnjobst and Wilson (1956) showed that the 
development of a heterokaryon was determined by two pairs of 
alleles, designated C/c & D/d . Only mycelia genetically 
identical at the C and D loci will form stable heterokaryons.

When strains of unlike genotype anastomose, the fusion cell 

is rapidly sealed off. In a short time, there is evidence of 
cytoplasmic incompatibility resulting in vacuolation and disorgan
isation of cell contents in the region of the anastomosis and 
the cell eventually dies and autolyses (Garnjobst, 1953; 1955; 
Garnjobst & Wilson, 1956). Wilson et al. (1961) extracted cyto

plasm from CD mycelia and injected the extract into hyphae of 

unlike genotype with respect to C, D or both. The same response 

was observed and there is evidence that the reaction was due to 
a protein moiety. A third allele, c^, has been demonstrated by
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Perkins (1959) in the Panama a strain. Investigations conducted

by Holloway (1955) showed at least four pairs of genes determined
the ability to form a heterokaryon in another strain. In N. crassa,

mating-type heterokaryons. A/a, cannot be formed (Gross, 1952).
The related species, N. sitophila and N. tetrasperma, are not
so restricted and form A/a heterokaryons readily. In N. sitophila 

+ —an allelic pair het/het determined successful heterokaryosis
which only occurred when opposed hyphae both carry het^ (Mishra, 1971)
In N. tetrasperma, heterokaryosis is unrestricted.

Heterokaryosis is only effective when hyphal fusion is followed 
by nuclear migration. In compatible matings, nuclei can apparently 
migrate from one mycelium to the other, cross the colony diametrically 
and be detected on the opposite side. This is recognisable either 
by a manifestation of the mating reaction, such as perithecium formation 
in ascomycetes, or by a genetically determined biochemical lesion.
Hence in ascomycetes, it is possible to use perithecial patterns 
as a guide to migration routes (Burnett, 1976). When Dodge (1935 a) 
crossed unisexual testers of N. tetrasperma on opposite sides of 

a plate culture, the perithecia were usually first formed where 
the mycelia met, after which they appeared one by one along the 

lines of radiately growing hyphae of the strain. He also noticed 
that perithecia sometimes were distributed over one side of the 

plate, often confined to a V-shaped sector at first. There were 

numerous anastomoses along the line of meeting and it looked as 

though the nuclei coming over from one of the tester's mycelium 
was migrating down through the hyphae of the other tester. As
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such, the ascogonia of the protoperithecia would now become hetero- 

karyotic for mating types because of nuclear migration and would 
resume development to maturity. This suggests a complete unilateral 
migration avoiding nuclear fusion at the zone of contact.

Determining which mycelium is to be the donor and which the 
acceptor may be genetical or environmental. Raper and San Antonio 
(1954) found that in crosses between biochemically normal mycelia 
and morphological mutants or biochemically deficient mutants of 
Schizophyllum commune, migration was from the former to the latter. 
Dowding and Buller in 1940 showed that migration took place from 
a darkened mycelium to an unshaded one in Gelasinospora tetrasperma 
(Burnett, 1976).

The assumption that heterokaryosis occurs in ascomycetes was 
first really challenged by Caten and Jinks (1966). Their arguments 
concerned the irrelevance of most experimental studies used to 
detect heterokaryosis. Firstly, many such studies were based on 
heterokaryons forced between complementary auxotrophs grown on 
media in which neither could grow singly. Forced heterokaryons often 
grow slowly and break down readily on complete media. Their 

relevance in nature therefore seems dubious.

Secondly, demonstrations of heterokaryosis were between 

genetically very closely related isolates. Many genetical studies 

are dependent on mutants derived from single isolations. Though it 
is vital to use genetically well-characterized strains, features 
of the natural population as a whole may be obscured. When isolates
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from natural populations of Aspergillus nidulans were intertested, 
it is frequently found that no heterokaryosis occurs. Croft aind 
Jinks (1977) found that natural isolates of A, nidulans fall into 
at least 19 heterokaryon incompatibility groups. Based on 3 

characters (radial growth rate, crossing ability and penicillin 
production) they showed that there was wide variation in these 

characters between heterokaryon incompatible strains, and rather 
little variation within a heterokaryon compatible group.

They concluded that, in the wild, A. nidulans is divided into 
a number of sub-populations, each of which is a clonally related 
group of strains in which evolution may be proceeding independently 
with little gene exchange occurring between groups. Research by 
Rayner and Todd (1979) also questioned the existence of genetically 
heterogeneous unit mycelia, since they believe that in many, if 
not all, wood-decaying basidiomycetes, including Coriolus versicolor 

and Piptoporus hetulinus, genetically distinct mycelia behave both 
physiologically and ecologically as individuals in nature, and 
that they are readily recognisable.

iii. Allopatric and Sympatric Populations

Sterility barriers also appear to be related to 
separation by distance or ecological divergence (in sympatric 
population) in fungi, which ultimately may lead to spéciation 

(Burnett, 1976). In sympatric populations, spéciation arises 
within a population inhabiting the same area because of 
ecological separation. In allopatric populations, spéciation 
occurs between populations inhabiting different areas as a result
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of separation by distance. However, compared with other organisms, 

this feature is relatively rare in fungi. Since there is wide

spread dissemination of fungal propagules of all types, allopatric 
spéciation in particular seems to be less significant than other 

organisms. There are many examples in fungi of the occurrence of 
sympatric isolation. In some fungi, such as Hirneola auricula- 
judae and formae-speciales of rust fungi, such mechanisms are 

related to ecological specialisation. However in the majority 
of fungi, no such mechanisms can be postulated even though 
intersterile groups often share the same habitat. Such isolation 
could possibly be due to mutation at one or a few gene loci as in 
Podospora anserina (Esser, 1965). The question now is whether 
should such intersterile groups be regarded as separate species.
This illustrates that breeding tests alone cannot be used as a 
sole basis of species delimitation.

iv. Criterion of cross-fertility in fungal spéciation

It is reasonable to assume that in studies with fungal 
spéciation, the significance of cross-fertility and sterility of 
related forms can provide important contributions to our knowledge 

of their relatedness and evolution. However it may be argued 

that, although the criterion of cross-sterility between populations 
may be a definitive characteristic for spéciation in higher organisms, 
its unqualified application in the fungi may not be completely 
acceptable. The presence of certain inhibitory genes acting as 

genetic blocks at each of the important steps in the ascigerous 
stage, including perithecial development, plasmogamy, ascus 

development, karyogamy,ascospore formation and spore germination
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have been found in species of Neurospora, Glomerella and Cochliobolus 
(Nelson, 1963). This serves primarily to illustrate further the 
complexities of the reproductive mechanisms within the fungi and 
questions whether it represents an adequate criterion for spéciation 

or merely represents an early stage of differentiation since it would 
restrict gene interchange at least among certain members of the 
species. Perkins et ai. (1976) suggested, in the context of 
genetic isolation mechanisms, production in Neurospora spp. of 
rudimentary perithecia with no croziers or asci might be thought 
of as equivalent to hybrid inviability in diploid organisms. The 

presence of barren perithecia could be associated with hybrid 
sterility, and predominantly white ascospores or weak and in
fertile F^'s as hybrid breakdown. Hybrid inviability, hybrid 
sterility and hybrid breakdown have all been included by 
Grant in 1963 as subcategories of internal reproductive isolation 

in his classification of the various isolating mechanisms 
(Nelson, 1964). Burnett (1976) indicated that hybrid inviability 
in the Pyrenomycetes was similar to that of other organisms and 
probably constituted an effective post-zygotic isolating mechanism 
for these fungi in nature.

Although the criterion of cross-fertility may be argued to 
be unreliable as a convenient tool in classifying fungal species, 
it constitutes a direct measure of the relationship of species. 
Regardless of whether complete or partially reproductive isolation 

can be universally applied to matters of spéciation, it is 
evident that a complete lack of isolation between populations can 
only mean that they are similar.
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Many examples are known in other organisms of morphologically 
similar sibling species that are characterized by hybrid sterility 
or inviability, or by karyotypic differences (Dobzhansky, 1970).

Nor does partial fertility between groups preclude their being 

valid species. Many plant species are capable of intercrossing 
freely,yet their status as separate species is not questioned 
(Perkins et ai., 1976).

D . The current position with members of the genus Neurospora 

Neurospora tetrasperma, N. crassa and N, si tophi la seem 
clearly distinct from one another on the basis of intersterility. 
The relationship of N, intermedia to N. crassa and N. sitophila 
is not as clear. Neurospora intermedia is usually considered 
to be the result of crosS“breeding between N. sitophila and N. 
crassa (Moreau“Froment, 1956). Dodge's work (1928) describing 
hybrids between N. tetrasperma and N. sitophila or N. crassa 
demonstrated the fairly close affinity of Neurospora species 

since they hybridized quite readily. Fincham (1951) crossed 
N. sitophila and N. crassa and detected a certain degree of 

fertility. However, in both cases, there was evidence of 
considerable 'hybrid inviability' and this extended to the F^ 
generation. 'Hybrid inviability' is due to several genes or is 

possibly polygenic since from Neurospora back crosses, fertility 
can be restored to F^s and recombinants in a few generations 

(of the order of 2-1).

It is also considered probable that the 4“Spored species may 
have evolved from one or more 8“Spored forms (Dodge et al., 1950).
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Their study of lethal gene E in N. tetrasperma showed genes in N. 

tetrasperma capable of producing the 8-spored condition. Pateman (1959) 
showed that an organism resembling N. tetrasperma can be obtained by 
selection from N. crassa. These experiments suggest the presence of 
genes in both species which could be selected to produce 8 sporedness or 

4 sporedness or vice-versa. This suggests that the species differ poly
genic ally and thus it may be conjectured that somehow, in the course of 
time, such differences arose and became genetically fixed, in an originally 
8-spored species to produce what is now called N. tetrasperma.

To the extent that morphological differences are not useful 
for practical taxonomy, the heterothallic Neurospora species resemble the 
basidiomycete Sistotrema brinkmanii (Ullrich, 1973) or the ciliate 
Paramecium aurelia (Perkins et al., 1976), where different populations 
("inter-sterility groups", "varieties" or "syngens") are unquestionably 
distinct 'biological species' on the basis of inter-sterility and 
genetic isolation, but have nevertheless been placed in a single 
taxonomic species for practical purposes, because they are morphologically 
indistinguishable. Should Neurospora species not be lumped in a 
similar fashion? Morphological similarity between Neurospora species 
may not in itself be sufficient reason for denying their specific 
status, but we do not know whether they have all, in fact, achieved 
reproductive isolation in nature, nor whether one or more are still 
incipient species/"semispecies" (Perkins et al., 1976), with gene 
exchange reduced but not eliminated. More information must be 
obtained about the mechanisms responsible for reproductive isolation 
and their effectiveness in nature before we can make valid 
assertions about taxonomic status.
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We must therefore then ask if it is both reasonable and practical 

to retain the established designations for all four species. Perkins 
et al., (1976) believed that for the present it was justified to 
retain such a designation and they put forward three main reasons 
for doing so. Firstly, the divisions apparently represent real 
biological differences reflecting genetic isolation and restricted 

gene flow. Secondly, distinguishing Neurospora species by crossing 
tests is practical. Lastly, the species have been formally de
scribed (explicitly on morphological grounds, which may be 
questioned; implicitly on crossing behaviour, which is probably 
basically sound), and the nomenclature has been widely used. A 
change of nomenclature with its resultant confusion, should be made 
only for compelling reasons.

In attempting to ascertain the taxonomic status of newly 
collected material, Perkins et al. (1976) found conventional 
criteria based on morphology (e.g. differences in conidiation and 
pigmentation) far less reliable than crossing behaviour and fertility 
with strains of known taxonomic status. We could therefore ask if 
there was any validity in Shear and Dodge's formal descriptions of 

N. crassa, N. sitophila, and N. tetrasperma since they were made 
on the conventional basis of morphology and cultural characteristics. 

Perkins et al. (1976) believed that Shear and Dodge had extensive 

experimental information on crossing behaviour since the available 
strains of all three species had been intercrossed in all possible 

combinations before descriptions were published. The same was true 

when Tai (1935) described N. intermedia.
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Perkins et al. (1976) further reported that, in their experience, 
production of fertile perithecia and abundant asci with viable black 

ascospores, when an isolate was crossed to authenticated species 
(reference strains), was the most practical and convenient means 

of determining that the isolate belonged to one of the established 
species. They also stressed that failure to cross was not in 
itself a sufficient basis for excluding the possibility that two 

isolates belonged to the same species, because intraspecific 
factors sometimes impaired fertility. However, in such cases, they 
found that an isolate infertile with one species or reference isolate 
often produced viable black ascospores with other strains of the 
same species, so that there was no problem of assignment. A further 

advcintage was that, with heterothallic strains, crossing behaviour 
with standard reference strains is more practical than traits such 
as ascospore and perithecial morphology since it has the intrinsic 
advantage that the unit being identified is normally the individual 
haploid clone. Previously before the structures ordinarily used 
in conventional taxonomy could be obtained for examination, two 
haploid isolates of opposite mating types were needed to initiate 
the sexual phase of the life cycle. As a consequence, the 

structures analysed are the product of the interacting genomes 
of two individuals, not just the one. Crossing and fertility 

procedures hold one of the genomes constant as a reference.

Perhaps it is justified to support previous published des

criptions that have rightly placed emphasis on the sexual cycle. 
Consideration of homothallism versus heterothallism and 4-spored 
versus 8-spored asci are clear and unambiguous. A pseudohomothallic
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species is characterised by the production of 4-spored asci.

As described earlier, there are however exceptional experimental 

situations in which special genotypes have been selected that produce 
some 8-spored asci within a species that is normally 4-spored 
(Dodge et al., 1950), or occasional 4-spored asci in a species that 

is normally 8-spored (Pateman, 1959). These asci are always 

observed in the context of extreme disruption of spore formation.

It is therefore unlikely that results obtained with such genotypes 
could interfere with the prese nt classification.

Perkins et al. (1976) point out that karyotyping is not useful 
for distinguishing species as the haploid chromosome number is 7 
throughout the genus, and differences in chromosome structure that 
seem to be of taxonomic value have not been reported. Biochemical 
traits seem similarly unhelpful since, for example, most electro- 
phoretically identified protein differences are polymorphic within 
species. Spieth (1975) however reported that protein GP-9 (100) 
appeared to be invariant and characteristic of numerous populations 

of N. intermedia. Hence it is to be expected that, in future 
systematic work with Neurospora, species will be thought of as 
Mendelian populations rather than types, and descriptions will 

be based on more than one strain or pair of strains.

III. ECOLOGY AND POPULATION STUDIES OF NEUROSPORA

In general, surprisingly little is known about the natural 

populations of Neurospora, their population genetics and ecology 

or even their geographical distribution.
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Neurospora species are found in warm humid environments and also 
on burnt ground and charred vegetation (Perkins et al., 1975;

Webster, 1978). The latter may be related to the fact that the asco
spores are activated by exposure to high temperatures (Goddard,
1935; Sussman, 1969). In fact Nelson et al. (1964) suggested that 

Neurospora species were probably much more common members of the soil 
mycoflora than previously believed. It has also been reported that 

Neurospora spp. can commonly occur on cellulosic material, such as 
leaves and straw (Christensen, 1949).

According to Pateman (1962), Neurospora spp. have a world-wide 
distribution. Neurospora sitophila is the most common in temperate 
or cold temperate zones, while N. tetrasperma, N. crassa and N. 
erythraea are probably chiefly restricted to tropical or semi 
tropical areas (Shear & Dodge, 1927). Gochenaur and Backus (1962) 
described N. terricola which had been obtained from Wisconsin, 
while Nelson et al. (1964) discovered N. dodgei from Puerto Rico. 
Mahoney et al. (1969) described two new homothallic species 
obtained from the Galapagos Islands and in Eastern Nigeria and they 
were referred to as N. galapagosensis and N. africana respectively. 
Frederick et al. (1969) also described a new species of Neurospora 
isolated from soil in West Pakistan, which they referred to as N. 

lineolata.

By far the most significant contribution to our knowledge of 

the geographical distribution of Neurospora spp. is by Perkins 
and his coworkers (1976). They collected 675 isolates from 102 

sites in the Eastern hemisphere and in the U.S.A. Neurospora
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crassa, N. sitophila, N. intermedia and N. tetrasperma were all 
represented in the collections. However, there was no obvious type 

that qualified as a new species, nor did the data establish any clear 
subspecific categories, although there was abundant variability 

within species involving both morphology and crossing behaviour.
Further, they were able to make certain generalisations regarding 
the abundance and geographical distribution of the various species. 

Neurospora intermedia accounted for the bulk of the collections, 
especially in the Eastern Hemisphere. Neurospora crassa was more
abundant in Louisiana than elsewhere. Neurospora crassa. N.ini&rjtnedia were,
rarely found together at a site or in the same region, suggesting 
differences in geographical distribution or seasonal occurrence, or 
subtle environmental preferences. Though N. sitophila was found in 
many parts of the world, only one or two isolations were usually 
made at a particular site. Only one site yielded a sizeable group 
of confirmed single-ascospore cultures of N. sitophila.

Fetch (1931) was the first to give an account of recorded 

occurrences of M. sitophila in this country. In June 1899 a large 
oil mill in King's Lynn, Norfolk was burnt down, and in the following 
October a pink mould appeared in abundance and was identified as M. 

sitophila. In November 1928, another sighting of M. sitophila was 
obtained when Grantchester Mill was burnt down. Ramsbottom and 
Stephens (1935) reported the isolation of N. tetrasperma from scorched

stems of Ulex from the Woolwich area. This fungus had also been

sighted on spent hops at Burton on Trent in 1871, and on cotton yarn 
(1932). Evans (1972), whilst isolating thermophilic fungi from the 

air surrounding coal spoil tips, found that the percentage frequency
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of occurrence of Monilia sp. was less than 0.1% from March 1968 to 
February 1969 in the Keele area. Data collected by Riley in 1969 
(personal communication) showed the fungus to be widely distributed 
in the U.K., having been isolated north as far as Glasgow and south 
as far as Brighton.

When sampling the air in Queensland, Australia, Upsher (1968) 
found that conidia of M. sitophila were the dominant spores through

out the dry season. He also noted that it was most abundant during 
the night.

There is a real need for studies of natural populations since 
they are vital for the understanding of such fundamentals as 
variation, opportunities for recombination, isolating mechanisms and 
the nature and operation of selection pressures operating during each 
phase in the natural life-cycles of organisms.

Yet, in fungi in general and Neurospora spp. in particular, 
few population studies of any depth have been undertaken. Biologically 

important aspects of the genus Neurospora in nature are probably 

missed when population studies are omitted. The trend to use one 
or a few isolates in many genetical and physiological studies, as 
pointed out by Caten and Jinks (1966) may lead to a distorted view 

of the probable significance of certain phenomena in nature. This 
is illustrated in work on heterokaryon incompatibility in ascomyceteous 

fungi. Heterokaryosis is often thought to be a common and important 
source of flexibility in natural populations of many ascomycetes and 
fungi imperfecti. However when Grindle (1963a & b) sampled, the natural
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population of A. nidulans he discovered that many of the isolates 
did not readily produce heterokaryons when paired. This phenomenon 

has also been demonstrated in many other aspergilli (Caten, 1971;
Croft & Jinks, 1977) . A similar study on natural populations of 
N. crassa conducted by Mylyk (1975) on five isolates from each of 

three N. crassa populations from Louisiana, U.S.A. showed that 
heterokaryons of N. crassa cannot commonly form. Such examples 

clearly demonstrate the need to include more studies of natural 
populations to understand fully the implications of various phenomena 
happening in nature.

In view of this, when attempting to ascertain the taxonomic 
status of the 'red bread mould', it is only appropriate to include 
studies of its natural populations. Isolates from bakeries are valuable 
as a source of information on the natural populations themselves.
Only through detailed studies with such populations can one find 
what constitute a typical representative of the species. Further, it 
would be beneficial to base species descriptions on a sufficiently 
large number of interfertile individuals so that they assay naturally 
occurring variability.

IV. NEUROSPORA IN BAKERIES

A. Introduction
A substantial literature has accumulated on Neurospora 

and its frequency as a bakery contaminant (Payen, 1843; Christensen, 

1949; Spicher, 1967; Seiler, 1970). The fungus was called to 
the attention of Lévéillé and Montagne by a commission appointed 

by the French Minister of War in 1842 to investigate the cause of 

an infestation of the army bakeries which had destroyed large
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quantities of bread (Payen, 1843; Shear and Dodge, 1927). In 
modem times, loss from this fungus is considerably reduced, 
perhaps due to a combination of increasingly efficient sanitation 
and use of fungicides; generally its occurrence is sporadic and 

limited only to certain bakeries. Nevertheless it can still be 
very destructive locally, when it becomes established in a bakery. 
Under such circumstances it can give rise to more or less contin

ual trouble and loss until it has been thoroughly eradicated 
(Frazier, 1967).

It is difficult to assess accurately losses incurred by 
Neurospora infestation but as a general guide, Axford and Ottaway 
in 1959 estimated that in the U.K., the amount of wastage due 
to mould was as high as 1% of the annual production, or the 
equivalent of 50 million 1% lb loaves (Seiler, 1964). Similar 
losses have been reported in the U.S.A. (Glabe, 1950).

A. Epidemiology of contamination with Neurospora spp.

Neurospora imposes particularly serious difficulties 
because of its rapid rate of growth and sporulation. At room 

temperature (i.e. 25°C) the growth rate is 25 ym/min (equal to 

1.5 mm/h) while the maximum rate observed in growth tubes at 

35°C is 100 ym/min (6 mm/hr) (Zalokar, 1959).

As just mentioned, Neurospora also produces spores pro- 

lifically. Within 24h at 25°C the mycelium begins asexual 
reproduction. Long branched chains of conidia, microscopic in 

size are produced in great abundance (Christensen, 1949; Seiler,
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1973). The conidia are unusually light and can be spread rapidly 
throughout a bakery. This can be judged from the fact that in 

one investigation the fungus could be isolated from the air in the 
top far corner of a 100 yard long, 4 storey building only 10 min 

after a Neurospora infected loaf had been opened at the bottom 
near corner of the building (Seiler, 1973).

The obvious question which arises concerns the origin of 
Neurospora in a bakery. Nagy (1948) suggested that fungal spores 
are carried in from the outside by air draughts. This is also 
put forward by Christensen (1949), who stated that fungal spores 
in the outside air are most abundant during warm, humid periods 
in the summer, when they are being produced in large quantities 
on all manner of plant and animal remains. It has been assumed, 

but never definitely proven (Spicher, 1967) , that these spores
may sometimes be responsible for epidemic of mouldy bread.

Many authors (Shear & Dodge, 1927; Skovholt and Bailey,
1934; James et al., 1946; Christensen, 1947; Nagy, 1948;
Graves & Hesseltine, 1966) agree that the source of moulds 
in bakeries is flour or raw material. Others however believe 
that the presence of spores in the air is not entirely 

attributable to raw materials. In particular residual materials, 
waste products and stale returns represent a constant source of 

infection (Christensen, 1949; Christensen & Cohen, 1950;

Pomeranz, 1969).
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C . Role of the Bakery Environment

It is obviously important to consider the environmental and 

substrate conditions prevailing in bakeries. Different species of 
fungi causing deterioration of foodstuffs and other products are 

known to vary in their temperature and moisture optima and limits. 
These factors are therefore likely to be of importance in deter
mining the relative abundance of different species in a particular 
situation (Snow, 1945 and 1949; Christensen, 1957; Ayerst, 1969). 
The respective roles of nutrient supply, moisture and humidity, 

temperature and food additives will now be briefly discussed.

Nutrient Supply: Bread contains carbohydrates and proteins
(Glabe, 1942) and hence provides an adequate supply of nutrients. 
Kinsella (1971) noted that there were at least 17 different types 
of free amino acids in bread. Reactions of amino compounds and 
reducing sugars are usually detected in bread (Reynolds, 1965), 
producing volatiles such as carbonyl compounds, chiefly aldehyde 
(with furfural appearing as the most important single aldehyde).

Hence fungi generally find in bread a very suitable medium for 

growth.

Conidia of Neurospora require exogenous materials for 

germination, including a source of carbon (Lingappa, Y. and Sussman, 

1959). Ascospores however, metabolise endogenous lipids (pre
sumably esters) as their energy source and continue to use these 

during germination, along with trehalose (Lingappa, B.T. and 

Sussman, 1959).
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Moisture and Humidity: Christensen (1949) indicated that

Neurospora will grow in materials whose water content is in equili
brium with a relative humidity of 95 to 100%. Charlang and Horowitz

(1971) have reported that when the a is lowered, an inhibition ofw
germination, growth rate, and total growth is observed in N, crassa. 
The life span of conidia is prolonged by the high humidity that 

prevails in bakeries, and they are additionally protected against 
bactericidal solar radiations (Spicher, 1967). The e.r.h. 
(environmental relative humidity) of bread is near to 95% and 
when humidity exceeds 80% R.H., moisture loss from bread is 
significantly reduced and fungal growth rapid (Fowler, 1971).

Temperature: Bread undergoes several temperature changes in
the bread baking process. It is baked at an oven temperature 
of 230°-240°C, cooled in coolers at 70°-80°C and stored at room 
temperature which in the summer months may often exceed 20°C.

The evidence concerning effects of oven temperature is some
what conflicting. According to reported findings (Christensen,

1947; Aalund, 1961; Knight and Menlove, 1961; Pomeranz, 1969) 
bread is virtually sterile when leaving the oven. When baked 
at temperatures of 230°-240°C, the temperature in the middle of 

the loaf is about 97°-99°C (Fowler, 1971). M. sitophila grows 
between 4°C and 44°C with an optimum at 36°C (Lilly and Barnett, 
1951) . Experiments of Tokugawa and Emoto (1924) have shown that 
conidia of M. sitophila are killed in saturated steam at 100°C,

although in a moist condition they are able to survive a temp- 
o oerature between 70 C and 80 C for 5 min and in dry atmosphere
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they are able to endure temperatures as high as 130°C. If this were 

true there would be little probability of conidia present in the 
loaf being destroyed during baking. Shear and Dodge (1927) 
however, have indicated that 400 g loaves containing conidia and 

ascospores of Af. sitophila did not develop any fungal growth during 
subsequent storage after being baked for 35 min at an oven temp

erature of 215°C. Morison (1933) reported that bread made from 
dough heavily contaminated by Monilia sp. failed to develop mould 
after storage for 5 days. In his experiment, the dough was scaled 
at 450 g and baked at 220°C for 30 min. In addition, an aqueous 
suspension of the conidia and ascospores of the same mould was 
exposed to different conditions of heating. It was found that the 
spores were killed in 10 min at 70°C and in 20 min at 60°C, but 
heating for 30 min at 50°C was insufficient to destroy them. A 
further series of experiments by Goddard in 1936 (Knight and 
Menlove, 1961) with N. tetrasperma, showed that aqueous suspensions 
of the ascospores of this fungus required heating at 49-52°C 
for 20min before they were able to germinate, but that heating 
at 72°C for 20 min prevented germination. This evidence strongly 
supports the view that the conditions prevailing inside a loaf 

when it is being baked would be sufficient to ensure the destruction 
of any ascospores of N. tetrasperma present in the dough. It 

has been reported by Smith (1954), however, that the ascospores 
of N. sitophila are frequently able to survive in the interior of 

a loaf during the baking process. Knight and Menlove (1961) 

again demonstrated that, under the conditions of baking employed, 
ascospores of N. tetrasperma do not survive baking and that they 
are killed well before it is removed from the oven. In view 

of published evidence concerning this point being rather con
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flicting, there is every possibility that spores of one species 

of Neurospora may be more susceptible to heat than others and hence 
would explain its dominance in bakeries.

Food Additives; There have been few investigations on the 

effect of preservatives in bread either on the genus Neurospora 
as a whole in general or on particular species. Propionic acid 
and its sodium and calcium salts are the most useful against 
fungi (Ottaway, 1958). Of these, propionic acid and calcium 

propionate are the most widely used in the U.K. (Seiler, 1976).
The Preservatives in Food Regulations 1962 allow the use in bread 
of not more than 3000 p.p.m. propionic acid (or equivalent amounts 
of calcium and sodium propionate) based on the weight of flour 
used (Seiler, 1964).

At concentrations down to 0.004 mol/1, the acid is fungi

static while sodium and calcium propionate inhibit fungi at specific 
concentrations varying from 0.0125% to 1.25% at pH 5.5 (Keeney 
& Broyles, 1943). The fungistatic activity of Na propionate was 
greater in acid than in neutral or slightly alkaline solution, 
which suggests that the antimicrobial action is due to the un

dissociated acid (Hesseltine, 1952).

According to BSssler (1959) the metabolic fate of propionates 

varies in microorganisms. Some have enzyme systems converting 

succinate to propiony1-coenzyme A and by various further steps 
to propionate, carbon dioxide or propionyl phosphate. Others 
convert propionic acid to B-alanine or directly to COg. The
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inhibitory effect on microorganisms is probably related to 

competition with acetate in the acetokinase systems, to blockage of 
pyruvate conversion to acetyl-coenzyme A and to interference with 
B-alanine in pantothenic acid syntheses.
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METHODS AND MATERIALS
STRAINS
A, Type cultures of Neurospora spp.

i. Commonwealth Mycologieal Institute (London)

N. sitophila (CMI 63919, 63920, 61372 and 60354); N.

crassa (CMI 147002, 147003, 75721 and 75722); N. tetrasperma (CMI
34454).

ii. Fungal Genetics Stock Center (Areata, California, U.S.A.) 

N. sitophila (FGSC 2664, 2665, 2216 and 2217). N.

crassa (FGSC 1838 and 1690); N. intermedia (FGSC 1766, 1767, 2316 and
1940); N. tetrasperma (FGSC 1270 and 1271).

B. Natural Isolates of Neurospora spp.
Strains of Neurospora/Monilia were donated by the following

bodies:
1. The Federal Research Institute of Cereal Industry (FRICI),

Detmold, W. Germany.
2. The Grassland Research Institute (GRI).
3. The Weston Research Laboratories, Maidenhead.
4. The SpillerS“French Research Centre, Cambridge.

Natural Neurospora strains were also isolated during the course 
of the investigations from silage (GRI), Indonesian Ontjom, Wheat 

grains, flour, bread, crumpets, bakery dust and air and from 

contaminated bread from the Weston Research Laboratories, Maidenhead 

(Table B).
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ll. ISOLATION PROCEDURES

Unless otherwise stated,the following media were used. The 
Westergaard and Mitchell (WM) medium, which had the following form
ulation: (KNO^, 0.1%; KH^PO^, 0.1%; MgSO^, 0.05%; CaCl^, 0.01%;

NaCl, 0.01%; Biotin 5 yg; Agar, 1.5%; Sucrose, 2.0%; trace 
elements; pH 6.5) and Rose Bengal with chloramphenicol (RBC) agar 
(Lab M) with the following formulation: ('lab-m' mycological peptone,
0.5%; Dextrose, 1%; KH^PO^, 0.1%; MgSO^, 0.05%; Rose Bengal,
0.005%; Chloramphenicol, 0.01%; 'lab-m' Agar No. 2, 1.2%; pH 7.2).

20 ml of each medium was poured aseptically into sterile 9 cm 
plates. All incubations in this experiment were done in the dark at 
27°C.

A. Wheat: 10 gm of each seed sample was aseptically weighed
and transferred to flasks containing a sterilized mixture of 100 ml
distilled water and 10 gm sand. The flasks were shaken for 30 min

-1 -2 -3(James et ai., 1946). Diluted suspension (10 , 10 and 10

were incubated at 60°C for 20 min in a water bath and at room 
temperature (25°c) and 1 ml plated on Westergaard and Mitchell 
medium which were then incubated.

Samples of wheat used were of the following origins:
1. English 5. French
2. Canadian 6. American

3. German 7. Danish
4. Australian 8. Indian
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9. Finnish 13. French Type III 1978
10. French 1977 14. Canadian WRS (Mill)
11. French Type I 1978 15. American (Mill)
12. French Type II 1978 16. French (Mill) 1978

B. Flour: 11 gm flour was suspended in 99 ml distilled water

(Graves and Hesseltine, 1966). Diluted suspensions were treated as 
for wheat.

Flour samples used were of the following origins:
1. Wheat-Meal (WRL) 5. Bath I
2. Hawk (WRL) 6. Bath II
3. Heron (WRL) 7. Bath III
4. Coronet (WRL)

C. Bread and crumpet: These were placed in polythene bags using
sterile tongs and the open ends of the bag sealed with sellotape. The 
bags were inc ubated and putative Neurospora strains isolated.

D. Air sampling from bakeries: Air samples were collected from

inside and outside of bakeries by opening plates of RBC agar at 
strategic points for 30 min. The plates were then incubated.

E. Dust samples from bakeries: Dust samples were collected using

scalpels with sterile blades and transferred into sterile universels.
1 gm dust was weighed aseptically and suspended in 9 ml of sterile

-1 -2 -3water. Diluted suspensions (10 ,10 and 10 ) were incubated at
60°C for 20 min in a water bath and at room temperature (25°C). 1 ml
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from each suspension was distributed evenly onto plates of RBC agar 
with a sterile glass spreader and the plates incubated.

III. PRODUCTION AND MAINTENANCE OF STOCK CULTURES

All the isolates were kept as monosporous cultures in an attempt 
to obtain homogeneous isolates. Single spore isolation was achieved
as follows:

A wire loop was used to obtain conidia from the tube cultures.
The loop was then dipped in 9 ml sterile water in test-tubes. Serial

-3dilutions up to 10 were made. One ml of this dilution was spread 
onto each plate of RBC agar with a sterile glass spreader. The plates 
were incubated at 27°C for 12 hours. Single spore isolation was achieved 
by using an adapted microscope objective which could be used to cut 
into the agar, thus encircling a single germinating spore. This 
block of agar could then be picked out using sterile fine needles 
and transferred to Westergaard and Mitchell slopes in test-tubes.
The test-tubes were incubated at 27°C for 4 days after which they 
were kept at 4°C. Five replicates of each isolate were maintained at 
this temperature.

IV. CODING OF STOCK CULTURES
The putative Neurospora isolates were designated culture numbers 

SYl to SY345 (Table B).

V. CULTURAL BEHAVIOUR OF NEUROSPORA
A. Selection of Media

3% Malt extract agar with varying sucrose concentrations of
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0.5%, 1.0%, 1.5% and 2.0% respectively, Corn-meal agar (Oxoid), 
Neurospora Minimal Medium (Difco) and a synthetic medium devised by 

Westergaard and Mitchell (1947) for promotion of sexual reproduction 

in Neurospora were used to cross N. sitophila C.M.I. 60354 and isolate 
SY6. Mixed conidial suspensions of the two strains were prepared, 

from which single drops were then transferred onto each of the 
respective media in petri-dishes and distributed evenly over the 
surface using a sterile glass spreader (Dodge, 1930; Dodge and Swift, 
1935). After incubation at 27^0 for 11 days, visual estimates were 
made of the number of perithecia formed per plate. The most favourable 
medium was Westergaard and Mitchell's (WM).

B. Bulk collection of conidia
Large clumps of conidia were taken from test-tubes and mixed 

with sterile water. The resulting suspension was filtered aseptically 
under suction through a coarse filter paper in a small Buchner funnel. 
The filtrate consisted of an homogenous suspension of macroconidia 
devoid of large mycelial fragments (Ryan, 1948). To collect dry 
conidia, large clumps of conidia were transferred directly from the 

tubes to sterile glass vials.

C. Bulk collection of ascospores
Ascospores were collected by washing them off the lid of 

petri-dishes and suspending them in sterile distilled water. Care 

was taken to exclude as many conidia as possible. These were separated 
from the contaminating conidia on the basis of density by allowing 
them to settle several times through a column of water (Goddard,
1935). The ascospores were further rinsed free of conidia by centri
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fugation in 5 changes of sterile distilled water.

D. Determination of spore density
The density of a suspension of conidia or ascospores was 

determined by means of a spectrophotometer (Pye Unicam SP-500).
This machine had previously been calibrated to read in terms of 

concentration of conidia or ascospores; the calibration was a straight 
line originating at the junction of the axis measuring the spectro
photometer reading and that measuring the dilution of the conidial/ 
ascospores suspension. The number of conidia/ascospore in the un-/ 
diluted suspension was determined in a haemacytometer (Ryan, 1948).
A concentration of 1 x 10^ conidia per ml was chosen as one dilute 
enough to allow rapid germination yet concentrated enough to give 
about 100 conidia in each microscopic field at x400 magnification.
The concentration of ascospores was not always determined this way as 
it was difficult to obtain similar spectrophotometric readings when 
dealing with suspensions comprising dark-coloured, pale coloured or 
white ascospores at the same concentration. However, in each 
observation at X400 magnification at least 100 ascospores were 
counted in each field.

E. Heat activation of ascospores
1

The ascospores were introduced into capillary tubes (ex

ternal diameter approx. 1.0 mm). The tubes were placed at the de
sired temperature in a water-bath constant to ±0.03^. At the 
termination of the heating procedure the tubes were immersed in 
cold water (Goddard, 1935).
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F . Determination of percentage germination
A drop of melted WM agar cooled to 44°C was spread onto a 

sterile cover-slip using a wire loop, the end of which was shaped in 
the form of a triangle. A drop of spore suspension was added and 
the cover slip sealed to a cavity slide with petroleum jelly. It 
was then incubated at 27°C and readings taken for 8 h at 2 h intervals. 
For each experiment, three different spore samples were used.

The percentage germination was determined by counting 300 - 350 
spores under the microscope for each sample. For conidia, germination 
is characterised by the emergence of germ hyphae. These do not possess 
a wall as prominent as that around the spores and this allows easy 
discrimination between dumb-bell shaped spores and those which are 
germinating (Ryan, 1948). Ascospores germinate from a pore in each 
end. A rather large globule or vesicle is first extruded and from 

this usually two germ tubes develop and grow out in opposite directions 
(Shear & Dodge, 1927).

The spores were recorded as germinated or ungerminated and every 
percentage was based on counts of more than 900 spores.

VI PHYSIOLOGICAL EXPERIMENTS
A. Growth of Neurospora strains on bread

Spore suspensions were made up from 4-day old cultures 
growing on WM medium incubated at 27°C. 0.05 ml of each suspension

was absorbed into sterile antibiotic discs (diam. 14 mm)each of 
which was pinned onto the centre of a slice of fresh white bread which 
had been UV irradiated (15 Watts) for 1 h. Preliminary experiments
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conducted to observe growth of Neurospora on bread exposed to UV and 
on bread that was not so exposed, showed no significant difference 

in the rate of growth. Each slice was transferred aseptically to a 
sterile sachet. This was provided with a perforated humidifying tube 

(diam. 15 mm) containing sterile water to regulate moisture content.
The sealed sachets were incubated at 27°C.

B. Effect of heat flashes
Spore suspensions were made, heat-treated and the percentage 

germination determined as described previously. Delayed germination 
occurring after 8 h was confirmed using apparatus used in the water- 
activity experiment at water activities of 0.90, 0.95, 0.99 and 1.00 
(see below). The apparatus was incubated at 30°C and at room 
temperature (25°C).

C. Effect of water activity
Thin transparent agar film strips (21 x 8 mm) were prepared 

from dried 3 mm thick agar plates and sterilised by exposure to 1:2- 
epoxy propane liquid vapour at 20°C for 24 h.

The culture chambers (diag. A) were similar to those used by Ayerst 
(1969). 4 ml of potassium hydroxide solution was used to regulate the
relative humidity of the air in the tubes at concentrations needed to 
give water activities of 0.70, 0.75, 0.80, 0.85, 0.90 and 0.95.

(Solomon, 1951). Sodium chloride solution was used to give a water 
activity of 0.99 (Robinson and Stokes, 1959).

The tubes with the controlling solutions and the agar strips were
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Diagram A : Culture chamber used in water-activity  
experiments.
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assembled aseptically and incubated at temperatures of 20°, 27°, 37° 
and 45° for 3 to 4 days to allow moisture equilibration. The tubes 
were placed in cardboard boxes to buffer them against the slight temp
erature fluctuations occurring during incubation.

Spore suspensions were prepared by pouring 10 ml of 0.05% Tween 
80 solution containing glass beads onto a slope culture of the required 
strains. The slope was gently shaken to give a dense suspension of 
spores which was filtered, minus the beads, through a sterile milli- 
pore filter. The spores were washed with 20 ml sterile distilled 
water, then the filter was removed aseptically and placed onto a moist 
sterile filter paper in a glass petri-dish. A thick layer of spores 
was obtained by this method giving enough to inoculate one series of 
tubes by touching the agar strip onto the suspension.

Measurement of the rate of linear growth of a fungal colony along 
a strip was carried out using the apparatus illustrated in Diag. B.
The tube containing the colony to be measured was held by a clip and 
illuminated so that its image could be projected at x3.46 magnification 
by an anastigmatic lens (focal length 35 mm, f 3.5) onto a ground 
glass screen. When the distance from the edge of the colony to the 
end of the strip exceeded 8 mm, further growth was measured with a 
ruler giving measurements accurate to 0.5 mm. Growth of the colcbies 

along the strips was measured at intervals varying between 4 h and 28 
days depending upon the rate of growth.

D . Effect of food additives
Growth tubes 20 mm diam. and 50 cm long and similar to those
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Diagram B : Plan of apparatus for measuring growth of 
Neurospora on agar strips.
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used by Ryan et al. (1943) were made. They were bent through approx. 

45° about 6 cm from each end. Both ends were plugged with polyurethane 
foam bungs and these covered with aluminium foil prior to autoclaving 
at 121°C for 15 min.

40 ml of WM medium with additives at concentrations of 0.1%, 0.2%, 
and 0.3% w/w were autoclaved at 121°C for 15 min and cooled to 44°C 
before being transferred aseptically to the growth tubes and allowed to 
solidify at room temperature. In experiments to ascertain any effects 
of acidity on growth,the media were buffered with 0.1 N NaOH to a pH 
of 6.5. Also, HCl was added to the WM media to achieve and equivalent 
pH to that of 0.1%, 0.2% and 0.3% propionic acid.

Spore suspensions were made by transferring conidia into a solution 
of h strength Ringer's solution with 0.5% Tween 20. Each suspension 
was lawned onto a WM media in 9 cm petri-dishes and the plates incubated 
at 27°C overnight to achieve a mycelial mat. Blocks of agar 1 cm^ were 
cut out and inoculated aseptically on to both ends of growth tubes 

containing various concentrations of the additives. Measurements were 
made within a period varying from 12 h up to a week.

VII. POPULATION STUDIES

A. Isolate morphology
Conidial colour assessed by 'the single blind test' was 

scored for cultures after two transfers onto Neurospora Minimal 

Medium (NMM) agar slants incubated at 25°C in an illuminated incubator. 
Similar transfers were made on to WM agar slants and incubated at 25°C. 
They were scored as protoperithecial or non-protoperithecial.
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Conidial size was measured on diluted spore suspensions using a 

micrometer eyepiece at xlOOO magnification. The mean of two measure

ments taken at right angles was made for over 500 conidia per isolate.

B. Crossing experiments
The isolates obtained frcan the various sources mentioned 

earlier, were crossed with both mating-types of authenticated reference 
strains (testers) on slants of WM medium in 12 x 75 mm tubes. Conidia 
from both the tester and the isolate to be identified were transferred 
directly on to the same agar slant. It was then incubated at 27°C.
The procedure was repeated for every tester. Crosses with the same 
species may typically be expected to produce abundant perithecia with 
beaks from which a high percentage of dark-coloured ascospores are 
ejected 7 to 21 days after fertilization. They were scored by 
counting with a binocular microscope at least 300 ascospores that had 
been ejected onto the surface of the tubes.

To analyse the progeny produced between crosses, it was necessary 

to perform ascus dissection. Black perithecia of appropriate maturity 

were removed from the cultures and washed in five to six changes of 
sterile distilled water to remove conidial contamination. To soften 
the tough perithecial walls and kill any remaining conidia, the peri
thecia were transferred to a few drops of fresh 2% sodium hypochlorite 

and 1.5% ethyl alcohol solution for 3 to 4 min (Prakash, 1963).
Further careful washing in three to four changes of sterile distilled 

water was carried out before placing them on a petri-dish containing 
4% agar. The perithecia were squeezed open with a fine glass point and 
the asci collected in a drop of sterile water. Asci containing eight
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spores in linear order were attached to each other at their bases and 

extended radially from point of attachment. Such clusters of asci 
were pulled to one end of the dish and each ascus was separated with 
a pair of sharply pointed glass needles. Only complete asci were 
spread. A drop of water fron a pipette facilitated the movement of 
the asci from one end of the petri dish to the other. The agar was
then allowed to dry off before dissecting asci. After segregating 
the ascospores from each ascus in linear fashion under a binocular 

microscope, the petri-dish was placed in a 60° oven for 20 min to 
activate the ascospores. Each ascospore was then transferred 
directly into tubes containing the WM medium and incubated at 27°C.

C. Crossing experiments to observe pattern of perithecium
formation.
Preliminary crossing experiments were conducted using a 

modified Westergaard and Mitchell medium in which 0.8 g/1 of 1- 
sorbose was added and the concentration of sucrose was reduced to 

1 g/1 (Tatum et ai., 1949). The medium was chosen so as to reduce 
the extensive aerial growth. However, poor growth and an apparent 
reduction in the degree of protoperitheciality were observed 

amongst the wild isolates growing on this medium. Instead, the 
Westergaard and Mitchell was used in such crosses. A selection of 
wild isolates of Neurospora was crossed with N. crassa testers SY 4 
and SY 5. Conidia from both the tester and the isolate were trans
ferred directly on to opposite sides of the plate which was incubated 

at 27°C.



SECTION 2: RESULTS AND DISCUSSIONS
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PART I. CULTURAL BEHAVIOUR OF NEUROSPORA

It was important to investigate the effects of cultural conditions 

on growth and reproduction of Neurospora so that appropriate procedures 
could be adopted in future physiological and population studies of 
this fungus.

I. Results
A. Choice of Media

Crosses of Neurospora strains wild-type SY 6 and N. sitophila 
CMI 60354 were performed on a variety of media and visual estimates 
made of the number of perithecia formed (Table A). An analysis of 
variance showed that WM medium was the most favourable for perithecium 
production. Also observed was an interesting stimulatory effect of 
sucrose when added to MEA.

The WM medium was also chosen for maintenance of stock cultures 
in order to help distinguish between the protoperithecial and non- 
protoperithecial strains. WM medium enhances conidial growth and 

extreme care must be taken when handling cultures growing in this 
medium. The preparation is somewhat tedious as the various salts 

need to be dissolved separately with biotin and trace elements 
prepared fresh each time. Corn-meal agar provides a suitable 
alternative.

B. Germination of spores with respect to age, condition of 

storage and temperature of storage
i. Age of spores

The conidia used for this experiment were those of
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Table A. Number of perithecia formed by crossing SY 6 and CMI 50354 
on different media.

Media I
Petri-dish

II
number

III Total Mean

3% Malt + 0.5% sucrose 72 288 188 548 183
3% Malt + 1.0% sucrose 82 171 206 459 153
3% Malt + 1.5% sucrose 274 109 288 671 244
3% Malt + 2.0% sucrose 298 446 618 1362 454

Corn-meal agar 253 268 301 822 274
Neurospora Minimal Medium 78 127 83 288 96
Westergaard and Mitchell 

Medium 411 573 673 1621 540
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wild-type SY 6 isolated from bread. Germination of conidia stored 

dry at 27°C for 3, 1, 13 and 20 days after collection was investigated 
(Fig. 1). It can be seen that the highest germination was attained 
after between 7 to 13 days storage at 27°C.

In the case of ascospores, the progeny of a cross between N. 

crassa strains CMI 147002 and 147003 were used. Germination of 
ascospores that had been kept for 1, 3, 7 and 14 days was determined 
by heat-treating them at 60°C for 20 min prior to incubation on WM 
medium (Fig. 2). It can be seen that 7-day old ascospores have the 
highest germination when they are heat-treated, necessary in the 
activation of ascospores. In an experiment where 7-day old asco
spores were used and subjected to heat-treatment, it was found that 
they were 80% viable after 8 hours. A sample from the same batch 
of ascospores left to germinate at 27°C without heat-treatment 
attained only about 20% viability (Fig. 3).

ii. Condition of storage
The conidia of 7- and 20-day old cultures of wild-type 

SY 6 were either stored 'dry' in sterile glass vials or 'wet' sus
pended in sterile distilled water in test-tubes and kept for 24 h 
at 4°c. The samples were removed from the refrigerator and the 
percentage germination determined (Fig. 4). From this experiment 
it is evident that conidia are able to survive low temperature of 

4°C when stored dry or wet and there is no significant difference 
when different ages of conidia are used.

iii. Storage temperature
Conidia of 7-day old wild-type SY 6 were collected in
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sterile glass vials and incubated at 4°C for 1, 3, 5 and 7 days.
Germination was compared with the germination of 1-day old conidia 

ostored at 27 c (Fig, 5). There was no significant difference in 
percentage germination of conidia between treatments.

II. Discussion
Westergaard and Mitchell's medium was found favourable for 

culture maintenance and crossing experiments. When Westergaard and 
Mitchell (1947) devised their synthetic medium, they noted that the 
C/N ratio seemed to be important in fertilization. Hirsch(1954) 
showed that by appropriate changes in the relative and absolute 
amounts of carbon and nitrogen at different stages, the sexual cycle 
of N. crassa was affected. Howevershe found that conditions which 
prevent exhaustion of nitrates always affected in a deleterious 
manner both the number and normal functioning of protoperithecia 
formed. The processes of fertilization and fruit-body formation, 
however, are not greatly affected by the presence of nitrate. The 
detrimental action of nitrates is only most marked when the organism 
used has been grown on a medium of definite C/N ratio.

The number of perithecia formed on malt agar increased with 

increasing concentration of sucrose added to the medium (Table A). 
Perhaps the explanation is similar to that provided by Hawker and her 

associates (Asthana and Hawker, 1936; Hawker, 1939, 1947, 1948;
Hawker and Chaudhuri, 1946) who showed that in Melanospora destruens^ 

Podospora sp., Sordaria fimicola, Chaetomium cochloides^ Melanospora 
zamiaef Ceratostomella adiposa and Pyronema confluens, the availability 
of hexoses (which was dependent upon the concentration of sucrose and
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hydrolysing ability of a particular fungus) and the ease of phos
phorylation of intermediates, e.g. fructose diphosphate, glucose 1- 
phosphate, were responsible for increased perithecium formation.

Although germination of conidia stored dry at 27°C was best 
after 7 to 13 days storage, substantial germinability was also detected 
in 20-day old conidia (Fig. 1). A further experiment was therefore 

conducted in order to determine the maximum storage time at different 

temperatures after which conidia of Neurospora spp. could still be 
found to be viable (Fig. 12).

In experiments with ascospores (Fig 2), it was observed that 
heat treatment markedly stimulated germination in older ascospores, 
but young ascospores responded only slightly. It was initially 
assumed that this was because whilst heat-shock was mandatory for 
germination of older ascospores which had become dormant with ageing, 
it could be detrimental to the younger ones and hence lower their 
percentage germination. However, some germination was detected in 
ascospores up to 14 days old (Figs. 2 and 3) indicating either that 

the time needed for the ascospores to become fully dormant was more 
than 14 days or heat-shock was not an obligate requirement for 
germination. Whatever the case, heat treatment resulted in asco

spores achieving higher germination.

The observation that heat activation by itself was not an 
obligate requirement for germination was significant since it was 
clearly reported by Shear & Dodge (1927) that ascospores of Neurospora 
were normally dormant. Once it was established that heat and 

chemical activation caused ascospores to germinate more readily.
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(Emerson, 1948) subsequent work with ascospores inevitably involved 

conditions where the existence of germination without such activation 
was probably missed.

The ability of ascospores to germinate without activation may 
have important implications to the infection cycle of this fungus in 
bakeries. Even though the viability may be reduced, the growth of 
Neurospora is such that these ascospores represent a potential source 

of infection. These considerations led to attention being given to 
the presence and detection of ascospores in bakery surveys during 

the present investigation.

Subsequent experiments (Fig. 4 and Fig. 5) were aimed at deter
mining favourable storage conditions whereby convenient and reproducible 

levels of germination could be attained. Besides being able to choose 
cultures that would produce optimum viability in physiological work, 
it was necessary to have the most efficient procedure of storing the 
massive number of isolates obtained from the two bakeries. As a 

result, monosporus isolates were routinely incubated at 27°c for 7 
days and then transferred to a storage temperature of 4*̂ C.
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PART II. PHYSIOLOGICAL ECOLOGY OF NEUROSPORA

The physiological experiments were conducted prior to the popu
lation studies. The widely held view (Shear & Dodge, 1927; 
Ramsbottom and Stephens, 1935; Christensen, 1949; Talbot, 1971;
Reib, 1973; Webster, 1978) was that N. sitophila was the principal 
Neurospora bakery contaminant. It was initially hoped that differ
ences in the physiology of N. sitophila, N. crassa and N. intermedia 
might be detected which could account for this. It was hoped that 
these experiments would be relevant to conditions prevailing in bak
eries and since the role of the bakery environment was thought likely 
to be important in determining the relative abundance of different 
species, temperature and moisture optima and limits were amongst 
the topics studied.

I. Results
A. Growth of Neurospora strains on bread

The growth of various species {N. sitophila CMI 63920, N. 

crassa CMI 147002, wild isolates SY 3 and SY 6) on bread were 
compared. The results are shown in Fig. 6. Plates (I, II, III, IV)
show growth of the various strains on bread. From this experiment, 

it would seem that there was no significant difference in the ability 
of different species of Neurospora to grow on bread. Hence, it 
was not a useful criterion for distinguishing between species.

B. Effect of heat-flashes
Spore suspensions of the various strains {N. sitophila 

CMI 63920, N. crassa CMI 147002 and wild-type SY 6) were heat treated
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at 70°C for 10 min, 60°C for 20 min and 50°C for 30 min respectively. 
After heat treatment, they were incubated at both 30°C and 27°C.
The results are displayed in Figs. 7, 8 and 9.

It is evident that conidia of the various strains used were
o okilled at heat-flashes of 60 C x 20 min and 70 C x 10 min. With N,c-rassa.

147002 & SY 6 however, germination was detected at heat flashes of 50°C
X 30 min.

C. Effect of water activity
Strains N. sitophila CMI 63920, N. crassa CMI 147002 

and wild-types SY 3 and SY 6 were used in this experiment.

The sequence of events after inoculation of an agar strip was 
as follows. There was a period varying between a few hours and 
several weeks during which no change in the appearance of the inoculum 
could be seen. This period will be called the latent period. When 
the fungus began to grow, the rate of growth along the agar strip 
increased fairly rapidly to a maximum at which point it remained 
virtually constant (i.e. a linear phase). This constant rate will 
be called the growth rate. The rate of extension of the fungus on 
each agar strip and the average rate on the three strips at each 
condition were calculated from the series of measurements made 
during the period of constant growth rate. These estimates of 
average growth rate were plotted graphically to show the effect of 

water activity at each temperature and of temperature at each water 
activity.



Plate I. Growth of N. sitophila CMI 63920 on bread

Plate II. Growth of N. crassa CMI 147002 on bread.
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Plate III. Growth of wild-type N. intermedia SY 3 on bread.

Plate IV. Growth of wild-type N. crassa SY 5 on bread
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Fig. 6 : Radial growth of Neurospora spp. growing on 

bread at 27"C.



—60—

The conditions of temperature and water activity at which growth 
rates of 0,5, 1.00, 1.50 and 2.0 mm/day would occur were then ob
tained by interpolation and used to construct the final diagrams 
(Figs. 10 and 11) in which the co-ordinates are temperature and 
water activity and the lines connect points of equal growth rates.
The points of these diagrams indicate conditions at which strips 
were incubated. Different types of point indicate different 
germination times.

D. Viability of stored Neurospora spp.
Conidia were harvested frcm 4-day old cultures of four 

strains, N.sitophila CMI 63920, N. crassa CMI 147002, and wild- 
types SY 3 and SY 6. Conidia of each strain were mixed thoroughly 
with flour and placed in sterile bottles. The bottles were then in
cubated at temperatures of 4°, 27°, 37° and 45°C. Every month, a 
1 g sample of the mixture of flour and conidia was taken from which 
dilution plates were prepared, and viability noted. The viability 
is represented by the number of germinating conidia observed. This
experiment was conducted over a period of 12 months.

Considerable difficulty was experienced obtaining an homogenous 
mixture of conidia and flour, manifest in the variable counts of 
viable spores at each dilution even when duplicates were used. Hence 
the numerical representation was replaced by three categories of 
germinability: high when the count was more than 50% from the start,

low when it was less than 50%, and zero.

Fig. 12 shows that conidia of all the strains remained viable for
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12 months when maintained at 4°C and were all killed at a rapid rate 
at an elevated temperature. However, wild-types SY 3 and SY 5 
survived at ambient temperatures for 6 mcnths, substantially longer 
than the CMI strains.

E. Effect of food additives

Three food additives commonly used in bakeries to combat 
fungal growth were investigated: propionic acid, sodium propionate
and calcium proprionate. Concentrations of 0.1%, 0.2% and the 
highest permitted level of 0.3% (w/w) were used.

For each strain, a growth line was calculated from the readings 
by linear regression. All regressions had a coefficient of deter
mination of 0.98 or better.

The first part of the experiment was to compare the effect of 
each additive at various concentrations upon each species of Neurospora 
(Fig. 13). Strains of Neurospora used for this experiment were wild 
types N. sitophila SY 201, N, crassa SY 4, N. intermedia SY 3.
With respect to effectiveness, propionic acid was the most effective, 
then calcium propionate and sodium propionate the least effective.

The second part of the experiment was to determine if one could 
distinguish between species on the basis of adding 0.1%, 0.2% and 
0.3% (w/w) of calcium propionate, the additive chosen on the basis 
of it being the most popularly used. Although there was a general 
trend for all the species used to be effected by the increasing 
concentrations of the additive, it was not possible to discern between 
the different species (Fig. 14).
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Fig. 12 ; V iability  of conidia of Neurospora spp 
in flour at different temperatures.
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Control
j- 0.1% Propionic acid
^  0.2% Propionic acid

0.3% Propionic acid
^  0.1% Sodium propionate
^  0.2% Sodium propionate

0.3% Sodium propionate 
0.1% Calcium propionate

L—  0.2% Calcium propionate
^  0.3% Calcium propionate
The two points for each line on the figures are 
estimated values on the y axis with known values 
on the X axis, derived from the calculated regression 
coefficients.
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Legend for F ig .14

wild-type N.sitophila SY 21 
j wild-type N.sitophila SY 77
^  wild-type N.sitophila SY 293
^ wild-type N.intermedia SY 16

wild-type N.intermedia SY 284
Lv-- wild-type N.intermedia SY 19
-8- wild-type N.crassa SY 12
^  ■ wild-type N.crassa SY 13

wild-type N.crassa SY 20

The two points for each line on the figures are 
estimated values on the y axis with known values 
on the X axis, derived from the calculated re
gression coefficients. ■
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0.1 %  calclHM prtplonalt

I
0 2 %  calcium prepiaiata.CH-»3O£_

0 3 Va calcium proplonata

Time (hrsJ

Fig. 14 : Effects of 0.1%. 0.2%. 0.3% calcium 
propionate upon wild isolates of 
Neurospora.
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An additional part of the experiment was to see if the effect 
of the additives was solely due to pH. Fig. 15 shows that HCl with 
the same pH as 0.1% and 0.2% propionic acid does not have the same 
inhibitory effect. Nevertheless, buffered propionic acid (pH ± 6.5) 

was much less inhibitory than when used unbuffered (Fig. 15). These 
two results suggested that it was the undissociated propionic acid 

that was the most potent aspect of propionate inhibition.

II. Discussion

The ability demonstrated by all the strains to grow on bread 
and showing no significant difference in the rate of growth suggest 
that there is no obvious dissimilarity among the strains with respect 
to substrate preference. It is very likely all the species find 
a suitable medium for growth in bread- However the wild-types SY 
3 and SY 6 were observed to grow slightly more vigorously than the 
CMI strains.

The heat-flash experiment was aimed particularly at duplicating 
temperature conditions in the bakeries. This was done in view of 

the published evidence concerning the effect of heat upon Neurospora 
being rather contradictory. Spores of one species of Neurospora 

may be more vulnerable to heat than others. This would then explain 
its dominance in bakeries. Again there was no apparent dissimilarity 
among the species in this respect and it was not possible to dis

criminate between the different species on this basis.

The water activity experiments were ideal for investigating 
variations in the temperature and moisture optima and limits of the
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various species. Using such an apparatus both parameters of tempera
ture and water-activity could be considered together. The results 
showed the strains having similar temperature ranges. With respect 
to the water activity, it was observed that wild-type SY 3 (later
identified as N, intermedia) had a wider a range. Such a resultw
argues against N. sitophila as the predominant species.

Similarly, there was no obvious difference in viabilities among 
the species when they were stored in flour at different temperatures, 
suggesting that the capacity to remain viable longer was not crucial 
for the onset of a predominant species. More interesting was the 
observation that wild-type strains could remain viable for extended 
periods at ambient temperatures when the CMI "laboratory artefacts" 
succumbed.

The effect of various food additives again showed that no part
icular species was more' or less susceptible than the others. Hence, 
it was not possible to make the conclusions that one species was 
favoured more than the others when both the environmental and sub

strate conditions were considered. For the various Neurospora species 

at least, there seemed to be a general similarity in environmental 
and substrate preferences.
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•Control
VH C I6 pH 0.2®/oP.A. •  Control
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Time (h rs j
20 SO 50 70CO

Fig. 15 ; Effects of HCl with equivalent pHs to 
0.1%, 0.2% Propionic acid and buffered 
Propionic acid (pH 6 .5 ).

The two points for each line on the figures are 
estimated values on the y axis with known values 
on the X axis, derived from the calculated re
gression coefficients.
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PART III. POPULATION STUDIES

As previously stated in the introduction, there is a real need 
for studies of natural populations in order to ascertain the taxo

nomic status of the red bread mould and also for understanding such 
fundamentals as variation, dispersal and breeding systems.

I. LIST OF ISOLATES OBTAINED
The aim of isolating Neurospora from the various sources was 

primarily to obtain materials of varied origins, hence offering a rich 
source of variants useful for the purpose of this study.

A. Results

345 putative Neurospora isolates were isolated from silage 
(GRI), Indonesia ontjom, wheat grains, flour, bread, crumpets, 
bakery dust and air and from contaminated bread from the Weston 

Research Labs. (Table B). 315 of the isolates were collected from
Bakery A (Bristol) and Bakery B (Cardiff) during a survey conducted 

from September 1978 to January 1979, as can be seen in Table B.

i. Flour and wheat
7 isolates were obtained from wheat and from flour 

namely SY 16, SY 17, SY 18, SY 19, SY 21, SY 22 and SY 23 (Table B).

ii. Silage

2 isolates (SY 1 and SY 2) were received from the 
GRI (originally isolated from silage).



Additional Legend to Table B

The designation of strain nos. from 1 to 136 is derived by- 
grouping the various isolates on the basis of the following 
characteristics :
1. Protoperithecial (P) or non-protoperithecial (p) ;

2. Colour (salmon pink - P; bright salmon pink - BSP;
orange - O; saffron - S).

3. Mating Type (A or a)
*4. Crossing behaviour with N. crassa SY 4 and SY 5

*5. Crossing behaviour with N. sitophila SY 78 and SY 201
*6. Crossing behaviour with N. intermedia #2A and #lla

*The percentage dark coloured ascospores were categorised
at intervals of 5% e.g. O to 5%, 6 - 10%, 11 - 15%...95 - 100%
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Table B. Natural isolates of Neurospora spp.

Isolate Source Date
Collected

Morphology 
Non/proto-

Strain
perithecial Colour

SY 1 GRI P SP 56
SY 2 silage P SP 68
SY 3 crumpet (WRL) P 0 134
SY 4 dust (Leicester) P SP 62
SY 5 dust (Leicester) 2 SP 76
SY 6 bread (Bath) P SP 49
SY 7 bread (Bath) P SP 73
SY 8 bread (Bath P SP 71
SY 9 ontjom (Indonesia) P SP 104
SY 10 ontjom (Indonesia) P s 136
SY 11 ontjom (Indonesia) P s 135
SY 12 bread (WRL) P SP 75
SY 13 bread (WRL) P SP 72
SY 14 bread (WRL) P SP 50
SY 15 bread (WRL) P SP 24
SY 16 wheat (English) p o 130
SY 17 wheat (Canadian) P o 131
SY 18 wheat (Australian) P o 129
SY 19 wheat (American) p 0 132
SY 20 bread (Nottingham) P SP 38
SY 21 flour (Bath) P BSP 81
SY 22 flour (Bath) P BSP 83
SY 23 wheat (Danish) P SP 80
SY 24 bread (Bath) P SP 2
SY 25 air (Bakery A) 28.9.78 P SP 73
SY 26 air (Bakery B) 28.9.78 P SP 57
SY 27 air (Bakery B) I I P SP 74
SY 28 bread (Bakery B) I I P SP 55
SY 29 bread (Bakery B) I I P SP 39
SY 30 bread (bakery B) I I P SP 48
SY 31 bread (Bakery B) I I P . SP 4
SY 32 bread (Bakery B) I I P SP 28
SY 33 bread (Bakery B) I I P SP 18
SY 34 bread (Bakery B) I I P SP 55
SY 35 bread (Bakery B) I I P SP 55
SY 36 crumpet (Bakery B) I I P SP 49
SY 37 crumpet (Bakery B) I I P SP 50
SY 38 crumpet (Bakery B) I I P SP 55
SY 39 bread (Bakery B) I I P SP 49
SY 40 bread (Bakery A) I I P SP 55
SY 41 bread (Bakery B) I I P SP 43
SY 42 bread (Bakery B) I I P SP 43
SY 43 bread (Bakery B) I I P SP 43
SY 44 bread (Bakery B) I I P SP 54
SY 45 bread (Bakery A) I I P SP 48
SY 46 bread (Bakery A) I I P SP 54
SY 47 bread (Bakery B) I I P SP 55
SY 48 bread (Bakery B) I I P SP 37
SY 49 dust (Bakery B) I I P SP 65
SY 5o dust (Bakery B) P

SP 40
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Isolate Source Date
Collected

Morphology
Non/proto- Colour
perithecial

Strain

SY 51 dust (Bakery B) 28.9.78 P SP 75
SY 52 dust (Bakery B) P SP 26
SY 53 dust (Bakery B) P SP 49
SY 54 dust (Bakery B) P SP 38
SY 55 dust (Bakery A) P SP 55
SY 56 dust (Bakery A) 5.10.78 P SP 20
SY 57 dust (Bakery A) P SP 55
SY 58 dust (Bakery A) P SP 27
SY 59 air (Bakery A) P SP 24
SY 60 air (Bakery A) P SP 54
SY 61 bread (Bakery A) P SP 48
SY 62 air (Bakery B) 6.10.78 P SP 55
SY 63 bread (Bakery A) 5.10.78 P SP 23
SY 64 bread (Bakery A) P SP 8
SY 65 bread (Bakery A) P SP 56
SY 66 bread (Bakery A) P SP 47
SY 67 bread (Bakery A) P SP 55
SY 68 bread (Bakery A) P SP 60
SY 69 bread (Bakery A) P SP 49
SY 70 bread (Bakery A) P SP 31
SY 71 bread (Bakery A) P SP 55
SY 72 crumpet (Bakery B) 6.10.78 P SP 38
SY 73 bread (Bakery B) P SP 40
SY 74 bread (Bakery B) P SP 114
SY 75 bread (Bakery B) P SP 113
SY 76 W. Germany 9.10.78 P BSP 128
SY 77 W. Germany P BSP 85
SY 79 W. Germany P BSP 128
SY 80 W. Germany P BSP 127
SY 81 W. Germany P BSP 127
SY 82 bread (Bakery A) 5.10.78 P SP 55
SY 83 bread (Bakery A) P SP 55
SY 84 bread (Bakery B) 6.10.78 P SP 40
SY 85 crumpet (Bakery B) P SP 55
SY 86 breâd (Bakery B) P SP 54
SY 87 bread (Bakery B) P SP 55
SY 88 bread (Bakery B) P SP 35
SY 89 bread (Bakery B) P SP 44
SY 90 bread (Bakery B) P SP 61
SY 91 bread(Bakery B) P SP 55
SY 92 bread (Bakery B) P SP 42
SY 93 bread (Bakery B) P SP 55
SY 94 bread (Bakery B) P SP 70
SY 95 bread (Bakery B) P SP 54
SY 96 bread (Bakery B) P SP 38
SY 97 crumpet (Bakery B) P SP 50
SY 98 bread (Bakery A) 5.10.78 P SP 55
SY 99 bread (Bakery B) 6.10.78 P SP 56
SY 100 bread (Bakery A) 5.10.78 P SP 55
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Isolate Source Date
Collected Non/proto-

perithecial Colour Strain

SY 101 bread (Bakery A) 5.10.78 P SP 56
SY 102 crumpet (Bakery B) 6.10.78 P SP 66
SY 103 bread (Bakery B) P SP 55
SY 104 dust (Bakery A) 5.10.78 P SP 55
SY 105 dust (Bakery A) P SP 55
SY 106 dust (Bakery A P SP 55
SY 107 dust (Bakery B) 6.10.78 P SP 49
SY 108 dust (Bakery B) P SP 55
SY 109 dust (Bakery A) 5.10.78 P SP 54
SY 110 dust (Bakery B) 6.10.78 P SP 54
SY 111 air (Bakery A) 13.10.78 P SP 18
SY 112 bread (Bakery A) 11 P SP 55
SY 113 bread (Bakery A) I t P SP 55
SY 114 bread (Bakery A) I I P SP 54
SY 115 bread (Bakery A) I I P SP 58
SY 116 bread (Bakery A) II P SP 38
SY 117 bread (Bakery A) I I P SP 9
SY 118 crumpet (Bakery A) II P SP 7
SY 119 crumpet (Bakery A) I I P SP 26
SY 120 bread (Bakery A) I I P SP 5
SY 121 bread (Bakery A) II P SP 33
SY 122 crumpet (Bakery A) I I P SP 55
SY 123 crumpet (Bakery A) II P SP 42
SY 124 crumpet (Bakery A) I I P SP 15
SY 125 crumpet (Bakery A) II P SP 22
SY 126 crumpet (Bakery A) I I P SP 43
SY 127 bread (Bakery A) I I P SP 26
SY 128 bread (Bakery A) I I P SP 54
SY 129 crumpet (Bakery A) 11 P SP 105
SY 130 bread (Bakery A) I I P SP 94
SY 131 crumpet (Bakery A I I P SP 38
SY 132 crumpet (Bakery A) I I P SP 38
SY 133 crumpet (Bakery A) I I P SP 29
SY 134 crumpet (Bakery A) I I P SP 12
SY 135 crumpet(Bakery A) II P SP 34
SY 136 crumpet (Bakery A) II P SP 55
SY 137 bread (Bakery A) II P SP 50
SY 138 crumpet (Bakery A) II P SP 44
SY 139 crumpet (Bakery A) II P SP 19
SY 140 crumpet (Bakery A) II P SP 26
SY 141 crumpet (Bakery A) II P SP 17
SY 142 crumpet (Bakery A) II P SP 43
SY 143 crumpet (Bakery A) II P SP 31
SY 144 crumpet (Bakery A) II P SP 55
SY 145 bread (Bakery A) II P SP 17
SY 146 bread (Bakery A) II P SP 49
SY 147 bread (Bakery A) P SP 11
SY 148 bread (Bakery A) I I P SP 52
SY 149 bread (Bakery A) I I P SP 60
SY 150 bread (Bakery A) I I P SP 100
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Isolate Source
Date

Collected
Morphology

Non/proto-
perithecial Colour

Strain

SY 151 bread (Bakery A) 13.10.78 P SP 56
SY 152 bread (Bakery A) P SP 55
SY 153 bread (Bakery A) P SP 93
SY 154 bread (Bakery A) _P SP 97
SY 155 bread (Bakery A) P SP 94
SY 156 bread (Bakery A) P SP 103
SY 157 bread (Bakery A) P SP 113
SY 158 bread (Bakery A) P SP 100
SY 159 bread (Bakery A) P SP 105
SY 160 crumpet (Bakery A) P SP 89
SY 161 crumpet (Bakery A) P SP 49
SY 162 bread (Bakery A) P SP 53
SY 163 bread (Bakery A) P SP 91
SY 164 bread (Bakery A) P SP 1
SY 165 bread (Bakery A) P SP 3
SY 166 bread (Bakery A) P SP 16
SY 167 crumpet (Bakery A) P SP 2
SY 168 air (Bakery B) 17.10.78 P SP 48
SY 169 crumpet (Bakery B) P SP 48
SY 170 crumpet (Bakery B) P SP 42
SY 171 crumpet (Bakery B) P SP 54
SY 172 crumpet (Bakery B) P SP 56
SY 173 crumpet (Bakery B) P SP 41
SY 174 crumpet (Bakery B) P SP 45
SY 175 crumpet (Bakery B) P SP 54
SY 176 crumpet (Bakery B) P SP 68
SY 177 bread (Bakery B) P SP 92
SY 178 bread (Bakery B) P SP 61
SY 179 crumpet (Bakery B) P SP 54
SY 180 crumpet (Bakery B) P SP 86
SY 181 crumpet (Bakery B) P SP 66
SY 182 crumpet (Bakery B) P SP 54
SY 183 crumpet (Bakery B) P SP 54
SY 184 crumpet (Bakery B) P SP 54
SY 185 bread (Bakery B) P SP 36
SY 186 crumpet (Bakery B) P SP 51
SY 187 bread (Bakery B) P SP 57
SY 188 bread (Bakery B) P SP 42
SY 189 bread (Bakery B) P SP 54
SY 190 crumpet (Bakery B) P SP 113
SY 191 crumpet (Bakery B) P SP 23
SY 192 crumpet (Bakery BX P SP 26
SY 193 crumpet (Bakery B) P SP 55
SY 194 crumpet (Bakery B) P SP 48
SY 195 crumpet (Bakery B) P SP 49
SY 196 bread (Bakery B) P SP 65
SY 197 bread (Bakery B) P SP 113
SY 198 bread (Bakery B) P SP 55
SY 199 crumpet (Bakery B) P SP 55
SY 200 bread (Bakery B) P SP 55
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Isolate Source Date
Collected

Morphology
Non/proto-
perlthecial Colour

Strain

SY 201 crumpet (BekAry B)
SY 202 bread (Bakery b )
SY 203 crumpet (Bakery BX
SY 204 bread (Bakery B)
SY 205 bread (Bakery B)
SY 206 bread (Bakery B)
SY 207 crumpet (Bakery B)
SY 208 bread (Bakery B)
SY 209 dust (Bakery A)
SY 210 dust (Bakery A)
SY 211 dust (Bakery A)
SY 212 dust (Bakery A)
SY 213 dust (Bakery B)
SY 214 dust (Bakery B)
SY 215 dust (Bakery B)
SY 216 dust (Bakery B)
SY 217 crumpet (Bakery B)
SY 218 crumpet (Bakery A)
SY 219 crumpet (Bakery A)
SY 220 crumpet (Bakery A)
SY 221 crumpet (Bakery A)
SY 222 bread (Bakery A)
SY 223 crumpet (Bakery A)
SY 224 crumpet (Bakery A)
SY 225 bread (Bakery A)
SY 226 bread (Bakery A)
SY 227 crumpet (Bakery A)
SY 228 crumpet (Bakery A)
SY 229 crumpet (Bakery A)
SY 230 crumpet (Bakery A)
SY 231 crumpet (Bakery A)
SY 232 crumpet (Bakery A)
SY 233 crumpet (Bakery A)
SY 234 bread (Bakery A)
SY 235 bread (Bakery A)
SY 236 bread (Bakery A)
SY 237 crumpet (Bakery A)
SY 238 crumpet (Bakery A)
SY 239 bread (Bakery A)
SY 240 crumpet (Bakery A)
SY 241 bread (Bakery A)
SY 242 bread (Bakery A)
SY 243 bread (Bakery A)
SY 244 bread (Bakery A)
SY 245 crumpet (Bakery A)
SY 246 bread (Bakery A)
SY 247 bread (Bakery A)
SY 248 crumpet (Bakery A)
SY 249 bread (Bakery A)
SY 250 bread (Bakery A)

17.10.78

13.10.78

17.10.78

27.10.78

p BSP 126
p SP 55
p SP 54
p SP 54
p SP 69
p SP 61
p SP 56
p SP 66
p SP 56
p SP 48
p SP 13
p SP 63
p SP 55
p SP 54
p SP 54
p SP 54
p SP 87
p SP 94
p SP 97
p SP 52
_p SP 116
p SP 64
_p SP 115
p SP 18
p SP 79
p SP 106
p SP 101
p SP 106
p SP 106
p SP 114
p SP 115
p SP 100
p SP 112
p SP 88
p SP 56
p SP 115
p SP 41
p SP 57
p SP 47
p SP 92
p SP 117
p SP 124
p SP 96
p SP 123
p SP 48
p SP 67
p SP 112
p SP 113
p SP 120
p SP 107
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Isolate Source Date
Collected

Morphology
Non/proto-
perithecial

Strain
Colour

SY 251 bread (Bakery A) 27.10.78 P SP 107
SY 252 crumpet (Bakery A) P SP 120
SY 253 bread (Bakery A) P SP 121
SY 254 bread (Bakery A) P SP 88
SY 255 bread (Bakery A) P SP 115
SY 256 bread (Bakery A) P SP 54
SY 257 bread (Bakery A) P SP 120
SY 258 bread (Bakery A) P SP 113
SY 259 bread (Bakery A) P SP 54
SY 260 bread (Bakery A) P SP 37
SY 261 air (Bakery B) 2.11.78 P SP 119
SY 262 bread (Bakery B) P SP 37
SY 263 crumpet(Bakery B) P SP 121
SY 264 crumpet (Bakery B) P SP 119
SY 265 bread (Bakery B) P SP 59
SY 266 bread (Bakery B) P SP 110
SY 267 crumpet (Bakery B) P SP 78
SY 268 bread (Bakery B) P SP 115
SY 269 crumpet (Bakery B) P SP 77
SY 270 bread (Bakery B) P SP 78
SY 271 crumpet (Bakery B) P SP 58
SY 272 crumpet (Bakery B) P SP 109
SY 273 crumpet (Bakery B) P SP 58
SY 274 crumpet (Bakery B) P SP 58
SY 275 crumpet (Bakery B) P SP 67
SY 276 crumpet (Bakery B) P SP 33
SY 277 bread (Bakery B) P SP 21
SY 278 crumpet (Bakery B) P SP 18
SY 279 crumpet (Bakery B) P SP 122
SY 280 crumpet (Bakery B) P SP 56
SY 281 dust (Bakery A) 27.10.78 P SP 114
SY 282 dust (Bakery A) P SP 65
SY 283 dust (Bakery B) 2.11.78 P SP 65
SY 284 dust (Bakery B) P o 133
SY 285 air (Bakery B) 21.12.78 P SP 59
SY 286 crumpet (Bakery B) P SP 54
SY 287 bread (Bakery B) P SP 44
SY 288 bread (Bakery B) P SP 55
SY 289 bread (Bakery B) P SP 57
SY 290 bread (Bakery B) P SP 57
SY 291 bread (Bakery B) P SP 49
SY 292 bread (Bakery B) P SP 32
SY 293 bread (Bakery B) P BSP 84
SY 294 dust (Bakery B) P SP 56
SY 295 dust (Bakery B) P SP 55
SY 296 air (Bakery A) 10.1.79 P SP 54
SY 297 air (Bakery A) P SP 54
SY 298 air (Bakery A P SP 56
SY 299 air (Bakery A) P SP 30
SY 300 air (Bakery A) P SP 56
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Isolate Source Date
Collected

Morphology
Non/proto- colour 
perithecial

strain

SY 301 bread (Bakery A) 10.1.79 P SP 113
SY 302 bread (Bakery A) P SP 118
SY 303 bread (Bakery A) P SP 113
SY 304 bread (Bakery A) P SP 113
SY 305 bread (Bakery A) P SP 95
SY 306 bread (Bakery A) P SP 98
SY 307 bread (Bakery A) P SP 94^
SY 308 bread (Bakery A) P SP 111
SY 309 bread (Bakery A) P SP . 92
SY 310 bread (Bakery A) P SP 119
SY 311 bread (Bakery A) P SP 108
SY 312 bread (Bakery A) P SP 117
SY 313 bread (Bakery A) P SP 112
SY 314 bread (Bakery A) P SP 55
SY 315 bread (Bakery A) P SP 56
SY 316 bread (Bakery A) P SP 54
SY 317 bread (Bakery A) P SP 106
SY 318 bread (Bakery A) P SP 112
SY 319 bread (Bakery A) P SP 113
SY 320 bread (Bakery A) P SP 57
SY 321 bread (Bakery A) P SP 108
SY 322 bread (Bakery A) P SP 114
SY 323 bread (Bakery A) P SP 112
SY 324 bread (Bakery A) P SP 115
SY 325 bread (Bakery A) P SP 54
SY 326 bread (Bakery A) P SP 56
SY 327 bread (Bakery A) P SP 112
SY 328 bread (Bakery A) P SP 112
SY 329 bread (Bakery A) P SP 42
SY 330 bread (Bakery A) P SP 55
SY 331 bread (Bakery A) P SP 54
SY 332 bread (Bakery A) P SP 54
SY 333 bread (Bakeiry A) P SP 90
SY 334 bread (Bakery A) P SP 48
SY 335 crumpet (Bakery A) P SP 49
SY 336 crumpet (Bakery A) P SP 106
SY 337 bread (Bakery A) P SP 95
SY 338 bread (Bakery A) P SP 105
SY 339 bread (Bakery A) P SP 56
SY 340 bread (Bakery A) P SP 108
SY 341 dust (Bakery A) P SP 20
SY 342 dust (Bakery A) P SP 55
SY 343 dust (Bakery A) P SP 50
SY 344 dust (Bakery A) P SP 54
SY 345 dust (Bakery A) P SP 40

P - protoperithecial 
p - non-protoperithecial

SP - salmon pink 
BSP - bright salmon pink 

S - saffron 
O - orange



- 81-

iii. Bread and Crumpet

Isolates SY 4 and SY 5 were isolated from dust collected 
in a Leicester bakery by Mr. Riley of Spillers-French. Isolates SY 3,
SY 12, SY 13, SY 14 and SY 15 were isolated from bread and crumpet 
samples received from the WRL. Isolate SY 20 originated from bread 
received from Nottingham. Isolates SY 6, SY 7 and SY 8 were 
isolated from bread collected in Bath. In addition, we received 6 

isolates (SY 76, SY 77, SY 78, SY 79, SY 80 and SY 81) of bakery origin 
from West Germany. In a survey of two local bakeries, 186 isolates 
of Neurospora were isolated frcm bread and crumpet samples in 
Bakery A (Bristol) and another 129 isolates from Bakery B (Cardiff).

iv. Ontjom

Isolates obtained were designated SY 9, SY 10 and
SY 11.

B. Discussion
There have been conflicting reports as to the source of 

Neurospora in bakeries. For example, raw materials have often been 
implicated as the primary source by many authors. In the present 
investigation of the microflora of flour and wheat, several isolates 

of Neurospora were isolated and this provided further evidence of 
raw materials being responsible. Further, although the major source 
of Neurospora contamination is always said to be found within the bakery 

itself, there appears to exist sane correlation with the spore content 

of the external atmosphere. Isolates obtained from silage would 
therefore provide good examples of natural isolates. However, plates 
of RBC agar left exposed outside the two local bakeries throughout
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the survey yielded no Neurospora. Conidia in the atmosphere are
likely to be subjected to extremes in environmental conditions and 

hence their viability impaired. Also, an essential part of the 
project was to collect Neurospora contaminated bread and other bakery 
products so as to obtain isolates of true bakery origin. Collecting 

isolates from different parts of the country would provide more 

information of its distribution in the U.K. and also as materials 
needed for ecological and population studies. Many isolates had 
been collected from bread and crumpet. This confirms that they 
are natural substrates for Neurospora and represent good sources of 
this fungus. The isolates frcm ontjom were useful since they 
represented isolates of varied origin and thereby provided variants 
in the collection.
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II. MORPHOLOGICAL VARIATIONS
A. Results

i. Colour characteristics of cultures

17 cultures of different colour were collected and 
used. Five volunteers were given the task of selecting and putting 
the cultures into different colour groups in a"single-blind" experi
ment. It is evident from Table C that there were 4 distinct colour 
groups, which were designated saffron, salmon pink, bright salmon 
pink and orange (Plates V and VI) . It is also apparent that it was 
difficult to distinguish between cultures which were salmon pink and 
those which were bright salmon pink. Nevertheless the score for each 
of these groups was high, suggesting they are two distinct and 
separate groups.

A significant observation from this experiment was that there 

seemed to be a correlation between the colour of an isolate and its 
species designation obtained by interfertility tests. Orange was 

associated with N. intermedia, salmon pink with N. crassa and bright 
salmon pink with N. sitophila. Saffron coloured cultures were N. 
intermedia. The overall colour variations among the cultures can 
be seen in Table B.

ii. Proto-/non-protoperithecial characteristic of the 
cultures

The cultures were grown on WM medium to promote the 

formation of protoperithecial bodies (Plate VII). They were then 
scored (Table B) as being protoperithecial (P) or non-protoperithecial 
(p). One hundred and six isolates out of a total of 345 were found



Plate V. Colour variants of wild isolates of Neurospora spp. 
Extreme left - Pink salmon 
Middle left - Bright pink salmon 

Middle right - Orange 
Extreme right - Saffron.

Plate VI. Filtered conidial suspensions of wild isolates of Neurospora 
spp. showing the colour variants.
Top left - Pink salmon
Top right - Saffron
Bottom left - Orange
Bottom right - Bright salmon pink
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Table C. Colour Analysis by the Single-Blind Test

Isolate
Saffron

Culture Colour 

Salmon Pink
Bright
Salmon
Pink

Orange

SY 10 5/5 - - -

SY 21 5/5 - - -

SY 22 4/5 1/5 - -
SY 23 - 4/5 1/5
SY 45 - 4/5 1/5 -
SY 89 - 3/5 2/5 -
SY 194 - - 5/5 -

SY 78 - - 4/5 -
SY 80 - - 4/5 1/5
SY 201 - 2/5 3/5 -

SY 293 - - 4/5 1/5
SY 3 - - - 5/5
SY 16 - - - 5/5

SY 17 - - - 5/5
SY 18 - - - 5/5
SY 19 - - - 5/5
SY 284 - - - 5/5

5/5, 4/5 etc. denote number of answers scored by the 5 participants



Plate VII. Protoperithecial bodies of Neurospora 
(x400)
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to be protoperithecial.

iii. Conidial size
The mean conidial spore diameter of 500 spores from 

a number of isolates was measured. The total cumulative frequency 

of the various spore sizes was calculated and plotted on probability 
paper. A straight line would indicate a normal distribution. The 
advantages of using this method are as follows. Firstly, we can 
find the mean graphically at 50%. Secondly the standard deviation 
from the mean can be derived at 16% and 84% frequency level. Thirdly, 
the slope will show the degree of variability; the steeper the 
slope, the smaller the variability. Fourthly, non-normal distributions 
were immediately revealed as departures from a straight line.

It was initially hoped that such an analysis of the spore size 
could be used to characterise the different isolates into different 
species. It can be seen from Fig. 16 that this,was not the case 
and there was great variability and overlap between and within species.

B. Discussion
At the beginning of this study, it was assumed that the 

existing traditional taxonomic organisation of the genus would form 

an adequate framework for the identification and description of newly 
collected samples of Neurospora. Conventional criteria had been 

based on vegetative appearance such as differences in conidiation, 

pigmentation, gross morphology and had also stressed the size and 
shape of ascospores, asci and perithecia.
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It was noted that of conidial masses 4 different colours could 
be distinguished. The majority of the isolates were pink salmon in 
colour while 10 isolates (SY 21, SY 22, SY 76, SY 77, SY 78, SY 79,
SY 80, SY 81, SY 201 and SY 293) were bright salmon pink, 6 isolates 
(SY 3, SY 16, SY 17, SY 18, SY 19 and SY 284) were orange and 2 
isolates (SY 10 and SY 11) were saffron. As with the previous single 
blind test conducted with 17 isolates, the overall score for colour 
seemed related to species designation obtained by interfertility 
tests. All the isolates that were pink salmon were identified as 
N. crassa, the 10 bright salmon pink isolates as N. sitophila while 
the orange and saffron isolates as N. intermedia.

It has also been noted that 106 isolates were protoperithecial 
on the WM slopes. This feature is quite distinctive and easily 
recognisable. However, there is no correlation between this feature 

and the various species. The advantage of having such isolates in 
the collection is that we were able to initiate the sexual phase quite 
readily since the protoperithecial bodies acted as fertilising agents. 
Established protoperithecial isolates could also be used as tester 
strains.

In the measurement of the conidial size of various Neurospora 

strains, we found that the dimensions taken from such measurements 
showed considerable overlap in size between species, and certainly 
extensive variability within species. Dimensions taken from the 

literature also show a similar trend (see Fig. 17). Hence this trait 

is of limited diagnostic value because of their variability and 
overlap.
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4 Moreau-Froment5 Subramanian

Fig. 17 : Conidia sizes of Neurospora spp.
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Thus, where protoperithecial bodies and conidial size are 
concerned, the species cannot be distinguished from one another. How 

reliable colour can be used as a criterion is quite unknown without 
considering other reported species of Neurospora. However it is 

quite certain that criteria based on morphology are far less 
reliable and of limited value for classification. Species which have 
been formally described explicitly on morphological grounds can thus 
be questioned. However, morphological similarity of the Neurospora 

species is not itself reason for denying them species status.
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III. IDENTIFICATION OF ISOLATES BY CROSSING EXPERIMENTS

A. Selection of the various testers
Having decided to rely on crossing behaviour and fertility 

with known taxonomic status, it was necessary to find or synthesize 
suitable reference strains of each established species for use in test 

crosses. The reason for raising our own testers was because it was 
thought necessary to find testers which were closely related to our 

wild isolates, i.e. of similar gene pool. The FGSC testers are 
from genetically diverse sources and could be incompatible in some 

respect in crosses with British strains.

i. Results
For N, crassa, two isolates designated SY 4 and SY 5 

were selected. They had been received from Mr. Riley of Spillers-French 
and had been isolated fran a Leicester bakery, SY 4 in August 1976 
and SY 5 in January 1976. They were found to be highly compatible 
sexually (Table D) having good ascospore production. At least 90% 
of their ascospores were viable and dark-coloured.

In analysing progenies from a cross between CMI N. crassa 147002 
and 147003, it was noticed that the phenotypes F (fast growing)and f 

(slow growing) tended to segregate 1:1 on WM medium (with 0.8 g 1- 
sorbose, and 1 g sucrose). This was also true in crosses since both 
mating types and growth rate segregated 1:1 and recombined freely with 
each other (Table E). It was found that in a cross between SY 4 and 
SY 5 (both f - slow growing), mating type factors A and a segregated 
similarly i.e. 1:1. Hence in a cross between CMI N. crassa 147002 
and tester SY 4, we expected SY 4 to behave as CMI N. crassa 147003 

and indeed this was found to be so (Table E).
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Table P. Percentage of dark-coloured ascospores found in crosses 
between testers of each species.

Species
Mating Type

A a
*% dark-coloured 

ascospores

N. crassa SY 5 SY 4 100
N. sitophila SY 201 SY 78 99
N. intermedia # 2A #lla 98
with parents # 2A SY 3 80

# 1766 # 11a 98

*Percentage represents mean of 3 counts of at least 100 ascospores 
each.
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Table E. Analysis of progenies of crosses between N. crassa 
testers and the CMI strains.

A. Cross between N. crassa CMI strains

FI progeny

147002 X 147003
A.F a.f

* **A.F 11
a.f 12 A ; a = 20 : 24
A.f 8 F : f = 21 : 20
a.F 10

Total 42

B. Cross between wild isolates SY 5 and SY 4
SY5 X SY4 
A. X a.

FI progeny

C. Intercross between SY4 and N. crassa CMI 147002

SY4 X 147002 
a.f X A.F.

a = 20:13(0.25>p 
>0.20)t

FI progeny A.F 8
a. f 5 A : a = 14 : 11
A.f 6 F ; f = 15 : 11
a.F 6

Total 25

* Mating types denoted by A and a

** Growth rates denoted by F (fast growing) and f (slow growing) 
F = 0.91 ± 0.26 mm/h at 95% confidence limit 

f = 0.22 1 0.06 mm/h at 95% confidence limit, 
t Test for 1:1 ratio.
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The next step was to cross SY 4 and SY 5 with the FGSC testers 
(Table F). A cross of SY 4 and FGSC N. crassa #1838 resulted in the 
production of 88% dark-coloured ascospores. Similarly SY 5 with FGSC 

N. crassa #1690 produced 82%. Crosses with other FGSC testers pro
duced very few dark-coloured ascospores except with FGSC N. intermedia 

#1766 (24%), #1940 (25%) and FGSC N. tetrasperma #1271 (23%). Further 

crosses were made with CMI N. crassa and N. sitophila (Table G).

For N. sitophila, wild isolates SY 78 and SY 201 were selected,
SY 78 was received from Dr. Spicher, Germany and SY 201 was isolated 
from crumpet in Bakery B. They were selected on the basis of its 
crossing behaviour with each other (Table D) and with the FGSC and 
CMI testers (Tables F and G).

With N. intermedia, it was necessary to synthesize reference 
strains since the suspected N. intermedia in the collection were 
found to be of only one mating-type. Testers designated #2A and #lla 
are the F^ progeny derived from a cross between FGSC N. intermedia #1766 
and SY 3 which had been isolated from crumpet. Crosses with each 

other (Table D) and back crosses with the parents produced high per
centage of dark-coloured ascospores. Crosses with FGSC N, intermedia 

#1766 and #1767 produced 86% and 84% dark-coloured ascospores respect
ively. However, with FGSC N. intermedia #2316, only 43% dark-coloured 

ascospores were ejected and with FGSC N. tetrasperma #1270 produced 
50% dark-coloured ascospores (Table F). N. intermedia testers were 

unavailable from the CMI.
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Table F. Percentage dark-coloured ascospores found in crosses

between testers and FGSC tester strains.

**Percentage dark-coloured ascospores with:
Species FGSC No. N. crassa N. sitophila N. intermedia

SY4 SY5 SY201 SY78 #lla #2A

N. crassa
1838
1690

88 — 
82

R*

0

2

11

2664 5 97 98 0

N. sitophila
2665
2216

2
3 lOO

R
1

2217 2 97 0

1755 24 R 86 —

N. intermedia
1767
2316

R
7

R
0

84
43

1940 25 R R

N. tetrasperma
1270
1271

8
23

R

R
50

R

* R - rudimentary

** Percentage represents mean of 3 counts of at least 100 ascospores 
each.
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Table G . Percentage dark-coloured ascospores in crosses found 

between testers with CMI strains.

Species CMI No.
★★Percentage dark-coloured
N. crassa N, sitophila 
SY4 SY5 SY201 SY78

ascospores with:
N. intermedia 
#lla #2A

N. crassa
147002 71 - *R 0 -

147003 - 90 R - 3

63919 4 - R R -

N. sitophila 63920 - R 88 - R

60354 8 - 86 — 3 -

*R - rudimentary

** Percentage represents mean of 3 counts of at least 100 ascospores 

each.
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ii. Discussion

The selection of the testers was quite straight-forward. 

Two strains of opposite mating type were chosen from the collection 

for N, crassa and N. sitophila whilst that for N. intermedia were 
derived from a cross between a wild isolate and a FGSC N. intermedia 
tester. They were selected on a trial basis from other candidates 
because of high fertility, good ascospore production with a high count 
of dark-coloured ascospores and uniform morphology among progeny from 
crosses with each other, indicating that the chromosome sequence was 
similar and they did not carry gross rearrangements. Their authenticity 
was further confirmed with the FGSC and CMI testers.

B. Crosses of wild isolates with the various testers.
It has been established by Perkins and his co-workers (1976) 

that assigning Neurospora isolates to species by determining fertility 
and the production of dark-coloured viable ascospores in crosses with 
authenticated reference strains was the most practical and convenient 
method of determining that the isolate belonged to one of the estab
lished species. However, although they noted that various aspects of 
the crossing behaviour were indicative of the types of cross (intra- 
or interspecific), the potential of each crossing feature as a possible 
criterion for species delimitation was not considered. It was in 
this context that several features of crosses between the wild 
isolates and the testers were noted.

i. Results
345 putative Neurospora isolates were crossed with the 

various tester strains on WM slopes, 332 of these were of bakery origin
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(Table B). The following features in crossing behaviour were noted:

a. Time taken for perithecium formation
Data for time taken for perithecium formation in 

crosses between N. crassa, N. sitophila and N. intermedia testers and 
the wild isolates could be seen in Appendix II. The distribution of 
times taken to form perithecia were unimodal (Figs. 18, 19, 20) 

with all 3 testers but in crosses with N. crassa the mean time was 70% 
longer and the range larger (5-17 days) as compared to crosses with 
N. sitophila & N. intermedia (ranges of 4 - 9 days and 3 - 8  days 
respectively).

When identities of the wild isolates (determined on basis of six 
characters as seen in Tables B and H) were later included in an over
all consideration of the possibility of using time for perithecium 
formation as a criterion in species delimitation, there were two 
features that highlighted the limitation of using this aspect of the 
crossing behaviour. Firstly, whereas intraspecific crosses typically 
produced perithecia rapidly, those crosses between N. crassa testers 
and the wild isolates, (the bulk of which were identified as N. crassa) 

showed an overall delay in perithecium formation. In contrast, 
crosses with both the N. sitophila and N, intermedia testers showed 
rapid perithecium formation and could be regarded as highly fertile 
if the criterion of fertility be the rapidity by which perithecia were 
formed. Secondly, when the distributions of time taken for perithecium 

formation with N. sitophila and N. intermedia were compared, the 
distributions proved identical (Figs. 19, 20). In view of this, the 

use of fime taken for perithecium formation as a criterion for species
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delimitation would be highly impractical.

b. Time taken for ascospore ejection 

Histograms in Figs. 21, 22, 23 taken from the
data in Appendix II represent the relationship between percentages 
of wild isolates and time taken for ascospore ejection in crosses 

between N, crassa, N. sitophila and N. intermedia testers with the 
wild isolates. The ranges of distribution varied from 10 to 70 days 
in the N. crassa cross, 5 to 30 days in N. sitophila and 5 to 45 days 
in N, intermedia. On average, crosses with the N. sitophila and 
N. intermedia testers took only 70% and 90% of the time respectively 

when compared to N,crassa crosses. There was also no evidence to 
suggest that rapid shooting of ascospores was characteristic of an 
intraspecific cross (Figs. 21, 22, 23) since ascospores could be shot 
much earlier in an interspecific cross. The reliability of this 
criterion may therefore be questioned.

c. Time lapse between perithecium formation and asco

spore ejection
Histograms in Fig. 24 represent the relationship 

between number of isolates and number of days for ascospore ejection 

after perithecium formation in crosses between wild isolates and the 

N, crassa, N. sitophila and N. intermedia tester strains. The ranges 
of distribution varied frcm 2 to 40 days in the N. crassa cross,
3 to 20 days in N. sitophila and 4 to 40 days in N. intermedia. On 

average, crosses with N. sitophila and N. crassa both took only 70% 

of the time when compared with N. intermedia crosses. Further, when 
the identities of wild isolates (determined on the basis of six 

characters as seen in Tables B and H) were considered, there was no
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indication to suggest that there was any significant differences between 
the species with respect to delay or rapid ascospore ejection. It was 
also apparent that there was no correlation between the rapidity or delay 
of ascospore ejection and the colour of ascospores that were shot.
Dark and white coloured ascospores were found to be associated with 

both rapid and delayed ejections (Fig. 24).

The data could also be used to determine if there was any corre
lation between the time of perithecium formation and time to ascospore 
ejection beyond the obvious point that ejection occurs last. A pre
liminary analysis of data in Appendix II seemed to suggest that such a 
correlation existed since a majority of isolates that formed perithecia 
late tended to take a longer time to eject their ascospores. However 
this relationship could not be ascertained unambiguously since times for 
perithecium formation of isolates that produced late perithecia had 
not been recorded. Nevertheless the correlation coefficients from linear 
regression by the least squares method for the rest of the isolates 
(of which times of perithecium formation and ascospore ejection were 
noted) gave values that were very low, indicating the correlation to be 
a weak one for each test cross. In essence, this would mean that delay 
in perithecium formation appeared not to be related to delay in ascospore 

ejection. Similarly, as could be seen in crosses with N. sitophila and 
N . intermedia testers (Appendix II), rapid formation of perithecium 
did not necessarily result in early ejection of ascospores. Under 
these circumstances, it is apparent that the time lapse between peri

thecium formation and ascospore ejection together with other implications 
that may be associated with it are of dubious value for distinguishing 
species.
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d. Percentage of dark-coloured ascospores observed in 
crosses between various testers 

Histograms in Figs. 25, 26, 21 represent the 
frequency of the various percentages of dark-coloured ascospores ob
served in crosses between various testers with 332 wild isolates (Table 
H). There was significant variability between the wild isolates in their 

crossing behaviour with the testers (Figs. 25, 26, 27). Values to the 

extreme left (0-10%) were found to be typical of interspecific crosses 
(Plate VIII). Those to the right were of two broad groups: 1) The
high percentage of dark-coloured ascospores (>90%) indicated wild 
isolates to be of the same species as the respective testers (Plate IX);
2) The range of intermediate values for coloured ascospores (20-90%) 
observed in crosses with the testers was only confirmed to be intra
specific after testing with the FGSC testers (Table I).

An entirely separate group could be found in all these crosses, 
namely those that produced no ascospores. They either produced no 
perithecia or perithecia which remained rudimentary. Special attention 
was given to assigning such isolates to species since failure to cross 
could be for the following reasons: 1) they are different species from
the testers; 2) they could be of similar species but fertility could 

have been impaired by intraspecific factors; 3) certain isolates from 
this group sometimes take a longer time to produce viable dark-coloured 
ascospores for unknown reasons. However, an isolate that is infertile 
with one species reference strain, will often be found to make viable 

dark-coloured ascospores with other testers (Table I).

With testers //* crassa SY 4 and SY 5 (Fig. 25) only 55% of the isolates



Legend to Table H.

•k R-Rudimentary
* * Percentage represents mean of 3 counts of at least 100

ascospores each and taken to the nearest percent.
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Table H . Mating Types and Percentage dàrk-coloured Ascospores found 
in various tester strains

Deduced Percentage dark-coloured ascospores with:
[solate mating

type
N. , 

SY 4a
crassa 

SY 5A
N. sitophila 

SY 201a SY 78A
N. intermedia 
#lla #2A

SY 1 a - 98 — 1 — 15
SY 2 a - R* - 1 - 20
SY 3 a - 22 - 8 - 82
SY 4 a - 100 - 6 - 13
SY 5 A 100 - R - 3 -
SY 6 a - 94 - 5 - 6
SY 7 A 92 - 0 - 14 -
SY 8 A 56 - 3 - 6
SY 9 a - 84 - R - 11
SY 10 a - 34 - 6 - 86
SY 11 a 32 - 5 - 80
SY 12 A 99 - 8 - 2 -
SY 13 A 87 - 9 - 4 ■ -
SY 14 a - 94 - 4 - 11
SY 15 a - 59 - 4 - 10
SY 16 a - 12 - 2 - 61
SY 17 a - 15 - 2 - 84
SY IBo a - 14 - 5 - 55
SY 19 a - 25 - 8 - 52
SY 20 a - 77 - 2 - 9
SY 21 a - 10 - 100 - 0
SY 22 a - R - 100 - 7
SY 23 A R - 1 - 99 -
SY 24 a - O - 1 - 11
SY 25 A 92 - 3 - 13 -
SY 26 a - 99 - 5 - 16
SY 27 A 100 - 2 - 4 -
SY 28 a - 98 - 3 - 9
SY 29 a - 83 - 0 - 4
SY 30 a - 91 - 2 - 4
SY 31 a - 12 - 1 - 33
SY 32 a - 62 - 0 - 21
SY 33 a - 46 - 3 - 15
SY 34 a - 97 - 0 - 10
SY 35 a - 99 - 3 - 8
SY 36 a - 95 - 2 - 8
SY 37 a - 94 - 4 - 11
SY 38 a - 98 - 0 - 8
SY 39 a - 94 - 3 - 10
SY 40 a - 97 - 3 - 8
SY 41 a - 87 - 1 - 7
SY 42 a - 86 - 0 - 6
SY 43 a - 87 - 0 - 2
SY 44 a - 98 - 2 - 4
SY 45 a - 95 - 3 - 4
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Deduced Percentage dark-coloured ascospores with:
Isolate mating N, crassa N, sitophila N. intermedia

type SY-4a SY 5A SY 201a SY 78A #lla #2A

SY 46 a - 99 - 5 - 4
SY 47 a - 98 - 1 - 9
SY 48 a - 80 - 3 - 2
SY 49 a - R - 2 - 0
SY 50 a - 84 - 0 - 7
SY 51 A 100 - 7 - 3 -
SY 52 a - 65 - 0 - 8
SY 53 a - 92 - 0 - 8
SY 54 a - 80 - 1 - 7
SY 55 a - 98 - 3 - 6
SY 56 a - 51 - 1 - 6
SY 57 a - 98 - 3 - 6
SY 58 a - 64 - 4 - 11
SY 59 a - 97 - 0 - 4
SY 60 a - 91 - 2 - 3
SY 61 a - 39 - 8 - 12
SY 62 a - 98 - 0 - 9
SY 63 a - 57 - 0 - 8
SY 64 a - 21 - 1 - 11
SY 65 a - 97 - 4 - 12
SY 66 a - 90 - 1 - R
SY 67 a - 97 - 6 - 0
SY 68 a - 97 - 0 - 8
SY 69 a - 95 - 0 - 8
SY 70 a - 69 - 3 - 14
SY 71 a - 99 - 2 - 10
SY 72 a - 80 - 1 - 9
SY 73 a - 83 - 5 - 11
SY 74 a - 96 - 2 - 11
SY 75 a - 99 - 0 - 9
SY 76 A 3 - 100 - 0 -
SY 77 A 3 - 100 - 1 -
SY 78 A 3 - 100 - 0 -
SY 79 a - 4 - 98 - 1
SY 80 a - 0 - 96 - R
SY 81 A 2 - 87 - 1 -
SY 82 a - 97 - 0 - 8
SY 83 a - 100 - 0 - 8
SY 84 a - 81 - 2 - 9
SY 85 a - 98 - 1 - 8
SY 86 a - 100 - 0 - 0
SY 87 a - 100 - 1 - 6
SY 88 a - 72 - 4 - 18
SY 89 a - 89 - 4 - 12
SY 90 a - 96 - 7 - 8
SY 91 a - 96 - 4 - 7
SY 92 a - 88 - 4 - 4
SY 93 a - 100 - 0 - 10
SY 94 a - R - 8 - 42
SY 95 a - 99 - 3 - 3
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Deduced Percentage dark-coloured ascospores with:
Isolate mating N. crassa N. sitophila N, intermedia

type SY 4a SY 5A SY 201a SY 78A #lla #2A

SY 96 a - 76 - 4 - 9
SY 97 a - 95 - 2 - 15
SY 98 a - 100 - 4 - 9
SY 99 a - 100 - 2 - 15
SY lOO a - 99 - 4 - 9
SY 101 a - 99 - 3 - 15
SY 102 a - R - 4 - 9
SY 103 a - lOO - 2 - 8
SY 104 a - 99 - 2 - 6
SY 105 a - 100 - 4 - 9
SY 106 a - 99 - 4 - 10
SY 107 a - 93 - 4 - 6
SY 108 a - 99 - 3 - 10
SY 109 a - 99 - 3 - 0
SY 110 a - 99 - 4 - 9
SY 111 a - 50 - 2 - 13
SY 112 a - 97 - 3 - 10
SY 113 a - 96 - 1 - 9
SY 114 a - 97 - 5 - 0
SY 115 a - 94 - 1 - 3
SY 116 a - 79 - 2 - 7
SY 117 a - 29 - 3 - 2
SY 118 a - 23 - 1 - 7
SY 119 a - 65 - 0 - 10
SY 120 a - 20 - 3 - 0
SY 121 a - 75 - 4 - 7
SY 122 a - 97 - 1 - 9
SY 123 a - 88 - 1 - 3
SY 124 a - 41 - 10 - O
SY 125 a - 57 - 0 - 0
SY 126 a - 97 - 5 - 8
SY 127 a - 64 - 3 - 7
SY 128 a - 99 - 2 - 3
SY 129 a - 88 - 2 - 1
SY 130 a - 75 - 2 - 7
SY 131 a - 80 - 0 - 9
SY 132 a - 65 - 6 - 10
SY 133 a - 40 - 2 - 3
SY 134 a - 72 - 1 - 12
SY 135 a - 72 - 0 - 11
SY 136 a - 100 - 3 - 10
SY 137 a - 92 - 1 - 11
SY 138 a - 90 - 7 - 12
SY 139 a - 46 - 6 - 4
SY 140 a - 65 - 1 - 10
SY 141 a - 50 - 4 - 6
SY 142 a - 87 - 2 - 9
SY 143 a - 68 - 0 - 12
SY 144 a - 98 - 2 - 10
SY 145 a - 46 - 2 - 6
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Deduced Percentage dark-coloured ascospores with:Isolate mating N. crassa N. sitophila N. intermedia
type SY 4a SY 5A SY 201a SY 78A #lla #2A

SY 146 a — 93 — 4 - 6
SY 147 a - 30 - 4 - 10
SY 148 a - 94 - 8 - 0
SY 149 a - loo - 10 - 0
SY 150 a - 84 - 2 - 4
SY 151 a - 96 - 0 - 13
SY 152 a - 99 - O j - 8
SY 153 a - 69 - 0 - R
SY 154 a - 78 - 0 - 6
SY 155 a - 73 - 0 - 8
SY 156 a - 82 - 6 - 0
SY 157 a - 97 - 2 - 10
SY 158 a - 85 - 3 - 2
SY 159 a - 86 - 4 - 0
SY 160 a - 59 - 3 - 6
SY 161 a - 92 - 0 - 10
SY 162 a - 95 - 3 - R
SY 163 a - 67 - 4 - 8
SY 164 a - 5 - 4 - 0
SY 165 a - 7 - 2 - 5
SY 166 a - 48 - 1 - 0
SY 167 a - 8 - 1 - 0
SY 168 a - 94 - 0 - 0
SY 169 a - 91 - 1 - 0
SY 170 a - 89 - 0 - 4
SY 171 a - 96 - 4 - 0
SY 172 a - 98 - 3 - 12
SY 173 a - 81 - 0 - 18
SY 174 a - 89 - 5 - 28
SY 175 a - 100 - 2 - 0
SY 176 a - R - 1 - 20
SY 177 a - 67 - 0 - 13
SY 178 a - 96 - lo - 10
SY 179 a - 99 - 0 - 0
SY 180 a - 14 - 0 - R
SY 181 a - R - 0 - 10
SY 182 a - 98 - 1 - 0
SY 183 a - 100 - 2 - 0
SY 184 a - 97 - 1 - 0
SY 185 a - 75 - 4 - R
SY 186 a - 95 - 3 - 16
SY 187 a - 96 - 2 - 16
SY 188 a - 86 - 0 - 0
SY 189 a - 99 - 1 - 5
SY 190 a - 98 - 5 - 10
SY 191 a - 60 - 4 - 10
SY 192 a - 61 - 4 - 10
SY 193 a - 99 - 4 - 10
SY 194 a - 95 - 5 - 3
SY 195 a - 94 - 2 - 10
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Deduced
Isolate mating 

type
N. i 

SY 4a
era ssa 
SY 5A

N. sitophila 
SY 201a SY 78A

N. intermeà 
#lla #2A

SY 196 a R 5 3
SY 197 a - 97 - 1 - 6
SY 198 a - 99 - 3 - 10
SY 199 a - 99 - 4 - 7
SY 200 a - 100 - 1 - 10
SY 201 a - 1 - 99 - 0
SY 202 a - 98 - 2 - 8
SY 203 a - 99 - 1 - 0
SY 204 a - 100 - 2 - 4
SY 205 a - R - 4 - 21
SY 206 a - 98 - 7 - 8
SY 207 a - 99 - 2 - 15
SY 208 a - R - 3 - 7
SY 209 a - 99 - 3 - 11
SY 210 a - 95 - 0 - 0
SY 211 a - 39 - 6 - 0
SY 212 a - 99 - 7 - 29
SY 213 a - 98 - 3 - 10
SY 214 a - 99 - 2 - 0
SY 215 a - 98 - 5 - 0
SY 216 a - 97 - 2 - 5
SY 217 a - 51 - 2 - 0
SY 218 a - 72 - 2 - 10
SY 219 a - 80 - 2 - 10
SY 220 a - 93 - 6 - 0
SY 221 a - 99 - 1 - 25
SY 222 a - 98 - 5 - R
SY 223 a - 100 - 0 - 16
SY 224 a - 48 - 3 - 13
SY 225 A R - 1 - 0 -
SY 226 a - 90 - 1 - 9
SY 227 a - 82 - 1 - 13
SY 228 a - 87 - 3 - 10
SY 229 a - 86 - 2 - 7
SY 230 a - 100 - 1 - 13
SY 231 a - 98 - 2 - 17
SY 232 a - 84 - 0 - 0
SY 233 a - 100 - 2 - 0
SY 234 a - 56 - 3 - 0
SY 235 a - 19 - 0 - 7
SY 236 a - 98 - 2 - 19
SY 237 a - 81 - 2 - 20
SY 238 - 100 - 1 - 17
SY 239 a - 87 - 1 - R
SY 240 a - 68 - 1 - 15
SY 241 a - 98 - 2 - 29
SY 242 a - R - 2 - 46
SY 243 a - 79 - 1 - 0
SY 244 a - R - 10 - 8
SY 245 a - 92 - 5 - 0
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Deduced Percentage dark-coloured ascospores with:
Isolate mating N. crassa N. sitophila N. intermedia

type Sy4a SY 5A SY 201a SY 78A #lla #2A

SY 246 a - R — 1 — 13
SY 247 a - 97 - 3 - 0
SY 248 a - 99 - 1 - 8
SY 249 a - 97 - 1 - R
SY 250 a - 84 - 1 - 17
SY 251 a - 87 - 1 - R
SY 252 a - 99 - 1 - R
SY 253 a - R - 4 - 0
SY 254 a - 59 - 1 - 0
SY 255 a - 98 - 2 - 17
SY 256 a - 99 - 1 - O
SY 257 a - 99 - 1 - 10
SY 258 a - 100 - 1 - 10
SY 259 a - 100 - 1 - R
SY 260 a - 76 - 1 - 0
SY 261 a - 98 - 8 - 0
SY 262 a - 78 - 1 - O
SY 263 a - R - 2 - O
SY 264 a - 99 - 1 - 9
SY 265 a - 98 - 3 - 32
SY 266 a - 95 - 1 - 19
SY 267 A 99 - R - R -
SY 268 A 55 - R - R -
SY 269 A 100 - R - 17 -
SY 270 A 97 - R - R -
SY 271 a - 97 - 1 - 22
SY 272 a - 94 - 2 - 9
SY 273 a - 99 - 3 - 21
SY 274 a - 78 - 6 - 7
SY 275 a - R - 4 - 12
SY 276 a - 72 - 2 - 10
SY 277 a - 53 - 4 - 13
SY 278 a - 47 - 1 - 17
SY 279 a - R 2 - 14
SY 280 a - 100 - 1 - 14
SY 281 a - 100 - 1 - 14
SY 282 a - R - 2 - 4
SY 283 a - R - 4 - 2
SY 284 a - R - 4 - 66
SY 285 a - 99 - 1 - 31
SY 286 a - 96 - 1 - 0
SY 287 a - 87 - 1 - 14
SY 288 a - 100 - 4 - 8
SY 289 a - 99 - 3 - 19
SY 290 a - 100 - 1 - 19
SY 291 a - 93 - 5 - 7
SY 292 a - 75 - 2 - 4
SY 293 A 3 - 99 - 0 -
SY 294 a - 99 - 3 - 15
SY 295 a - 100 - 2 - lO
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Isolate
Deduced
mating
type

N.
SY 4,a

Percentage
crassa 
L SY 5A

dark-COloured ascospores with:
N. sitophila N. intermedia 

SY 201a SY 78A #lla #2A

SY 296 a - 100 - 2 — 5
SY 297 a - 100 - 0 - 5
SY 298 a - 100 - 1 - 11
SY 299 a - 67 - 0 - 8
SY 300 a - 99 - 2 - 11
SY 301 a - 97 - 1 - lO
SY 302 a - 97 - 1 - 36
SY 303 a - 96 - O - 9
SY 304 a - 100 - 4 - lO
SY 305 a - 74 - 1 - 13
SY 306 a - 78 - 5 - 12
SY 307 a - 74 - 4 - 9
SY 308 a - 92 - 0 - 21
SY 309 a - 70 - 5 - 13
SY 310 a - 99 - 8 - 3
SY 311 a - 95 - 0 - 4
SY 312 a - 100 - 1 - 28
SY 313 a - 97 - 3 - 2
SY 314 a - 100 - 2 - 8
SY 315 a - 97 - 0 - 12
SY 316 a - 99 - 1 - 5
SY 317 a - 86 - 0 - 9
SY 318 a - 99 - 3 - 0
SY 319 a - 98 - 3 - 10
SY 320 a - 100 - 2 - 20
SY 321 a - 91 - 1 - 4
SY 322 a - 99 - 1 - 11
SY 323 a - 99 - 1 - 5
SY 324 a - 96 - 2 - 3
SY 325 a - 99 - 2 - 3
SY 326 a - 100 - 1 - 15
SY 327 a - 100 - 2 - 5
SY 328 a - 100 - 2 - 0
SY 329 a - 87 - 3 - 3
SY 330 a - 100 - 0 - 6
SY 331 a - 91 - 1 - 2
SY 332 a - 97 - 2 - 3
SY 333 a - 68 - 3 - 3
SY 334 a - 91 - 2 - 4
SY 335 a - 89 - 6 - 6
SY 336 a - 88 - 2 - 8
SY 337 a - 74 - 0 - 11
SY 338 a - 89 - 0 - 3
SY 339 a - 100 - 1 - 11
SY 340 a - 94 - 1 - 3
SY 341 a - 51 - 0 - 7
SY 342 a - 97 - 0 - 8
SY 343 a - 91 - 0 - 13
SY 344 a - 99 - 1 - 2
SY 345 a 83 1 8
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F ig .2 5 : Crosses of N.crassa testers SY4 and SY5 with 
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- 118-

100

80

10

70

80

50

40

30

20

10

III.
10 20 30 40 50 80 70 80 90 100

Isolates producing rudimentary perithecia or no perithecia.
Dark-coloured Ascospores (%)
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PLATE VIII. Ascus with high % of white ascospores typical of 

interspecific crossings.

PLATE IX. Ascus with high % dark-coloured ascospores typical of 
intraspecific crossings.
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were found to produce 90-100% dark-coloured ascospores. However, when 

the isolates producing moderate and low counts of dark-coloured asco
spores were crossed with the FGSC testers (Table I), it was found that 
they could all be designated N. crassa except for SY 284 which was 
compatible with FGSC N, intermedia # 2316. This was also true for 
isolates that produced no perithecia or rudimentary perithecia.

In crosses with N. sitophila testers, the majority of the isolates 
(96%) produced less than 10% dark-coloured ascospores. Only 8 isolates

(SY 76, SY 77, SY 78, SY 79, SY 80, SY 81, SY 201 and SY 293) from a
total of 332 of bakery origin were found to be N. sitophila.

With the N. intermedia testers, many of the isolates (68%) 
produced less than 10% dark-coloured ascospores. Nevertheless, a rela
tively high proportion (22%) of the isolates were found to eject 
between 11 - 20% dark-coloured ascospores and a few more (<5%) produced 
21 - 70% dark-coloured ascospores. This is a noticeable difference 
from crosses with N. sitophila testers in which the majority produced 
less than 10% black spores. Only SY 3 and SY 284 of bakery origin were 
designated N. intermedia.

The distribution of the isolates were as follows:

Flour and Wheat; 7 isolates were obtained from flour and wheat.

2 isolates from flour (SY 21 - Bath; SY 22 - Bath) were identified 
as N, sitophila. 5 other isolates frcm wheat of various origins (SY 
16 - English; SY 17 - Canadian; SY 18 - Australian; SY 19 - American; 
SY 23 - Danish) were found to be N. intermedia. Although this confirms
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Table I. Confirmatory crosses between dubious wild isolates with FGSC 
strains.

Isolates Result of crosses with;
N. crassa 

#1690 #1838
N. sitophila 
#2217 #2216

N. intermedia 
#1940 #2316

SY 2 - *B - **w - w
SY 8 B - W - w -
SY 15 - B - w - w
SY 16 - W - w - B
SY 18 - W - w - B
SY 19 - W - w - B
SY 24 - B - w - W
SY 31 - B - w - w
SY 32 - B - w - w
SY 33 - B - ***R - w
SY 49 - B - w - w
SY 52 - B - w - w
SY 56 = B - R - w
SY 58 - B - w - w
SY 61 - B - w - w
SY 63 - B - w - w
SY 64 - B - w - w
SY 70 - B - w - w
SY 94 - B - w - R
SY 102 - B - w - w
SY 111 - B - w - w
SY 117 - B - w - w
SY 118 - B - w - R
SY 119 - B - w - w
SY 120 - B - w - w
SY 124 - B - w - w
SY 125 - B - w - R
SY 127 - B - w - W
SY 132 - B - w - W
SY 133 - B - w - W
SY 139 - B - w - W
SY 140 - B - w - W
SY 141 - B - w - R
SY 143 - B - w - W
SY 145 - B - R - w
SY 147 - B - w - w
SY 160 - B - w - w
SY 163 - B - w - w
SY 164 - B - w - w
SY 165 - B - w - w
SY 166 - B - w - w
SY 167 - B - w - w
SY 176 - B - w - w
SY 177 - B - w - w
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Isolates
Result of crosses with: 

N. crassa N. sitophila 
#1690 #1838 #2217 #2216

N. intermedia 
#1940 #2316

SY 180 B w w
SY 181 - B - w - w
SY 191 - B - w - w
SY 192 - B - w - w
SY 196 - B - w - w
SY 205 - B - w - w
SY 208 - B - w - w
SY 211 - B - R - w
SY 217 - B - W - w
SY 224 - B - w - w
SY 225 B - W - W -
SY 234 - B - w - w
SY 235 - B - w -' ■■ w
SY 240 - B - w - w
SY 242 - B - w - w
SY 244 - B - w - w
SY 246 - B - w - w
SY 253 - B - R - w
SY 254 - B - W - w
SY 263 - B - W - w
SY 268 - B - w - R
SY 275 - B - w - w
SY 277 - B - w - w
SY 278 - B - w - R
SY 279 - B - w - w
SY 282 - B - w - w
SY 284 - R - R - B
SY 299 - B - w - W
SY 333 - B - w - W
SY 341 B w W

* B - dark-COloured ascospores > 85%
** W - mostly white ascospores >85% 
***R - perithecia remaining rudimentary
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the existence of Neurospora in flour and wheat, the number of isolates 

obtained was comparatively small in relation to other fungi observed 
{Pénicillium spp., Aspergillus spp. and Cladosporium spp.). Neverthe
less, the result reinforces the view that flour and wheat represent 

contributory factors to the origin of Neurospora in bakeries.

Silage: 2 isolates (SY 1 and SY 2) received from the GRI (ori

ginally isolated from silage) were identified as N. crassa.

Ontjom: Isolates obtained frcxn ontjom (Indonesia) were of 2 dif
ferent species. SY 9 was identified as N. crassa and SY 10 and SY 11 
as N. intermedia.

Isolates of bakery origins: Isolates SY 4 and SY 5 isolated
from bakery dust collected in Leicester were identified as N. crassa. 
Isolate SY 3 (crumpet - WRL) was found to be N. intermedia while another 
4 isolates (SY 12, SY 13, SY 14 and SY 15) obtained from bread of un
known origin received fron the WRL were identified as N. crassa.

Isolates SY 20 (bread - Nottingham), SY 6, SY 7, SY 8 (bread - Bath) 
were N. crassa. 6 isolates (SY 76, SY 77, SY 78, SY 79, SY 80, and SY 
81) of bakery origin from West Germany were identified as N. sitophila.

In a survey of two local bakeries, 186 isolates of Neurospora 
isolated from bakery A (Bristol) were all identified as N. crassa.
Of the 129 isolates isolated from Bakery B (Cardiff) SY 201 (crumpet) 

and SY 293 (bread) were identified as N. sitophila while SY 284 (dust) 
was found to be N. intermedia. All the rest of the 126 isolates were 
N. crassa.
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With respect to the mating type, the majority of the isolates in 

the collection are of mating-type a. However, N. crassa SY 5 (Leicester), 
SY 7 and SY 8 (Bath), SY 12 and SY 13 (WRL) were of mating type A.

Of the 186 isolates of N. crassa obtained from Bakery A (Bristol) only 
two (SY 25 and SY 225) were of mating-type A. In Bakery B (Cardiff)
6 of the 126 N, crassa isolates were of mating-type A. With N. sitophila, 

the two isolates SY 201 and SY 293 from Bakery B (Cardiff) were found 
to be a and A respectively. 4 (SY 76, SY 77, SY 78, SY 81) of the 6 
isolates from West Germany were A. All the N. intermedia were of a 
(Table H) .

e) Pattern of perithecium formation
Four recognisable patterns of perithecium formation 

were found in crosses between N. crassa testers SY 4 and SY 5 with 243 
of the wild isolates; (i) only on the side of the tester; (ii) only 
on the side of the isolate being tested;(iü) mostly localised at the 

zone where the two mycelia came into contact; and (iv)on both sides.
The overall totals considered in terms of strains rather than isolates 
can be seen in Fig. 28. When the identities of wild isolates (deter
mined on the basis of six characters as seen in Tables B and H) were 
considered, it could be seen that the perithecial pattern produced by 
N. crassa isolates could be in all four different classes mentioned above. 

Perithecia in crosses with N. sitophila and N. intermedia were found 
either on both sides or on one side of the testers.

The numbers of protoperithecial and non-protoperithecial strains 

respectively found in the four different perithecial patterns in crosses 
with N. crassa testers SY 4 and SY 5 (both protoperithecial) are repre-
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A) Crosses between protoperithecial testers (mating-type 
A & a) with protoperithecial wild strains (mating-type

(i)
A & a ) .

(ii) (iii) (iv)

SY4 
SY 5 SY 4 SY 5

N .crassa
N ■ sitophila [ x 1 j

N . crassaa | x 8 j  N . crassa / x6 j N .crassa  ̂ x l2 ]
N.sitophila|  x 2 j  
N . intermedia  ̂ x i j

B) Crosses between protoperithecial testers (mating-type
A & a) with non-protoperithecial wild strains (mating-type 
A & a).

mm

•.v;v

N. crassa N.crassa

N .s itoph ila | x  1 j 

N . intermedia^ x ij

( x l 4 ) N .crassa^x12 ] N . crassa (x22)  

N .s ito p h ila  ̂x s)

F ig .28: Perithecial pattern of crosses between wild strains 
and N.crassa SY4&SY5. Shaded areas show regions where perithecia 
are found. Numerals represent number of strains producing each 
particular pattern. Numerals in brackets denote number of 
strains of particular species.
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sented in Fig. 28 (A and B). Amongst the protoperithecial strains, 

the percentage of strains found to have perithecia on the side of the 
tester was about 50% whilst the non-protoperithecial strains scored 
40%. Slightly higher values were also observed for the protoperi
thecial strains when perithecia were formed on the side of the isolates 

or on both sides of the plate. All these seemed to indicate that peri
thecia would tend to form on the side of the protoperithecial strains.

2A X -test was used to test the null hypothesis that the distributions 
of frequencies giving the four perithecial patterns in A) and B) in 
Fig. 28 were the same. The result showed that there was no significant 
difference between the protoperithecial and the non-protoperithecial 
strains to suggest that protoperitheciality might be a contributory 
factor affecting the perithecial pattern. The null hypothesis however 
only tested the degree of deviation but not the direction of changes 
that occurred. On the basis that the perithecial pattern was deter
mined by the degree of protoperitheciality, a prediction can be made 
that when comparing B) with A) in Fig. 28, the patterns should alter as 
follows: i) increased (more perithecia on the protoperithecial parent
side), ii) decreased (tending to become (i) or (iv)), iii) remaining 
unchanged and iv) reduced (since this class would tend to become 

class (i)). However, although the direction of changes were consistent 
with the model, it was found that the result was still not significantly 
different from random (P = 0.125). Hence, the degree of protoperi
theciality was not an important factor in determining the perithecial 
pattern.

ii. Discussion
a. Percentage of dark-coloured ascospores as a criterion for 

species delimitation.
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Amongst the various crossing features considered, as 

with Perkins and his co-workers (1976) it was found that production of 

dark-coloured ascospores in crosses with authenticated reference 
strains was indicative of an intraspecific cross. Interspecific 
crosses were found to produce a high percentage of inviable ascospores 
which were white in colour. Assignment of the isolates to species 
was hence based on this criterion. In cases where intraspecific 
crosses did not produce high counts of dark-coloured ascospores or 
resulted in either absent or rudimentary perithecia, assigning the 
isolates to a particular species was accomplished by crossing them 
to testers from the FGSC, which proved unambiguous.

The criterion is definitive on the basis that intraspecific 
crosses between isolates having similar chromosome sequence are ex
pected to produce high percentages of dark-coloured ascospores, whilst 
interspecific crosses would result in high counts of white ascopores. 
However, there are limitations to this approach and this can be seen 

from the relatively high count of white spores or the presence of 
rudimentary perithecia or no perithecia in intraspecific crosses 

(Fig. 25). The causes of white spores are partly attributable 
to premature ejection or to chromosome rearrangements such as trans

locations (Perkins et al., 1976). The latter has been studied by 
Perkins (1974) using N. crassa who revealed that ascospores produced 
by chromosome rearrangement are characteristically white and the fre
quencies of different ascus types with respect to the white ascospores 
are diagnostic of specific types of rearrangement. There is also 
evidence that seems to suggest that the development of ascospores 

(whether they are dark-coloured or white) is determined by a system
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of polygenes. Crosses between the wild isolates and N. crassa testers 
SY 4 and SY 5 (Fig. 25) were found to have a wide range of inter
mediate values for percentage of dark-coloured ascospores, a finding 
suggestive of polygenic inheritance. Similarly, Perkins et al.,

(1976) found that some strains from India when crossed with their 
testers gave as many as 50% ascospores that were non-black, varying 
from white to brown, yet another example indicating the effect of 
many genes influencing colour of the ascospores in a cumulative 
fashion.

As mentioned previously, intraspecific crosses could also result 
in either the production of rudimentary perithecia or no perithecia»
We found however, many isolates infertile with N. crassa SY 4 and SY 5 
were compatible with FGSC N. crassa #1838 and #1690 (Table I).
When isolates producing less than 50% with N. crassa SY 4 and SY 5 
were retested with the FGSC N. crassa testers, they were found to 
eject high counts of dark-coloured ascospores. There seem to be 

blocks existing in crosses between the wild isolates with N. crassa 
testers SY 4 and SY 5 but not in crosses with the FGSC testers. In 
some way interactions existing in the former crosses appear to be 

epistatic in origin, in which the gene or genes responsible for the 
full development of dark and viable ascospores may be suppressed by 
the expression of another gene or system of genes whilst no such 
interactions existed in the crosses of the latter.

The white ascospores in crosses between different species may 
have similar origins to the examples just cited above. Many crosses 
between N. intermedia, N. sitophila and N. crassa are very fertile in
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terms of spore production, though the ascospores are mostly white.
It has been found that in crosses between N. crassa and N. intermedia 
when cytologically examined, full point-for-point pairing was seen at 
pachynema, and anaphase chromosome disjunction was normal. This 
indicates that there are no major differences in chromosome sequence 

between the two species; in fact, some of the pachynema pairings 
were so exact as to suggest total homology between all seven chromo

some pairs (Perkins et al., 1976). It remains a mystery as to why 
the ascospores from these crosses are white and inviable. The 
explanation must be something other than structural heterozygosity.
It is also possible that synthetic lethals might be generated by 
recombination in crosses between genetically more divergent strains. 
Genetic analysis of interspecific crosses between N. crassa and 

N. intermedia (Perkins et al., 1976) revealed that when the progeny 
were crossed back to both the parents, ascospores were abundant and 
a majority were defective in most of the backcrosses. However, some 
individual isolates when backcrossed appeared identical to one or 
the^other parent, giving 90% black spores with one species, and 10% 
with the other, suggesting that only a small number of genes were 

responsible for the defective spores in hybrid crosses. Work of 
Dodge (1928) and Fincham (1951) on hybrid crosses showed hybrid 
inviability was extended to the F^ generation and as such could be 
due to several genes since backcrosses restored fertility to the F^s 
and recombinants in a few generations. Studies to follow segregation 
in interspecific crosses revealed that black ascospores frcm N. 
crassa x N. intermedia come from interspecific fusions (Perkins 
et al., 1976) unlike the black spores from interspecific cross in 
Sordaria which originated by fusion between nuclei of only one of 
the species (Lewis, 1969).
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Nevertheless, in our experience, the production of fertile peri

thecia and abundant asci with viable dark-coloured ascospores, when 
an isolate was crossed to authenticated species-reference strains 
was the most practical and convenient method of determining that the 

isolate belonged to one of the establidied species. The production 
of white inviable ascospores constitutes an effective post-zygotic 
isolating mechanism for Neurospora.

On the basis of this criterion, it was noted that N. crassa, N. 
sitophila and N, intermedia were all represented in the collection but 
N. crassa accounted for the bulk of the collection of isolates of 
bakery origin. The collection consisted predominantly of heterothallic 
strains that form perithecia in combination with a tester of one mating-
type, either A or a, but not with both. No true homothallic strains
such as N. tetrasperma were found. There was no obvious type that 
qualified as a new species.

b. Consideration of other crossing features and their 
validities as criteria for species delimitation.

— Times for perithecium formation and ascospore ejection; 
According to Perkins et al. (1976),in crosses within 

the same species, the perithecia developed rapidly and black ascospores 
ejected abundantly 7 to 21 days after fertilization. Crosses between 

different species showed characteristic deviations from this behaviour.
It was reasonable to suppose therefore that traits such as times taken

for perithecial formation and ascospore ejection would provide valuable 
criteria for delimiting species.
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However results from the present investigation revealed:

1) Rapid perithecium formation was not typical of intraspecific 
crosses. The interspecific crosses were in fact more fertile 

than the intraspecific crosses of the criterion of fertility
be the rapidity of perithecium production. The reason for this 
is not clear but it may be reasonable to assume that unrelatedness 
rather than similarity may be a contributory factor in the early 
formation of these perithecia.

2) Rapid perithecium formation did not necessarily result in rapid 
ejection of the ascospores and that these two phenomena were 
almost independent of each other.

3) The degree of pigmentation of the ascospores was found to be 
unrelated to the delay in ascospore ejection.

4) Crosses between wild isolates that were classified as being 
the same strain (based on six characters as seen in Tables B 
and H) and the three tester strains did not produce the expected 

'clustering for times of perithecium formation and ascospore 
ejection, suggesting that the results were not readily reproducible,

being subject to environmental variables.

The perithecium represents an expression of sexuality, its formation 
in the heterothallic strains depending on the compatibility of both 

the maternal and fertilising parents (Perkins et al., 1976). The 
perithecia are only formed when two mycelia of different mating types 
are brought together (Fincham & Day, 1965), even though hyphae of 
only one mating type are concerned with the formation of individual
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perithecia (Sansome, 1946). An essential prerequisite for perithecium 
formation is the presence of receptive bodies, be they simple asco- 
gonia or the more complicated protoperithecia. Either one or the 
other of the two races mated must produce receptive bodies if fertili
sation leading to production of perithecia is to be consummated (Dodge, 

1946). The stimulus necessary for the transformation of protoperi- 
thecium into matured perithecium seems to be related to the migration 
of the fertilising nuclei into the ascogonium (Backus ,1939). Therefore, 
studies of perithecium formation including traits such as times for 
perithecium formation and ascospore ejection may contribute to the 
understanding of the sterility or incompatibility factors present 
both amongst the various species and in natural populations of the 
same species.

Studies of the development of perithecia inevitably show the in
volvement of both genetic and environmental factors. Hirsch (1954) 
has indicated the role of the environment in protoperitheeium production 
and further claimed that protoperitheciality and fertility in N. crassa 
were associated with tyrosinase production. The effect of nutrients 
has previously been discussed in an earlier chapter. Several experi
ments have revealed recessive factors affecting the course of the 
development of perithecia, asci and ascospores (Perkins et ai., 1976). 
Aronescu (1933) and Dodge (1946) proved that factors controlling the 

relative abundance or paucity of protoperithecia segregated at 

meiosis. Lindegren (1934) and Dodge (1946) showed that further 

orderly development of the perithecia may be interfered with. In some 
cases, many perithecia developed to full size but no asci ever arose 
in them. In other examples, very few perithecia or no perithecia 
were ever formed. It would appear that in the first instance, full
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functioning of the mating-type factors had been blocked but not until 
the framework of the perithecium had been completed. The sterility 

factors became effective at the critical stage of sexual reproduction, 
namely at the formation of ascogenous hyphae. Such isolating mechanisms 

could be inferred as being pre-zygotic, operating in the post-conjugation 

phase. In the other instances, it was believed that the operation of 
the sterility factors was merely one of degree of the sterility 
affected (Dodge, 1946). There is also further evidence (Dodge, 1934, 
1935b; Dodge et al., 1950) that normal development of the asci and 
subsequent delimitation of ascospores were determined by genetic 
factors. It is clear therefore that investigations with species of 
Neurospora and indeed with species of Glomerella, Cochliobolus,
Podospora and Sordaria (Fincham & Day, 1965; Nelson, 1963) have 
demonstrated that genetic blocks can occur at each of the important 
steps in the ascigerous stages, including perithecial development, 
plasmogamy, ascus development, karyogamy and ascospore formation.
Whether each step can be used as criterion for spéciation however, is 
not clear.

Our investigation clearly showed the times for perithecium formation 
and ascospore ejection including other aspects associated with it, 
were of little diagnostic value and varied considerably with what is 
commonly known about intra- and interspecific crosses. Whether both 
these aspects of the crossing behaviour have any genetic basis is not 
known. It would be reasonable to assume that factors like growth rate, 

degree of protoperitheciality and overall cultural conditions may also 
be important in determining the rapidity or delay in perithecium formation 
or ascospore ejection. What is clearly evident however is that both
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these aspects, like other genetic blocks present in the development of 

the perithecia, merely serve to illustrate further the complexities 
of the reproductive mechanisms within the fungi. As such, they do not 
represent adequate criteria for spéciation.

— Pattern of perithecium formation:
Studies of hyphal fusion and nuclear migration in ascomy- 

cetes as previously mentioned in the introduction (see page 10) have 
employed perithecial patterns as a guide to. migration routes and the 
distribution of patterns showed a wide range of behaviour in Neurospora 
(Burnett, 1976). It is reported that mating-type heterokaryons, A/a 
cannot be formed in N. crassa (Sansome, 1946; Gross, 1952; Newmeyer 
et al., 1973),but that the related species, N. sitophila and N. tetra

sperma are not so restricted and form A/a heterokaryons quite readily 
(Dodge, 1942; Burnett, 1975). On the basis of this difference, it 
was hoped that there could be variability in the perithecial patterns 
between intra- and interspecific crosses which could be valuable for 
species characterization.

In the simplest case, perithecia were found restricted and highly 
localised along the line where the two mycelia met. Since mating-type 
heterokaryons. A/a, are not formed in N. crassa, perithecium formation 

therefore could not have resulted from nuclear migration effected by 
successful hyphal anastomoses. Full development of the perithecia 
along the line of contact could only have been brought about through 
the fusion of microconidia and trichogyn.es originating from the proto

perithecia, the latter structures determining the sites of future peri
thecia. However such a pattern of perithecial distribution was not
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constantly observed in other N. crassa x N. crassa crosses. Two other 
perithecial patterns were observed. Firstly, perithecia which were 

at first seen forming along the line of mycelial contact eventually 

tend to radiate out to only one side of the plate, either to the side 
of the tester or the isolate being tested. Secondly, perithecia 
were observed on both sides of the plate. Since the evidence for the lack 

of-'stable mating-type heterokaryons in N. crassa was good, one could not 
ascribe the distribution of perithecia to nuclear migration routes 
as had been suggested for N. tetrasperma (Dodge, 1935a).

The fact that inconsistency in terms of perithecial pattern is 
observed amongst isolates of the same strain could only mean that 
either these isolates were different or that they were the same but 
extrinsic rather than intrinsic factors were crucial in determining 
which perithecial pattern they were likely to form. It would seem 
likely that the isolates were similar since members of each strain 
had been collected over a period of time and were likely to be 

affected by different storage time and condition. Because of this 
variability, the importance of degree of protoperitheciality may have 
been obscured.

Thus, all the results should be treated with caution since reasons 

other than nuclear migration are the possible cause of the patterns. 
Firstly, Neurospora grows fast and sparsely, hence allowing them to 

grow across a plate. Secondly, the aerial growth of Neurospora is 
extremely difficult to contain and conidia could be transferred to 
either side of the plate quite easily. Thirdly, the water of conden
sation on top of the plates could be an agent for conidial transfer.
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These phenomena could therefore effectively result in fertilization 

occurring on both sides of the plate. It is highly probable that 
varying degree of unilateral development of the perithecia were in

dicative of the amount of cross contamination that may have occurred.
The results are thus intriguing rather than conclusive, beyond the 
fact that the pattern of perithecium formation is not a useful criterion 
of species status.



— 138—

IV. GENERAL CONCLUSIONS ABOUT THE POPULATION STRUCTURE OF NEUROSPORA
SPP. IN BAKERIES

Perhaps the most obvious question that can be asked about each 
collected isolate is whether it differs from other isolates from the 
same population. In an attempt to categorise each isolate into diff

erent strains criteria have been used based on six characteristics 
of each isolate, namely (i) in respect of it being either protoperi- 
thecial or non-protoperithecial; (ii) colour variations; (iii) mating 
types and (iv-vi) the percentage of dark-coloured ascospores observed 
in crosses with the N. crassa, N. sitophila and N. intermedia testers.
The morphological characteristics were fairly distinctive and quite 
recognisable while mating types could easily be deduced from a pair 
of established strains having A or a mating types. However, for the 
percentage of dark-coloured ascospores ejected, arbitrary limits had to 
be used and in this case limits of 5% seemed reasonable. This limit 
was chosen because the percentage of dark-coloured ascospores observed 
in crosses with the N. crassa tester strains SY 4 and SY 5 was highly 
reproducible in repeated crossings (Table J),varying by a maximum of 5%.

Based on the six characteristics, 136 different strains were de
duced to be present in a collection of 345 isolates. When isolates 
collected from the bakeries were considered, we were able to categorise 
85 strains from Bakery A and 52 strains from Bakery B. When both 
bakeries were taken together, there were 112 different strains. Thus, 
since 2/3 of the isolates obtained were repeats of previous isolates 

and were principally N, crassa, this gives a bias to all the population 
data presented so far in terms of differences between strains. Unbiased 
distributions of the frequencies of percentage dark-coloured ascospores
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Observed in crosses between the 112 strains and the N. crassa testers 
are given in Fig. 29. There was a noticeable reduction in the peaks 
of the distribution owing to the elimination of similar isolates.

A plot of the frequency of occurrence of a particular strain 

against the frequency with which all strains were observed a particular 
number of times (Fig. 30) revealed an apparent approximation to a 

Poisson distribution, except for the occurrence of 2 strains, SY 54 
and SY 55, far more times than expected. Using the rest of the data 
and in particular the total number of strains and fraction of strains 
seen just once, it was possible to calculate the Poisson coefficient,
A. From this the frequency of strains observed zero times was cal
culated and thus the total population size from which this collection 
was sampled. In all 3 calculations, the conclusion was that we had 
obtained approximately 2/3rd of the total population.

The good fit of the predicted curve to the observed values suggests 
that the Poisson assumptions of independent and random sampling were 
approximately fulfilled.

The most noticeable departure from expectation was the appearance 
of 2 strains many times over a period of some weeks. There are two 
possible reasons for this feature. Firstly, these strains could 

simply have been the dominant isolates that existed in both bakeries, 

hence they were re-isolated many times during the course of the survey. 
Another possible reason is that they could be the result of a 'pooling 
effect'. We have initially set up arbitrary limits in respect of 

the percentage of dark-^coloured ascospores ejected. In doing so, we
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Table J. Percentage dark-coloured ascospores in 3 separate crossings 
of wild isolates and N. crassa testers, SY 4 and SY 5.

Cross
%

Expt.
dark-coloured

Expt.
ascospores*
B Expt. C

Range in 
3

Expts.

SY 77 X SY 4 2 1 4 3
SY 81 X SY 4 2 3 2 1
SY 201 X SY 5 1 1 1 0
SY 31 X SY 5 14 13 9 5
SY 64 X SY 5 19 20 17 3
SY 167 X SY 5 6 10 8 4
SY 56 X SY 5 55 56 52 4
SY 58 X SY 5 64 59 60 5
SY 127 X SY 5 65 68 66 3
SY 42 X SY 5 88 87 89 2
SY 43 X SY 5 89 88 84 5
SY 173 X SY 5 82 82 78 4

SY 55 X SY 5 99 98 98 •1
SY 95 X SY 5 99 99 100 1
SY 136 X SY 5 99 100 100 1

*% taken to nearest percentage. Percentage represents mean of 3 counts 
of at least 100 ascospores each.

+The 3 experiments were performed at intervals of 3 and 6 months 
respectivelÿ.
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may have actually grouped a vast number of isolates which are different, 
but differ only slightly in crossing behaviour with the three sets of 
testers. By allowing a 5% limit, we may have actually pooled these 
isolates together. (A slight excess of isolates seen 8 - 1 4  times 
was also noticed and could be similarly accounted for).

Despite this uncertainty the overall conclusion is quite clear. 
Neurospora isolates found in bakeries are largely different strains 
showing considerable intrapopulation variability. But for the possible 
exception of two isolates referred to, there is no evidence of endemic 
contamination in these two bakeries by a few strains, but rather they 
are subject to continual infection from a large, but not infinite, 
population.

Perhaps, the most important question that arises with regard to 
Neurospora infestation in these bakeries, is the origin or source of 
this fungus. There are several ways in which Neurospora can get into 
the bakeries and these will now be discussed. Firstly, Neurospora 
could have been carried into the bakeries by air draughts. It is 

known that fungal spores are most abundant during warm, humid periods 

in summer, when they are being produced in large quantities on all 
manner of plant and animal remains. Neurospora commonly occurs on 
cellulosic material, such as leaves and straw (Christensen, 1949).
The high incidence of Neurospora in nature in summer could also be 
attributed to the activation of dormant ascospores. Dormant ascospores 

could only be activated by heat or chemical means. In the wild, 
this is fulfilled by the burning of vegetation etc. hence satisfying 
the mandatory requirement for mature ascospore activation. Many
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reports of Neurospora sightings on burnt ground and charred vegetation 
(Fetch, 1931; Perkins at al., 1976) support this assumption strongly. 
Another possibility, though perhaps quite insignificant is the presence 
of furfural, which is ubiquitous in all fcrms of decaying materials.

In compost or dung pile for example, furfural and heat are readily 
available for ascospore activation. This could explain the fact 
that a few of the Neurospora isolates in the collection were of silage 
origin. However, air dispersal of spores is an inefficient process 

in that to extend the effective range, a large inoculum is necessary 
at the source. Even though this may not be a problem for a prolific 
spore producer like Neurospora, the journey of the spore cloud is 
subject to extremes of temperature, to desiccation and intense ir
radiation. Considering the structure of the conidia, it is unlikely 
that they will survive such deleterious conditions. The distance 
between the source of contamination and the bakery is therefore a 
crucial factor in deciding the successful introduction of spores into 
the bakeries by draughts. In the survey, plates left exposed outside 
the bakeries yielded no Neurospora.

A second possibility for introduction of Neurospora in the bakeries 
could be via raw materials. Five isolates from wheat obtained from the 

WRL were identified as N. intermedia while two isolates from flour were 
found to be N. sitophila, confirming the existence of Neurospora in 
raw materials and hence reinforcing this possibility. However no 

such implication can be made fron the present survey since flour 

samples obtained from both bakeries produced no Neurospora. Nevertheless, 
raw materials should not be entirely excluded as a source since earlier 

batches of raw materials used could have contributed to the present 
level of contamination.
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A third possibility is based on the fact that unsold bread and 

crumpet is often returned to bakeries before disposal. The fact 
that the majority of the isolates had been obtained from bread and 

crumpet strongly suggested that this could be the main source of 
Neurospora infection in bakeries. It would also support evidence 
that there was no indication of endemic contamination in these 

bakeries but a continual infection from a large population. This 
could be explained from the fact that bread and crumpet samples have 
been collected frcm a wider area, hence the variability of strains 
obtained.

When sampling the two bakeries, it is highly probable that 
certain strains will be picked up again and again throughout the 
survey. It is likely that these strains represent dominant strains 
which have established themselves in the bakeries. The bakeries in 
the summer months provide an ideal environment for Neurospora growth. 

It sporulates within 24 h producing conidia in astronomical numbers. 
Also, bread provides the necessary exogenous carbon source needed 
for conidia germination. It is not difficult to envisage a situation 

in which there is a dramatic increase in the spore number in the 
bakery atmosphere during the summer months, with gradual decrease in 

number in the cooler months when growth is restricted, but not en
tirely eradicated. We have shown that conidia of wild-type Neurospora 
in flour remained viable for six months at ambient temperature.
This could explain as to why infected bakeries seem to suffer more 

or less a continuous problem. In these bakeries, isolation of 
Neurospora would be possible all the year round. The number may be 
low in the cooler months, but the biology of the organism is such that
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even a small number represents a potential cause of infection with 

summer temperatures acting as an autocatalytic triggering mechanism.

Dust and flour samples collected from the bakeries, when heat- 

treated at 60°C for 20 min yielded no Neurospcra. Similar dust and 
flour samples sometimes produced Neurospcra when not heat-treated. The 

failure to obtain any Neurospora isolates from the heat-treated samples 
indicated that ascospores were absent. This is evidence that conidia 
rather than ascospores are responsible for infection in these bakeries. 
The increase in contamination during the hot summer months could 
therefore be solely attributed to increase in vegetative growth 
rather than ascospores being activated. Since dormant ascospores 
normally require heat or chemical activation (although it has been 
shown that ascospores up to 14 days old do not necessarily require 
heat-treatment. See Fig. 2), it would be fair to assume that vegetative 
propagation of this fungus is a more efficient agent of infection than 
sexual propagation.

On the basis of these considerations, the following pattern of 
infestation can be suggested:

1) The source of infection in bakeries is conidia brought principally 
by contaminated returns and less so by raw material or air-borne 
contamination.

2) The contamination pressure occurs all year round but is higher 
in summer.
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3) During the hot summer months, there is a rapid production of 
conidia leading to a potential re-infection cycle which only 

clears when the temperature (and thus growth rate) falls.

4) Ascospores are not an important source of contamination.

Remedial measures would therefore be to stop returns being taken 

into the bakery and to make sure that no stale materials are left 
around. The fact that certain bakeries seem to suffer more than the 

others tend to suggest that the presence of Neurospora does not neces
sarily cause problems, but for an outbreak to happen, the number of 
spores must reach a certain level. It could be said therefore that 
an outbreak is dependent on the inoculum size of the spores found in 
the bakeries at a particular time. If steps are taken to ensure that 
the level of spores in the bakeries are always kept low, then Neurospora 
could be contained. This agrees with observations that no outbreak is 
found in bakeries with a high standard of hygiene.
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SECTIQN 3: GENERAL DISCUSSION AND CONCLUSIONS

During the course of the present study, the physiology of 

various strains of Neurospora was initially investigated, especially 

in terms of environmental and substrate preferences. This approach 

provided no real answer to the identity of the 'red bread mould' 

since no clear dissimilarity could be detected among the various 

species in this respect. This led to a change of emphasis, aimed 
at a better understanding of population structure and variability in 

Neurospora. A first priority was to obtain a collection of Neurospora 
isolates by sampling from various sources. In addition, a survey 
of Neurospora populations in two local bakeries was made. The 
collection allowed species descriptions to be based on information 
about a sufficiently large number of isolates. Only through 
detailed studies of large populations’ can a formulation be made of 

what might constitute a typical representative of the species.

Attenpts to identify natural isolates based on conventional 

criteria of morphology and culture characteristics proved unrewarding. 

Dimensions taken from the literature and actual measurements of 

conidia showed considerable overlap in size between and extensive 
variability within species. However, four recognisable colour 

variants were detected amongst the isolates, and there appeared to 

be a very high correlation between these and species status. It is 

conceivable therefore, that these colours could be used as a refer

ence for species identification. Identification of isolates, based 
on the morphology of the asexual stage could then be achieved more 
quickly than by using crossing behaviour. However, the use in
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taxonomy of such arbitrary and frequently variable characters as 
colour has always been viewed with suspicion by mycologists. There 

are examples where under varied environmental conditions, an isolate 
has been found to respond differently. Alternatively a single gene 
mutation may sometimes result in gross alteration of phenotype 
without actually altering mating capacity.

It may be reasonable to propose that morphological differences 
in Neurospora, although of limited usefulness for practical taxonomy, 
may not provide a sound basis for species description on their own. 
Even Shear and Dodge's formal descriptions of N. crassa, N. sitophila 
and N. tetrasperma in 1927 based on morphology and culture character
istics, had been developed making extensive use of information from 
crossing experiments. The same was true when Tai (1935) described 
N. intermedia.

In matters pertinent to spéciation, attention needs to be 
given to the biological species concept which has been developed 
on the basis of degree of reproductive isolation. In Neurospora, 
relationships between species may be studied by investigating the 
crossing behaviour and degree of fertility in crosses of unknown 
isolates with strains of known taxonomic status. Indeed this approach 
provided reliable and practical criteria for assignment of species 

status to isolates of unknown identity in the present investigation. 
However, it was clearly evident that the criterion of cross-sterility 

between populations in Neurospora as with many other fungi generally, 
was not definitive as with some higher organisms. In Neurospora, 

it appears that isolating mechanisms may operate in both the pre
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conjugation and post-conjugation stages of the pre-zygotic phase 
and also in the post-zygotic phase of the sexual cycle. Thus, 

failure to form perithecia is indicative of an effective pre
conjugation isolating mechanism, development of rudimentary peri

thecia with no croziers or asci indicates post-conjugation 
mechanisms, and predominantly white ascospores or weak and infertile 

F^'s, a post-zygotic isolating mechanism. In the present investi
gation, it was observed that in crosses with the various testers, 
the majority of the isolates exhibited some capability of inter
crossing, with gene exchange reduced but not eliminated. Inter
specific crosses were highly fertile if judged by number of peri
thecia or ascospores, but relatively infertile on the basis of 
the proportion of viable dark-coloured ascospores. Nevertheless 
as previously mentioned in the introduction, these internal reprod
uctive isolation mechanisms constitute a direct measure of the re
lationships between species despite evidence of partial or limited 
reproductive isolation being detected. Two isolates are likely to 
be similar if they show complete lack of isolation from each other. 
Even though this measure may not represent the most significant 
means of determining the relatedness of the various species, it is 
certainly the most convenient to conduct experimentally since crossing 
experiments can be performed easily. This is crucial when species- 
status of a great number of isolates has to be determined.

Studies of the comparative genetics of related species are 

therefore necessary and steps in this direction have been made with 
N. tetrasperma (Howe, 1953; Howe and Haysman, 1955) and N. sitophila 
(Fincham, 1951). Such studies may well provide more information 
about the mechanisms preventing cross-fertility. Understanding
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precisely the number and kinds of genetic factors preventing fertility 

is the best measure for determining the relatedness of Neurospora 

species. On the basis of this present investigation, a diagrammatical 
representation of the relationship between the various species can 
be constructed (Diag. C) . The diagram which is 3-dimensional and 
showing different species at each of the apices of a tetrahedron, 
is basically derived from Table F with the percentage of white 
ascospores being used as a measure of relatedness. Table F was 
chosen as N. tetrasperma could be included in the overall comparison 
of the species and also by the fact that the relationship between 
N. crassa with N. sitophila and N. intermedia in this Table F 
was representative of such relationships as found in Tables G and H.
The relationships between N. crassa with N. sitophila and N. intermedia 
can be compared easily whilst that of N. tetrasperma with N. sitophila 
and N. intermedia were found to produce rudimentary perithecia although 
in one cross of the latter, 50% white ascospores were observed. The 
presence of rudimentary perithecia does not always indicate that two 

isolates are different. An isolate observed to produce rudimentary 
perithecia with one tester will often be found to be fertile with 
other strains of the same tester. However, if rudimentary perithecia 
still persist in the latter cross, then it may be concluded that 
the isolates are distinct. The production of 50% white ascospores 
may indicate that N. tetrasperma is closer to N.intermedia than 

N. sitophila. Nevertheless, the following conclusions may be 
drawn: 1) that N. sitophila is fairly distinct from N. crassa and

N. intermedia; 2) N. intermedia is considerably closer to 
N. crassa than to N. sitophila; 3) the relationships of N. tetrasperma 
to N. crassa is unambiguous, but its relationships with N. intermedia
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-153-

and N, sitophila are unclear. It seems likely that it is much closer 
to N. intermedia.

Other possible avenues of determining the relationships between 

Neurospora species have included studies based on the measurement of 
DNA nucleotide sequence homology (Dutta & Qjha, 1972). They found 

that in terms of DNAiDNA homology, N. intermedia and N. sitophila 
were equally distant from N. crassa and suggested that the species 
probably originated from the same ancestor in the evolutionary scale. 
Peduzzi & Turian (1972) made an immunological comparison of the 
conidiating wild-type antigens and the antigenic structures of two 
aconidial mutants in studies of conidial differentiation in N, crassa. 
They found that there was more antigenic similarity between the wild- 
type and each mutant than between the mutants themselves. On a 
similar basis, it is conceivable that Neurospora species might be 
compared immunologically and that this may provide a useful criterion 
for species delimitation.

Studies of certain features of crossing behaviour aimed at 
determining their potential as possible criteria in species deter

mination showed that they were of little diagnostic value. Thus, 
rapidity or delay in perithecium formation and ascospore ejection 

were not typical of the type (intra or interspecific) of cross.
In fact, a first indication would seem to imply that structural 
heterozygosity rather than homozygosity was favoured, since rapid 

perithecium formation and ascospore ejection were detected in 
interspecific crosses while a delay was observed in intraspecific 
crosses with N. crassa testers SY 4 and SY 5. However, intra-specific 
crosses with N. crassa testers from the FGSC were found to be similar
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to interspecific crosses of the N. sitophila and N. intermedia 
testers. This suggested that the wide distribution for perithecium 
formation and ascospore ejection observed in crosses between the 

wild isolates and N. crassa testers SY 4 and SY 5 seemed likely to 
be attributable to unusual behaviour of the testers and not typical 
of an intraspecific cross. Further, studies on pattern of peri
thecium formation in intraspecific and interspecific crosses also 

provided no indication that a reliable criterion could be based on 

this feature of the crossing behaviour. Basically, because Neuro
spora grows-fast and sparsely, it would be difficult to ascertain 
whether perithecium formation was actually caused by sexual conjugation 
through the fusion of the microconidia and trichogynes or by nuclear 
migration following a successful hyphal fusion.

The preceding paragraphs have illustrated the problems encount
ered in the delineation of species in Neurospora, much of which have 
been discussed in the introduction. In light of present knowledge 
that there is evidence of gene exchange in interspecific crosses, 
it would be naive to insist on a completely exclusive species de
finition for Neurospora. Further, it is generally agreed that 
little is known about isolating mechanisms in Neurospora. It is 

obvious that more information must be obtained about the mechanisms 
responsible for reproductive isolation. However, since within 
reasonable limits a workable concept is required, the present in
vestigation agrees with findings of Perkins et al. (1976) which 
indicate that it is both convenient and practical to base species 
designation on the production of fertile perithecia with viable 
black spores in crosses between an isolate with authenticated
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species-reference strains.

Using percentage of dark-coloured ascospores as the criterion 

for species delineation, the collection was found to include repre

sentatives of N. crassa, N. sitophila and N. intermedia. However, 
the bulk of isolates of bakery origin were identified as N. crassa. 
This conflicts with the popular view that the 'red bread mould' 
is N. sitophila. Nevertheless the predominance of a particular 

species may show considerable local variations. Thus, six isolates 
received from West Germany were all identified as N. sitophila.
It is highly probable that isolates collected from bakeries in 
Bristol and Cardiff are representatives of a species which has 
happened to become established in this part of the country. Sub
stantial variability was detected within this population, as 
illustrated by the fact that 112 different strains were identified 
amongst isolates collected from the two bakeries surveyed. There 
was also tentative evidence that seme of the strains have become 

firmly established in the bakeries since they were sampled repeatedly. 
However, the majority of the strains were only detected once or 
twice. This suggested that infestation by this fungus in the baker
ies was caused by a continual infection from different populations.
It was thought that this could be explained on the basis that 
bread and crumpet samples returned to bakeries were likely to 
contain a large variety of strains having been collected from 
widely distributed locations each of which might be expected to 

have its own distinctive local population of Neurospora. Another 
surprising feature was the abundance of dissimilar strains having 

the same mating-type. The evidence of only one mating-type as being
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predominant indicates that this feature is caused by reasons other 
than those that could be accounted for on the basis of the sexual 

cycle. It would be difficult to determine what causes this 
variability, basically because little is known about natural pop

ulations of Neurospora. Nevertheless, it may be reasonable to 

suggest that attention should be given to the involvement of 
phenomena such as heterokaryosis, parasexuality or perhaps even 
mutation when assessing the likely causes of this variability. 
Therefore, there is a real need to study natural populations of 
Neurospora in order that these factors which affect within-population 
diversity could be understood.

Lastly, from the survey of the two bakeries, it has become 
apparent that isolation of Neurospora is possible throughout the 
year. Under these circumstances, it would be advantageous to study 
in future the relationships between level of infection and changes 
in environmental conditions that may occur in the bakeries over 
that period of time. Such studies may provide us with vital 
information with regard to conditions that are likely to act as 
triggering factors during outbreaks of this fungus in bakeries.
This information is useful in the containment of Neurospora as a 

bakery pest and may contribute significantly to the overall aim 
of eradicating it from bakeries.
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APPENDIX I

Taxonomic key to Described species (Frederick et aJ., 1969).
KEY TO THE SPECIES OF NEUROSPORA

1„ Ascus with 4 spores
A. Mature perithecia mostly 250-300y ; conidial masses pale 

salmon N. tetrasperma Shear & Dodge
B. Mature perithecia larger

1. Asci about 250P long; conidial masses orange
N, erythraea (Moll.) Shear & Dodge

2. Asci about 190y long; conidial masses pink
N. toroi Tai

II. Asci with 8 spores
A. Perithecia embedded in a stroma

N. phoenix (Kze.) Dennis
B. Perithecia not embedded in an expanded stroma

1. Heterothallic, with imperfect stage
a. Perithecia 200-300y N. sitophila Shear & Dodge
b. Perithecia larger than 300 y

(1) Ascospores mostly 23 x 13y N. intermedia Tai
(2) Ascospores mostly 27-30 x 14-15y ^-crassa Shear & Dodge

2. Homothallic, without imperfect stage
a. Ascospores with one germ pore N. terricola Gochenaur &

Backus
b. Ascospores with a germ pore at each end

(1) Spores large, mostly 30-33 x 14-18y , ribs and intercostal 
veins prominent
i. Spores with 14-16 broad, mostly continuous,

conspicuous ribs N. dodgei Nelson & Novak
ii. Spores with 18-22,narrow, occasionally branched 

or anastomosed ribs N. galapagosensis
Mahoney & Backus

(2) Spores smaller, mostly less than 25y long, intercostal 
veins distinct or inconspicuous
i. Intercostal veins distinct; spores, broad, 14-17y

in width N. africana Huang & Backus
ii. Intercostal veins indistinct; spores narrow, 10-15y 

in width N. lineolata
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* * *Appendix II. Number of days taken for I) Perithecium formation II)
***ascospore ejection and III) time lapse between 

perithecium formation and ejection of ascospores in 
crosses between wild isolates and the three tester strains.

Isolate Tester Strains
N. crassa N, sitophila N. intermedia

I* II** III*** I II III I II III

SY 1 N.A. N.A. N.A. 6 19 13 4 12 8
SY 2 I I I I I I 6 19 13 5 13 8
SY 3 II I I I I 6 26 20 4 11 7
SY 4 II I I I I 5 19 14 5 11 6
SY 5 II II II I, R A 4 11 7
SY 6 II I I 11 7 19 12 5 12 7
SY 7 II I I I I 7 19 12 5 11 6
SY 8 II II I I 5 19 14 4 11 7
SY 9 II I I I I 5 R 5 12 7
SY 10 I I I I II 5 19 14 4 12 8
SY 11 I I II I I 5 19 14 4 12 8
SY 12 I I I I I I 6 19 13 4 11 7
SY 13 I I II I I 6 19 13 6 16 10
SY 14 I I II I I 6 19 13 4 14 10
SY 15 II I I II 5 12 7 5 13 8
SY 16 II I I II 6 19 13 5 11 6
SY 17 II I I I I 7 19 12 4 12 8
SY 18 II I I II 5 19 14 4 12 8
SY 19 12 26 14 5 19 14 5 22 17
SY 20 15 22 7 6 12 6 4 12 8
SY 21 15 28 13 7 12 6 4 25 21
SY 22 L R NA 6 11 5 4 12 8
SY 23 12 37 25 5 12 7 7 19 12
SY 24 15 N.A. N.A. 7 19 12 4 12 8
SY 25 16 32 16 5 19 14 6 11 5
SY 26 15 27 12 5 19 14 4 13 9
SY 27 15 40 25 6 12 6 6 11 5
SY 28 12 32 20 6 12 6 4 14 10
SY 29 12 20 8 5 12 7 5 13 8
SY 30 16 22 66 6 12 6 5 12 7
SY 31 12 20 8 5 12 7 4 13 9
SY 32 9 N.A. N.A. 6 12 6 6 13 8
SY 33 9 15 6 5 19 14 5 12 7
SY 34 15 22 7 6 19 13 5 12 7
SY 35 L 34 N.A. 6 12 6 6 12 6
SY 36 15 22 7 6 12 6 5 14 9
SY 37 12 14 2 6 12 6 4 13 9
SY 38 L 61 N.A. 6 19 13 5 14 9
SY 39 9 21 12 6 12 6 4 13 9
SY 40 16 27 11 6 19 13 5 11 6
SY 41 16 21 5 6 19 13 6 12 6
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Isolate Tester Strains
N. crassa N. sitophila N. intermedia

I* II** III*** I II III I II III
SY 42 9 17 8 6 12 6 5 14 9
SY 43 12 18 6 5 12 7 5 14 10
SY 44 16 23 7 6 19 13 5 14 9
SY 45 6 17 11 6 12 6 5 14 9
SY 46 6 16 10 6 19 13 5 11 6
SY 47 L 19 N.A. 5 12 7 5 17 12
SY 48 6 18 12 6 12 6 6 19 13
SY 49 11 R N.A. 6 12 6 6 25 19
SY 50 9 29 20 7 19 12 5 12 7
SY 51 12 39 17 7 19 12 6 12 6
SY 52 6 18 12 6 12 6 6 31 25
SY 53 6 16 10 6 19 13 5 12 7
SY 54 6 16 10 5 12 7 6 13 7
SY 55 6 16 10 6 12 6 6 19 13
SY 56 6 16 10 5 12 7 6 13 7
SY 57 6 16 10 6 12 6 6 15 9
SY 58 9 16 7 5 12 7 5 31 26
SY 59 6 16 10 5 12 7 6 25 19
SY 60 6 16 10 6 12 6 6 12 6
SY 61 6 16 10 5 12 7 6 21 15
SY 62 L 39 N.A. 6 19 13 6 14 8
SY 63 9 18 9 6 12 6 6 31 25
SY 64 6 17 11 6 12 6 5 27 22
SY 65 14 24 10 5 19 14 6 25 19
SY 66 9 17 8 5 12 7 6 19 13
SY 67 10 17 7 5 12 7 5 19 14
SY 68 10 16 6 6 19 13 5 25 20
SY 69 L N.A. N.A. 6 12 6 5 17 12
SY 70 9 17 8 6 12 6 5 14 9
SY 71 L N.A. N.A. 6 12 6 6 12 6
SY 72 11 18 7 5 12 7 5 12 7
SY 73 9 17 8 6 19 13 6 14 8
SY 74 10 17 7 6 12 6 6 20 12
SY 75 11 18 7 6 12 6 6 26 20
SY 76 7 15 8 6 11 5 5 10 5
SY 77 7 15 8 6 12 6 6 10 4
SY 78 7 15 8 6 12 6 5 11 6
SY 79 7 15 8 6 12 6 5 20 12
SY 80 7 15 8 6 12 6 5 32 27
SY 81 7 15 8 6 11 5 6 10 4
SY 82 10 16 6 6 12 6 5 13 8
SY 83 11 16 5 6 26 20 6 26 20
SY 84 12 20 8 6 12 6 6 18 12
SY 85 11 N.A. N.A. 6 12 6 6 18 12
SY 86 15 23 8 6 19 13 5 20 15
SY 87 11 16 5 6 19 13 6 13 7
SY 88 11 17 6 6 12 6 6 23 7
SY 89 11 18 7 6 12 6 6 18 12
SY 90 11 21 10 7 19 12 6 16 10
SY 91 11 17 6 6 12 6 6 13 7
SY 92 11 20 9 6 19 13 6 12 6
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Isolate Tester strains
N. crassa N. sitophila N. intermedia

I II III I II III I II II]

SY 93 12 23 9 6 19 13 6 14 8
SY 94 L R N.A. 6 12 6 6 16 10
SY 95 11 1 7 6 12 6 6 16 10
SY 96 11 20 9 7 12 5 6 12 6
SY 97 11 17 6 6 12 6 6 20 14
SY 98 11 15 4 8 12 4 6 12 6
SY 99 11 15 4 5 12 7 6 12 6
SY lOO 12 21 9 5 12 7 4 11 7
SY 101 L 29 N.A. 5 12 7 6 26 20
SY 102 L R N.A. 6 12 6 6 18 12
SY 103 11 24 13 6 12 6 6 24 18
SY 104 L 50 N.A. 5 12 7 6 24 18
SY 105 10 17 7 5 18 13 6 12 6
SY 106 11 17 6 5 12 7 6 13 7
SY 107 14 22 8 5 12 7 6 26 20
SY 108 14 22 8 5 12 7 6 13 7
SY 109 11 17 6 5 12 7 5 24 19
SY 110 12 21 9 6 12 6 6 24 18
SY 111 12 18 6 7 12 5 6 11 5
SY 112 10 17 7 6 12 6 5 12 7
SY 113 11 20 9 6 12 6 6 16 10
SY 114 11 18 7 5 12 7 6 24 18
SY 115 10 16 6 6 12 6 6 32 26
SY 116 12 21 9 5 18 13 5 14 9
SY 117 11 18 7 6 18 12 6 24 18
SY 118 11 17 6 10 12 8 6 21 15
SY 119 11 18 7 6 12 6 6 3 31
SY 120 12 24 12 6 12 6 6 34 28
SY 121 11 20 9 7 12 5 6 13 7
SY 122 L 41 N.A. 6 12 6 6 14 8
SY 123 11 20 9 6 12 6 6 18 12
SY 124 11 20 9 6 12 6 6 26 20
SY 125 11 17 6 7 12 5 6 37 31
SY 126 11 20 9 7 12 5 6 14 8
SY 127 12 18 6 7 12 5 6 25 19
SY 128 11 23 12 5 12 7 6 25 19
SY 129 10 17 7 6 12 6 6 18 12
SY 130 10 19 9 7 12 5 6 18 12
SY 131 10 19 9 6 12 6 6 14 8
SY 132 9 16 7 6 12 6 6 13 7
SY 133 10 17 7 7 12 5 6 16 10
SY 134 10 19 9 7 12 5 6 24 18
SY 135 10 16 6 6 12 6 6 11 5
SY 136 10 16 6 10 18 8 6 12 6
SY 137 10 17 7 7 12 5 6 13 7
SY 138 10 19 9 6 12 6 6 18 12
SY 139 11 26 15 7 18 11 6 12 6
SY 140 10 20 10 6 12 6 6 13 7
SY 141 11 22 11 6 12 6 6 14 8
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Tester strains
Isolate N.

I
crassa
II III

N.
I

sitophila 
II III

N.
I

intermedia 
II III

SY 142 10 15 5 6 18 12 6 26 20
SY 143 10 20 10 7 12 5 6 24 18
SY 144 L 20 N.A. 6 12 6 6 12 6
SY 145 10 21 11 6 12 6 6 17 11
SY 146 11 21 10 5 18 13 6 21 15
SY 147 11 23 12 6 12 6 6 17 11
SY 148 13 17 4 5 18 13 6 34 28
SY 149 14 22 8 6 12 6 6 21 15
SY 150 14 22 8 6 12 6 6 17 11
SY 151 10 22 12 6 12 6 6 17 11
SY 152 11 19 8 5 12 7 6 23 17
SY 153 10 22 12 6 12 6 6 R N.A.
SY 154 13 22 9 5 18 13 6 29 23
SY 155 10 19 9 6 12 6 6 21 15
SY 156 10 24 14 6 12 6 6 29 23
SY 157 10 17 7 6 12 6 8 27 19
SY 158 10 19 9 6 12 6 6 21 15
SY 159 10 21 11 6 12 6 6 34 28
SY 160 lO 20 10 6 18 12 6 21 15
SY 161 10 19 9 6 12 6 6 29 23
SY 162 10 17 7 7 12 5 6 R ■NA.
SY 163 10 22 12 7 12 5 6 21 15
SY 164 10 22 12 6 12 6 6 21 15
SY 165 10 20 10 7 12 5 6 27 21
SY 166 10 20 10 5 12 7 6 31 25
SY 167 10 17 7 5 12 7 8 17 9
SY 168 10 19 9 7 18 11 6 27 21
SY 169 10 20 10 5 12 7 6 45 39
SY 170 10 30 20 6 12 6 6 21 15
SY 171 10 17 7 6 12 6 6 21 15
SY 172 11 21 10 6 18 12 6 21 15
SY 173 10 19 9 6 12 6 6 21 15
SY 174 13 21 8 6 12 6 6 21 15
SY 175 10 19 9 7 12 5 6 23 17
SY 176 L R N.A. 5 12 7 6 23 17
SY 177 10 21 11 7 12 5 6 21 15
SY 178 11 21 10 6 18 12 6 21 15
SY 179 10 17 7 7 12 5 6 21 15
SY 180 13 22 9 6 12 6 6 R N.A.
SY 181 L R N.A. 7 12 5 6 21 15
SY 182 10 21 11 6 12 6 6 17 11
SY 183 10 17 7 7 12 5 6 21 15
SY 184 11 20 9 6 12 6 6 29 23
SY 185 10 19 9 6 12 6 6 R N.A.
SY 186 11 22 11 7 12 5 6 29 23
SY 187 11 21 10 7 12 5 6 21 15
SY 188 lO 22 12 6 18 12 6 22 16
SY 189 10 21 11 6 12 6 6 27 21
SY 190 10 22 12 6 18 12 6 27 21
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Tester strains
Isolate N. crassa N. sitophila N. intermedia

I II III I II III I II III

SY 191 10 19 9 7 12 5 8 21 13
SY 192 10 16 6 6 18 12 6 21 15
SY 193 9 18 9 6 12 6 6 22 16
SY 194 12 18 6 6 12 6 6 27 21
SY 195 13 20 7 6 12 6 8 27 19
SY 196 L 48 N.A. 6 12 6 8 27 19
SY 197 L 68 N.A. 7 12 5 6 21 15
SY 198 L 43 N.A. 6 12 6 8 21 13
SY 199 L 21 N.A. 5 12 7 8 31 23
SY 200 13 21 8 6 12 6 6 22 16
SY 201 6 14 8 5 10 5 6 13 7
SY 202 L 43 N.A. 7 10 3 8 21 13
SY 203 lo 19 9 7 10 3 6 29 23
SY 204 L 47 N.A. 5 12 7 6 27 21
SY 205 L R N.A. 6 12 6 6 23 17
SY 206 12 21 9 7 12 5 6 27 21
SY 207 12 20 8 5 12 7 6 23 17
SY 208 L R N.A. 7 18 11 6 21 15
SY 209 12 19 7 6 12 6 6 23 17
SY 210 9 18 9 6 12 6 6 45 39
SY 211 9 20 N.A. 6 12 6 6 23 17
SY 212 L 68 N.A. 5 12 7 6 29 23
SY 213 L 68 N.A. 5 12 7 6 31 25
SY 214 12 27 15 7 12 5 6 45 39
SY 215 L 30 N.A. 6 12 6 6 23 17
SY 216 L 48 N.A. 5 12 7 6 21 15
SY 217 8 16 8 6 17 11 6 23 17
SY 218 9 19 10 6 17 11 6 27 21
SY 219 12 20 8 6 17 11 6 29 23
SY 220 12 22 10 6 17 11 6 34 28
SY 221 10 19 9 6 17 11 6 29 23
SY 222 L 27 N.A. 6 17 11 6 R N.A
SY 223 10 38 28 6 17 11 6 23 17
SY 224 9 16 7 6 17 11 6 17 11
SY 225 L R N.A. 5 17 12 6 13 7
SY 226 10 22 11 6 17 11 6 21 15
SY 227 10 25 15 6 17 11 6 21 15
SY 228 9 21 12 6 17 11 6 27 21
SY 229 12 21 9 6 17 11 8 27 19
SY 230 L 47 N.A. 6 17 11 8 21 13
SY 231 12 20 8 6 17 11 6 34 28
SY 232 12 20 8 6 17 11 6 28 22
SY 233 L 43 N.A. 6 17 11 8 27 19
SY 234 12 25 13 6 17 11 7 27 20
SY 235 12 22 10 6 17 11 6 21 15
SY 236 L 68 N.A. 6 17 11 8 34 28
SY 237 12 18 6 6 17 11 6 17 11
SY 238 L 43 N.A. 5 17 12 6 23 17
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Tester strains
Isolate N. crassa N. sitophila N. intermedia

I II III I II III I II III

SY 239 9 15 6 6 17 11 6 R N.A.
SY 240 12 25 13 6 17 11 6 27 21
SY 241 L 26 N.A. 6 17 11 6 10 4
SY 242 L R N.A. 5 17 12 13 34 21
SY 243 9 26 17 6 17 11 6 31 25
SY 244 L R N.A. 6 17 11 6 31 25
SY 245 12 19 7 5 17 12 6 29 23
SY 246 L 47 N.A. 6 17 11 6 29 23
SY 247 L 29 N.A. 5 17 12 6 27 21
SY 248 9 18 9 6 17 11 6 27 21
SY 249 L 26 N.A. 5 17 12 8 R N.A.
SY 250 9 21 12 6 17 11 6 34 28
SY 251 L 67 N.A. 6 17 11 6 R N.A.
SY 252 L 47 N.A. 6 17 11 6 R N.A.
SY 253 L R N.A. 5 17 12 6 23 17
SY 254 11 24 13 6 17 11 6 21 15
SY 255 L 67 N.A. 6 17 11 6 21 15
SY 256 L 26 N.A. 6 17 11 6 27 21
SY 257 L 26 N.A. 5 17 12 6 R N.A.
SY 258 L 47 N.A. 6 17 11 6 34 28
SY 259 8 42 36 6 17 11 6 R N.A.
SY 260 L 19 N.A. 5 17 12 6 23 17
SY 261 3 14 6 5 17 12 6 45 39
SY 262 8 17 9 6 17 11 6 17 11
SY 263 L R N.A. 6 17 11 6 37 31
SY 264 L 42 N.A. 6 17 11 6 34 28
SY 265 L 67 N.A. 6 17 11 5 20 15
SY 266 L 67 N.A. 5 17 12 7 16 9
SY 267 8 15 7 L R N.A. L R N.A.
SY 268 11 19 8 L R N.A. L R N.A.
SY 269 8 19 11 6 R N.A. 5 20 15
SY 270 8 19 11 L R N.A. L R N.A.
SY 271 8 15 7 6 17 11 5 12 7
SY 272 L 24 N.A. 6 17 11 5 14 9
SY 273 8 14 6 6 17 11 5 16 11
SY 274 9 20 11 6 17 11 5 12 7
SY 275 L R K.A. 6 17 11 5 14 9
SY 276 8 18 9 6 17 11 5 12 7
SY 277 11 17 6 6 17 11 5 14 9
SY 278 8 17 9 5 17 12 5 14 9
SY 279 N R N.A. 6 17 9 5 14 9
SY 280 8 16 8 6 17 11 5 12 7
SY 281 N.A. 41 N.A. 6 17 11 5 29 24
SY 282 N.A. N.A. N.A. 6 R N.A. 5 16 11
SY 283 N.A. N.A. N.A. 6 R N.A. 5 12 7
SY 284 N.A. N.A. N.A. 6 R N.A. 7: 14 7
SY 285 17 26 9 6 17 11 5 14 9
SY 286 9 17 8 6 17 11 5 16 11
SY 287 12 16 4 6 17 11 5 16 11
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Tester strains
Isolate N, crassa N. sitophila N. intermedia

I II III I II III I II II]

SY 288 11 17 6 6 17 11 5 14 9
SY 289 11 26 15 6 17 11 5 12 7
SY 290 9 20 11 6 24 18 5 14 9
SY 291 11 18 7 6 17 9 5 12 7
SY 292 13 20 7 6 17 11 5 16 11
SY 293 8 16 8 6 17 11 5 12 7
SY 294 14 20 6 6 17 11 5 12 7
SY 295 N.A. 19 N.A. 6 17 11 5 16 7
SY 296 8 16 8 6 17 11 5 12 7
SY 297 14 16 2 6 17 11 5 20 15
SY 298 9 20 11 6 17 11 5 14 9
SY 299 10 17 7 6 17 11 5 14 9
SY 300 11 19 8 6 17 11 5 14 9
SY 301 8 16 8 6 17 11 5 14 9
SY 302 10 16 6 6 17 11 5 12 7
SY 303 8 20 12 6 17 11 5 20 15
SY 304 9 16 7 6 17 11 5 12 7
SY 305 7 17 10 6 17 11 5 14 9
SY 306 11 20 9 6 17 11 5 14 9
SY 307 11 16 5 6 17 11 5 14 9
SY 308 9 16 7 6 17 11 5 20 15
SY 309 11 17 6 6 17 11 6 22 16
SY 310 11 18 7 6 24 18 5 14 9
SY 311 11 17 6 6 17 11 5 20 15
SY 312 11 17 6 6 17 11 5 20 15
SY 313 12 21 9 5 17 12 5 14 9
SY 314 11 21 10 5 17 12 5 22 17
SY 315 17 19 2 5 17 12 5 16 11
SY 316 14 22 8 7 17 10 5 20 15
SY 317 11 16 5 7 17 lO 5 16 11
SY 318 13 17 4 7 17 10 5 16 11
SY 319 11 18 7 7 17 10 5 22 17
SY 320 10 22 12 7 17 10 5 12 7
SY 321 N.A. 18 N.A. 7 17 10 5 20 15
SY 322 16 16 N.A. 7 17 10 5 16 11
SY 323 16 16 N.A. 7 17 10 5. 20 15
SY 324 8 16 8 7 17 10 5 22 17
SY 325 N.A. 17 N.A. 7 17 10 5 14 9
SY 326 11 21 9 7 17 10 5 12 7
SY 327 N.A. 17 N.A. 7 17 10 5 14 9
SY 328 N.A. 16 N.A. 5 17 12 5 14 9
SY 329 8 18 10 7 17 lO 5 16 11
SY 330 13 19 7 7 17 10 5 12 7
SY 331 N.A. 16 N.A. 7 17 10 5 20 15
SY 332 N.A. 17 N.A. 7 17 10 5 20 15
SY 333 10 16 6 7 17 10 5 12 7
SY 334 16 19 3 7 17 lO 5 20 15
SY 335 16 20 4 N 24 5 16 11
SY 336 N.A. 16 N.A. 5 16 11 5 22 17
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Isolate N.
I

crassa
II III

Tester strains 
N. sitophila 
I II III

N.
I

intermedia 
II III

SY 337 N.A. 16 N.A. 5 16 11 5 22 17
SY 338 10 16 6 7 16 9 5 22 17
SY 339 13 20 7 7 16 9 5 14 9
SY 340 N.A. 16 N.A. 7 16 9 5 14 9
SY 341 13 17 4 7 16 9 6 20 14
SY 342 N.A. N.A. N.A. 7 16 9 5 20 15
SY 343 N.A. 18 N.A. 7 16 9 6 22 16
SY 344 N.A. 20 N.A. 7 16 9 5 12 7
SY 345 N.A. 19 N.A. 7 16 9 5 16 11

N.A. - not available.
L - no perithecium formed within 16 days.
R - perithecia remained rudimentary.
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APPENDIX III Poisson Analysis for determining the number of 
Neurospora strains in the bakeries

The probability of a strain to occur i times is given by the 
equation = e ^

In this present investigation, isolates occurring zero times were 
not detected. Its probability of occurrence could hence be called

P .o
Therefore the proportion of strains occurring i times is given by

= Pi  \
1-Po

Substituting the values
— A- i

TT

 ̂ i:(1-e
For proportion occurring once

— A7T e A
 ̂  ̂I:?'

It is known that
observed x strains once77 = -----------------------

1 observed y strains in total

A table was calculated for different values of A to give value of
The best estimate for A was chosen.

Total no. of observationsBut A = Total no. of strains in population

e"^A^If A value is substituted in equation i:
then the frequencies for O's, I's, 2's etc. could be obtained.


