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SUMMARY

This investigation forms an initial part of
a program to determine the extent and mechanisms of
variation between and within different pathogenic
sirains of Thanatevhorus cucumsris (Frank) Donke

The crucifer-attacking strain of I. gupgumeris
is indigencus %0 soil at the Waite Institute and is
widely distributed elsewhere. Variation within &
field isclate, isolate 48, of this strain was ex~
prossed through the meohanisms of heaterocaryosis by
mutation and snastomosis, and sexual reoconbination.
Evidence 1s presanted io show that isolate 48 1is
homothallis, but heterocaryotic with sterility
factors. These famctors were overcome by spone-
taneous mutation and selection of selfed single

basidiospors progeny. 4 third generation progeny
was pathogenic to seedling stems of radish, the
test host, was self-fertille ani initiaslly homocary-
otic. Four indueed and two spontansous morphologic
mtants were subsequently reacovered as progeny of
the G5 culture. Lach mutant hed a distinet sei of

e

eultural charscters and has remained stable and
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salf-sterile. One mutant was pathogenic to
redish stems, on® produced hypersensitive fleoks
andl fowr feiled to penetrate the host.

Stable heterocaryons were formed from pair-
inge of non-pathogenic mutants; each hetercoaryon
was indistinguisheble from the field isolates and
was pathogenic. Several heterocaryons were feriile
and analyses of progeny from these crosses showed
that cultural sppearsance, growth rate, pathogsnicity
and self-fortility wers together controlled by a
single gene nutation in each of the mutants in-
volved and that the genes wers unlinked. Results
indiocated that pathogenicity, which was dominant,
wos controllsd by genee at asveral loci.

Unstaeble heterocaryons wire formed from
pairings of the pathogenic and a non-pathogenic
mutant; each heterccaryon, whioch was initially
indistinguishable from the field isolate, reverted
to mutant type growth. Reversion in easch Letero-
caryon was always in t¢he same diresotion. One
heterocaryon reverted to the non-pathogenic muiant
component whereas in all others the reverted
growth was that of the pathogenic mmtant.

ii.



Reversion appeared to be due to factors common to
the thallus rather then %o localiszed oell con-
ditions. Frogeny enalyses of iwo unatable arosses
suggested non~liendelian segregations for patho-
geniecity which may have been due to oytoplasmic
influence.

Huclsar behaviour throughout the 1ifs oyole
of the field isolats, single basidiospore progeny.
mutante and heterocaryone, was studied in the
erucifer sirain of I. gucumeris. Vegetative cells
wvere multinucleate but nmumber of nuclei psr cell
varied considersbly within a single thallus, snd
basidiospores weres almost exclusively uninucleaste.
Similar studlies with a field isolate and single
basidiospore progeny of the root strain of I.
gucumaris revealed that the besldliospores were
either uninucleate (85-90.) or binucleate (10-15%),
and that the production of binucleate spores, which
appeared %o be an inherited charsoter, was dus to
migration of two muclei from the besidium,

The presulte are discussed in relation to the
influence of mechanisms of variation as they may
operate in the field.
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INTRODUCTION

Eince it was first recognised that micro-
organisms causs plant diseases, plant pathologists
have been soncerned with the basic problem of con~
trol of these diseases. This concern has led,
and is contimuing to lead, to comprehensive investi-
gations of the parasite, its hosts, the enviromment,
and the interaoctions of each. Often such studies
have baeen initiated in partioular Laboratories as
the result of diszsase surveys or the prevalence of
& diseass in the field and in time have been ex-
tended to become major investigations. <Such has
been the case in the Depariment of Flant Pathology
at the Yalte Agricultural Research Institute with
the diseszes caused by the soll-borne fungus

ards (Frank) Lonks

years ago (Samuel, 1928; Samuel and Garrett, 1932).
These and subseguent investigations (Flentje, 19573
Flentje and Saksena, 1957) have shown that there

1.




are s nueber of pathwgenic strains of the fungus,
some limited to hoete of a single family end others
capabis of attacking a wids vange of hosts. GSince
thet time verious aspecis of the pathogen have been
e the most effective conirol
measures. inecluded have been ecological and
taxoncmic studies (Kerr, 1955; ¥Flentje, 19563
“aroup, 1959; varoup and Talbot, 1962; de Beer,
1965; Talbot, 1965), studies on the life cyole
{Flentje, 1956; Flentje, ttrotton and lawn, 1963%;

Stretton, lickenzie, Daker and Flenije, 1964, and on
the physiology of parasitism (Kerr, 1956; Lerr and
Flentje, 19573 ¥Flentje, 1957; Flentje, Lodman and
kery, 196%; DLodman, 1965). Fronm some of these
and other indepsndent investigations it has been
reelised (Flenije, 1959; 1965, that present eco~
logical control measures, such as crop rotation,
shemotherapy, sic.; are uniikely to be wholly
effective for I. ou

o oS i i T I e

¢ There are two papers published in 1963 by Flentje
and co-workers. Sinec repeated refersence will be
mede in this dissertation to one of these (Flentje,
Stretton and Hewn, it will be designated as Flentje
et al (1963) to distinguish it from the second paper
which will be referred to as Flentje, Lodman end
Kerr (1963).
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In the past few years the importance of veri-
stion in I. gucumerig and itz effect on possible
metheods of conirol, such as plant bresding for
resistance, have bheen recognised ani investigations
were initiated to determine (a; the range of and
mechaniems conirolling variation bothk éﬁ.mm and
between different pathogenic strains, amd (b
vhether & particuiar strain ies able to mdspt by
means of varisiion to meet new or aifferent con-
éitions, and the rate at which thie asdaptation may
oscur. Thess investigations were inltiaied with
& comprehensives study of nueclesr behaviour througie
out the life oycle of several isolates of I.
gugupepis (Flentje si al, 1963) and a preliminary
study of the mechanisms of variation (FlentjJe and
Stretton, 196i)s In the present study the range
and mechenisme of pathogenic end morphologic vari-
ation within strains are investigated in cestall,
using some new and modified techniques and morphoe
logical mutants derivec Irom a third generation
single basidlospore culture of s orucifer-
attacking isolate of I. guoumaris. while this
study rspresents a step forward towerds the

e



understanding of the mechanisms of variation and
how they may influence control measures; it muss
8till be considered preliminery, since it pomes
more guestions thaaﬂanawem about the operation of
variation in the field.

le
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LITERATURE REVIEW

Defore reviewing the literature on aspacts
of mutrition, mating system, mutation, anastomoais
and heterocaryosis, as they spply to the investi-
gations reported in this thesis, it is profitable
to examins the taxonomic position and life oycle
of the orgenism studied.

first reported as a parasite of crop plants in
1858 by Kihn. Since then many different patho-
genic strains have been desoribed, each strain
attacking & narrow or wide range of host plants.
Considersble confusion has followsd both in the
ldentification of the vegetative stege and ths
taxonomle position of the sexual stage. Iso~
lates of R. zolsni

and other speciss of
3 have been identified, in the sbsence

of a perfect astage, on the basis of 'rhizoctonie~
like' hyphal morphology. However, the hyphsal

Se



morphology is not Gefinitive and in recent years
when a number of Rhigootonia isolates have been
induced to fruit, the sexual stages have proved to
be quite different, some being Asgomycetes snd

soms Casidiomycstes. The sexual stage of R Bolani
is a Basidiomycete, and under various specific
epithets and in six different genera, i1ts nomen-
clature has hed a controversial history (Talbdot,
1965).

Some other isolates of Rhiscotonia have been
1dentified as Thanatephorus praticola (Kotils)
Flentje [ = Z. ppailogls Sakeena snd Vaartajal.
Many authors now consider that T. praticcls is
indistinguishable from T. gugumeris while others
cleim they are distinct species. Talbot (1965)
maintaine this speecies ssparation, but de Beer
(1965); who mtudied an isolate which culturally
and pathogenically corresponded closely %o
L. praticols but was identified as T. Sugumeris
on the basis of its basidial stage, sugpests that
1. guoymerip should dbe regarded as a colloctive
species which would inelude T. praticols. “hile
de Deer's atudies provide strong evidencs, it

6.



camnot be resclved at present that 1. gugumeris,
ineluwding I. irskicole, 15 a single natural species.
In this disseriation, the following nomenclature

is used: 3. sglani for references where the sexual
singe has not dbeen reported; and I. gugumeris.

‘praticola’ or 'soleni', where the sexual stage has s‘

been identified and the vegetative stage corrssponds
to I. pratigola or I. guoumeris (sensu Talbet) /
respectively. This distinction is adopted to "
faoilitate review of literature and discussion of

the 'solani® strains used in this investigation.

ot 4 L ~ P T
i et A

e mmqg;gifia ‘typicany parasitic on parts
of susceptible host’kialanm in or nesr the soil, but
is often saprophytic on decaying plant roots snd
other soll debris or around roots of non~hoats and
in the soil. The production of sclerotia in soil
varies between strains of the fungus, with many
straine maintained in the soil primarily ss hyphse
or hyphal fragments (Varoup and Talbot, 1962).
Therc is no known conidial stege. Fruotifications
of basidia and besidiospores have been found under
clods of soil (Warcup and Talbot, 1962) and on

Te



plent parts (Exner, 1953). ividence suggests that
basidiospores fail to establish colonies in the soil
(Flentje end Stretton, 1964}, but they may be ospable
of infeoting host tiseue (Echandi, 1965),.

All studies of vegeiative cells indicate that
they are multinucleste, the number of nuslei per
eell varying with the strain studied. Tip cells
usually contain r(\ltz\_ 83:-32)131@101& nucles (Hawn
and Vanterpool, 1953; GCanford and skoropad, 19553
Flentje et al, 1963 but the number is commonly re-
duved by sscondary septation to two or thres in
older cells (Hawvn and Vanterpoocl, 1953; #lentje
2% ni, 1963). Hyphss in soil contain the same
average nuiber of nuclei per cell as whsn grown on
agar (Flentje, unpublished).

Huclear division in vegetative cells is con-
Jugate (i.e. the grouping together and simultaneous
division of all nuclei within a celil) followed by
the separation of equal numbers of daughter nuclei
into emch new cell {Doidin, 1958; Fientje gt al,
1963}, Frequeni sberrations in whioh either one
nusleus failed to come into the group eand divide
or the dasughter muclei did not separate sgually

8.



resulted in different numbers of nuclei in success-
ive cells,

The basic paidiern of nuclear distribution ang
behaviour in the sexual stage has bsen dasoribed in
datail (FEawn and Vanterpool, 1353; Saxeens, 1361 a3
#lentje st al, 1963), The hymenium dsvelops from
short side branches a few cells behind growing $ips.
In cells of side branches which initially centain an
eéven number of nuclei, the nuelel pair and septa
develop betwoen pairs. fael of these binucleats
cells proliferates t¢ form a clump of basidia.
Nuelear fusion and msiosis to glve four heploid
mielel occurs In the basidium prior tc the typloal
formation of four sterigmatsa snd spores. Cne
meiotic nuclsus then migrates into esoh basidiospore.
“hen a cell of a short side braneh initially con~
tains an odd number of nuclei, one of the cells
divided by septa contains threes instesd of & pailr
of nuclel; the trinucleate cell proliiferstes to
form a clump of trimucleate basidis. One nuoleus
apparently doeg not take part in fusion and meiosis
and the resulting basidia contain five nuclei
(Flentje ot a1, 1963). GSaksena (1961a) aiso

e



cbeerved five-mucleate basidia and suggested a
mitotic division in the basidiuwm of ons of the
melotic products to account for the extra nuoleus.

Although 1t sppears that basidiospores are
typically unimucleaste, ui- or trinucleate spores
have been observed. This condition mey have arisen
either through mitosis in the basidiospore of a
single nuoleus from the basidiuws (Saksenam, 1961s)
or through migration of two or three nuclei into a
spore from the basidium (Flentje gt gl, 1963).
Evidence of the latter is the regular ocscurrence of
basidie with four (or five} nuclei producing two or
three (or four) basidiospores. There has been no
evidence of dogeneration of any muclei in the
besidium. Flentje gi gl (1963} found that the
sberrant behaviowr of nuclear migration into
basidiospores was typical of certain rield isolates.
%thile insurficient isclates have been studied to
generalize with certainty, it may be significani
that of those 8o far examined in detail leas than
155 of the spores of 'sclani’ isolates are binucleate
while 357 or more of the spores of 'praticola’ iso-
lates are hinucleate.

10.



From the sbove discussion, it is apparent Q. iy &

v et e

that ihe identification of L. gugumeris based only

on the 'rhizootcnia~state' is hazerdous end leads to
confusion. It is essential that every attempt
should he made to obtain the sexual stage B0 that
gtudios of the vegetative stage can be soundly based
and adequate comparisons between isolates can be made.
In nidition, any detailed invesiigations on varia-
bility within T. gugumeris must rest on extensive
eytological studies of nuclear bLehaviour in basidio~

spore formation.

Nutriti Re ents of T.

Isolates of . gucumeris usually havs been grown
on common agsr media, including potato-dextrose,
corn wmal, soll, or Czapek-~iiox, but very little is
known; about specific nutritional reguirements.
Kotila {1929 obtained good growth on an agar medium
coneisting of 2 simple sugar, inorganic salts and
erganic nitrogen. hiftney and rarmeter (1963
showed n segregation of basidiospore progeny in
ability to grow on Uzapek~-iox agar, which contains
only nitrate nltrogen.

1%



In Rhizoctonia solani the source of nitrogen
mey be the moet imporiant faector in nutrition, some
isolates requiring organic nitrogen supplisd as
peptone, gelatins, or casaming scids (Edwards and
Kewton, 1937; Ross, 1960) for satisfactory growth,
while others are able to utilize inorganiz nitrate
or ammonium compounds (Tyner and Sanford, 1935;
Steinberg, 1950; Butler, 1957). Lequirements of
2. golani for potassium, phosphorus, calcium, and
molybdenum have been determined (Tyner and Sanford,
1935; GSteinberg; 1950). Butler (1957) and Ross
{1960) studied the sbility of different isolates to
utilize various sugars as carbon sources., “hile
vitamine have been considered non-essential for
growth of 2. solani, Ross {1960) reported s thismin
requirement for one of the three isolates he studied.

“hen mutritional studies are carried out on

a greater mumber of isolates of I. gheumeris, e
strains will lixely be differentiated on the basis | ¢  °

brma.

of their nutritional requirements. Isolates of
streins with simple nuiritionsl requirements would
be most sulteble for genetic studies using bio-
chemical mutanta.

12,



ligting System in I. gucumeris

Homothallism is the ability of an organism
0 complete its sexual oyele starting from a single
haploid nucleus (Xorf, 1952;, giving rise to progeny
vhich, barring mutation, are sself-fartils. Heteroge
thallism gpplies when the sexual cyclse can be com-
pleted only by the union of two haploid nuclei from
sonpatible self-sterile thalli, end self-fertile
recamblnants do not appear among the progeny (Clive,
1958).

A homothallic condition may appear in an
organism which is basiocally heterothallic when two
nuclei of compatible mating type are included within
& soxual spore hefore 1t 1s set fres from the fruit-
ing structure., This condition, iermed secondary
homothalllism, occurs in the INynenomycetes with vary-
ing degrees of efficiency (ihitehouse, 1943 result-
ing in the produciion of both self-szterile and
self-iertile progeny.

rublished data for 230 species of Hymenomycetes
and Gasteromycetes studied before 1949 indicate that,
excluding those shown o be secondarily homothallic,
about 10 per oceni of the species are homothallie,

13



35 per cent heterothallic and bipolar and 55 per
cent heierothallic and teirapolar (\hitehouse, 1949},
Incivded zre two reporis that [hanatephorus suoweris
is homothallle (kWller, 19243 Kotilas, 1929}, and
four reports since have been published (Hewn and
Vanterpooli, 19533 ocaksens, 196ia; whitney and
Parmeter, 1963; Flentje and itrvetton, 1964}, Uhile
the production of seli-fertils basidiospors cultures
among the progeny of isolates of I. gugumeris ex-
cludes heterothalliszm, the reports require re-
examination to determine whether secondary homo-
thallism is also excluded.

in I. gucumeris, homothallism can be demon-
strated only fron & self-fertils culture derived
from a basldliospors whioh received a single haploid
nuclsus from the basidiun and is proved if the
progeny Irom that culture arse uniform under optimm
snvirommental conditions, If the progeny ars not
uniform but express veriation with respect to
baelidiospore viability or fertility or both, either
of which complicates an interpretation of mating
system, it is likely that the originsl culture was

heterocaryotic. vusi: & helterocaryon wouid arige

1l



either from a basidiospore containing twe (or three)
ganetically different nuclei or through mutation
during vegatative growthe If the culture has
arisen from & binucleats spore, secondary homoe-
thaliiem cannot be exeluded.

From oytologloal studies on the sexual stage
of an isolate of I. gucumeris the frequency of uni-
nucleate spores and the probable origin of the nueclei
in binucleate spores can be determined. This cyto~
logical information can then be used to catimats
the probability that the fertile progeny had arisen
from basidiospores which received single nuclei
from the basidiec

Analysis of self-fertility of the basidio-
spores from four-spored basidia may also provide
strong e¢vidence of homothallism. Cytologioal
studies of a four-spored basidium have shown that
the spores producsd will be initially either all
unirmucleate or that three will be uninucleate and
one binucleate. Ths self-fertility of two or
more single basidilospore cultures from a foure
spored basidium would therefore includs one or
more cultures dsrived from a uninucleate

15.



basidiospore. A note of caution is necessary,
however, for if in a five-nueleate basidium the
extra nucleus arose by mitosis of a meiotic nucleus,
as suggestsd by taksens (1961a), therec could be
more than one mitotic division, giving rise to
basidia with more than five nuclei and thus more
than one binucleate cpore. Spores yproduced from
these basidia could complicais any determination of
homothallisn: based on tetrad snalysis alone.

Seksena {1961a) claimed that his investi-
gations provide aytological proof of true homo~
thallisnm in . gugumeris 'praticola’. He concluded
that (a; mature basidiospores are regularly bi-

nusleate, and (b} the binucleate condition is chief-
iy dus to the early division of the initial single
maocleus rcceived by each spore and to a limited
sxtent due tc the migration of more then one nucleus
into a spore. He does not, however, account fror
the uninucleate gondition that he observed in 3 of
108 4ischarged, mature basidiospores. leither

does he conslder ithat the variation in nusber of

spores per basidlium and conseguently the number of

16.



initial nuclei per spore has any biologlcal signifi-
cance in this fungus.
Hawn and Venterpool (1953) concluded that
their 'praticola’ isclate was homothallie on the basis
of the eelf-fertility of four eingle basidicspors
cultures from a Sotal of 50 shed basidlospores, I
of which were not visble, They observed pre-
dominantly uninucleate basidiospores from basidis
bearing two to four spores, but 413 not present the
data; a frequency of eight per sent binucleate spores No
could account for their self-fertile cultures. 3
The oytology and fertility of L. guoumeris
was studied by i8ller (1924) who reported that the

mature basidlospores were binucleate. The original
Papsr was not available, but 1t would appear that
the origin of the nuclei in the binucleate apores
was not definitely determined, and if this was so, o
the evidence of hompthallisn was not conolusive,  wluft
Kotila (1929) demonstrated homothallism in
progeny of his ‘praticola’ isolate by tetrad analysis.
In two instances he isolated from o fertile singlo

basidiospore culture (B6-2) two basidiospores from

17



a four-gpored basidium (basidia 89 and 91, Table i1,
p. 1082); each basidiospore gave rise t0 & gelf-
fertile culturs. Kotila, however, did not appreciate
the significance of these fertile cultures and diad
not specifically use them in support of his con-
olusion of homothalliem; without them and consider—
ing the low visbility of the bhasidiospores, his
results could equally well be interpreted as an
expression of secondary homothallism,

%hitney and Parmeter (1963) apvcepted the carlier
reports of homothallism in T. guoumeris, ond stated
that their results with a 'praticola’ isolate cone-
firmed those observations. Howsver, as the earlier
reports 4o not present unequivocal evidence, the con-
firmation itself requires information on the nuclear
condition and viability of the basidlospores before
it can be fully asseseed. Further, it will be shown
below (Experimental Section IV (e¢)) that a sample
of 20 single spore progeny obtained from shed
hasidiospores, the mmbers ussed by Whitney and
Farmeter, may not be{ large enough to constitute a) S
representative mmple?

18,



Flentje and Stretton (1964) concluded that
Z. cuoumeris is predominantly homothallic, their Y
conclusions Kmmd on studies with 'solani® isolates vera |
82 and 48 and ‘praticola’ isolate 42, Homothallism
of isolate &2 was confirmed by the complets fertility
and lack of veriation of single uninucleate basidio-
spore progeny through five eelfed generations. The
evidence of homothallism in isolates 48 and L2 is
not so conclusive. Fram isolate L8, only onz first
generation (G41) single spore culture {48-4) was
fertile; while the second generation (G2) progeny
were reported to be uniform in cultural character-
istics and pathogenicity, 2 basidiospore viability
was not indlcated and only aboul 70 psr cent of the
cultures were fertile. The segregation for self-
fertility in the G2 progeny suggests that 48~ was
heterocaryotic, and as the G1 basidliospores ware one
0 two per cent binucleate, heterocaryosis in LE-4
could well have arisen from a binucleate spore.
The anaiysis of progeny from isolate 42 was compli-
cated by a2 high percentage of binucoleate basidic~
apores {about 75 per cent of 51 basidiospores);

55 per cent of the G1 spores formed colonies and

19



half of these (or 28 per cemt of the basidiospores)
wore fertile, lio information was presented on ths
viability of G2 basidioepores, bui 1t was reported
thai the progeny {rom fertile G{ cultures were either
uniform or markedly variasble witl: respect to fere
tility.

Thus the reports of homothallism in T. gugy-
meris have been basud on cbservations which are
not entirely conclusive, due to the sbnormalities
of nmuclear behaviour which occur in the sexual stage.
4 atote of secondary homothallis:z has heen excludsd
only in Xotila's ‘praticola’ isclaite and 'solani'®
isolate £2 of Rlentje and Stretton. DBoth reporia
suggest that sterility factors not associated with
mating types are responsibls for the aterility of
somes single basidiospore cultures vhen grown singly

A8 To pucuneris iz now considered (o be =2
collective species, 1t is not ajvieshle abt present
to assume that sll isoclatas or sirains sre homo~

thallic.
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‘A matation is a more or less sbrupt and 5
stable change in & cell which can be transmitted |
in hereditary fashion to daughter cells (Fincham }
and Day, 1963). iutations ocour spontanecusly
in all cell pepulations but usually with vary low
frequency. Although wild populations of fungl are
probably heterccaryotic for many genes, most
naturally-occurring genetic Gifferences are not
suitably marked in their effects on the phenotype
to produce good material for expsrimental atvdiles.
Yost genetical studies have been made on mutants
recovered from uninucleate propagules zfter itreat-
aent with mutagenic agents.

Mutations from the wild type to a non~wild,
or mutant type, have been classified broedly into
morphological, where the effect is on morphology
or color but not on nutrition, and blochemical
(auxotrophs) ‘with effects on the capacity of the |
prganism to carry out definable metabolic mmtions.“ ,

In genetical studies of fungi, some uase has
been made of morphological mutants, particularly
those which have vigorous but abnormally compaot

21.
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growth. Their usefulness is limited by the dirfi-
culty of scoring two or mor: morpholegicnl effects
in cambination, and by the loss of viebility usually
encountered when several such mutants are introduced
into the same individual. suxotrophs, however, are
more convenient for study; they fail to Zrow on a
minimel medium, but when supplied with their growth
requiremenis they cormonly resenble the wild type

in sppearance. Auxotrophz can be scored more asasily
when in comdbinations and often she viability of such

combinatione is not reduced. However, o neceasary
prerequisite for the study of aurxoirophs is a
chemically~-definsd minimal medium whieh will support
growth of the wild type.

Anastomosls is the vegetetive Tusion of twe
cells and cceurs in the fungl betwsen gombinations
of hyphas, spores and sexual structures. Jsnasio-
mosls is important in that it can lead %0 the asso-
siation of differeni iLypss of nuclel or oytoplasm
or both within z comuon cell or aells. The 9880w
cietion of different types of muelei may be
esaential for feriility, as in self-sterile
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individuals, or may lead to heterocaryosis followed
by recomblination through the sexual or parasexual
¢ycle.

Anestomosis is a camplex phenomenon, the
mechaniems of which are not clearly defined. It
does not always ocour vhenever hyphae cross each
other but 1s apparently influenced by chemotrophic
materials diffusing from hyphae which cause the
hyphae %o meet in a partioular fashion (K8hler, 1930),
All anastomoses are sasentially end-to-end and hyphal
tips =lone are involved in ths ectual fusions:
they have hoen alassified as hypha-to-hyphs,
hypha-to-psg, peg-to-peg (bridging) and hook~ic-pag
{clemp connections) (Buller, 1933). A peg 1s a
short branch-like protrusion from the side of &
hypha produced in responss to a atimulus from an
adjacent hyphal tip. 4 successful anastomosis
proceeds through several stepsz (Mataumoto gt sl,
1932; Buller, 1933) as follows: (a) hyphal son~
tact, resulting from mutual attraction between two
hyphae; (b) wall fuasion, ccowrring at the point
of contact betwsen the walls of the two anastomos-
ing hyphee; sand (c) suceessful reection, in whieh
the fused walls break down and the two masses of
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protoplasm became confluent without any adversc
effect on the celis, i.e. subsequent death. Pailure
of successful snastomosis may involve any one of
these stepa (Flentje and Stretton, 19645,

A simple test, used with paired isoletes of

maris (Flentje ang Siretton, 1964),
will determine which of the steps have been reached
in a presunptive anastomosie. It consists of
puncturing with a fine glass needle one of the two
celle involved; the punotured cell collapses ang
if the other cell of the presumptive anestomosis
also collepsea, 1t is accspted that there was a
functional cytoplasmic connection between the two
cellas., TWhere no such collapse ocours, the hyphae
of the presumptive onastomoeis are teased apart with
glase needles %o determine whether there had baen
wall fusion or only eontect between the hyphet.

““hen cell death follovwes an apparently successful
anastomosis (the 'killing reaction' in 7.

11 ocours after a period of time and may include

ot only the snastomosed cells but alsc several
adjacent cells. Cell death 1lg determined by misro-
scopic examination.



The phenomenon of cell death following anasto-

mosis has been referred to in Podospors anserins
a8 "barrage' (Rizet and Scheeroun, 1959‘ and in

HeuroBpors grassag as an 'incompatibility reaction’
(¢arnjobet and Wilson, 1956), The choloce of the
terms ‘barrsge’ and 'incompatibvility' to describe
this resction is unfortunate s&s each term hns been
applied o a mumber of spparently distinot phenomens,
and evidence 1s laoking to show whethsr thess are
due to similar

'Barrage’, as originally translated (Brodile,
1936), implies a mutual aversion or repulsion with
2 gap between the mycelia of two opposed oolonies;
it therefore precludes asnastomosis between the mycelia.
A sons between two colonies, in which there is sparse
gbnormal hyphal growth and anastomosis bus no cell
death, characierizes the 'barrage' in Sghizophy

ccomune (FPapazisn, 1950)« In £. gneerins
wag first desoribed (Rizet, 1952) as azn S.Mermingling
of hyphae at tho line of juncture between two cul-
tures with & failure of snastomosis and later (Rizet
and Sgheeroun, 1959) cell death was described.
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'Incompatibility' is a term originally spplied
%o flowering pienta and to animals and its appli-
cation %o the fungl has led %o some confusion.
Uertain incompatibilities as rirst desoribed in the
fungi are related to sex, i.e. the mating type
factors (Burnett, 1956). Other more recently des-
cribed incompatibilities appear to be related %o
vegetative stages. This type of incompatibility
ie manifested by the fallure of certain strains of
like mating types to form suscessful heterocaryons
(Garnjobat and wilson, 1956) or the fallure of
aifferent nmuelei to co-exist harmoniously in a
heterocaryotic mycelium (Fittenger, 126L4). 1In
sddition, degrees of incompatibility intersction
have been deseribed, i.e. sompatible, reni-compatible,
semi~compatible, incompatible or noncompatible inter-
actions; and the same interaction may be deseribed
by different terma or yige-veres, Thus unilateral
migration of muclel is & semi-compatible (Leser,
1359) or a hemi-compatible (Papagian, 1950} inter-
sction, and one of the hemi-compatible (Raper and
kaper, 1964) and the noncompatidle (Papagian, 1950)
interactions produce a ‘barrage’ (gensy Fapazian).
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The conffusion in the use of the term incom-
patibility revolves around mating type factors on
ons hand snd anastomosis and heteroceryosis on the
¢ther. “vidence has not been presented to determins
whether the varioue incompatibilities are expressions
of the seme, similer or different phenomens. Until
such evidence ic obisined there is, therefors, a
need for two terms, one spplied to vepetative in-
compatibilities end the other to sexual incompati-
bilities; the two terms proposed are 'hetercearyon
incompatibility' and 'diesryon incompetibility’.

‘Hetercearyon inecampatibility' is 4hs failure
of heterocaryosis; 1t spplies to the range of vege-
tative incampatibllities, including cell dsath follow-
ing anastanosie and the formstien ¢f unsisble
heterocaryons which diseociste into homocaryotic
components. ‘Diceryon incompatibility' is the
fallure at sny stege from the indtietion of the
dicaryon (definsd below! to the iiberstion of sexual
spores after melosis; the faillure may or may not
interfers with the formation and liberation of the
sexual spores.
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Heterocaryosis, the formation and development
of' a heterocaryotic state, is defined ss the oBso-
cletion of two or mors genetically different nuciei
in cach of one or mors cells of @ thallus, the cells
belng capsable of vegetative growih, Dicaryoeris is
redefined to spply to the sexual stage ond iz the
process of change froax cither a unimicleate or =&
multinuelsate eell %o o binucleate cell {dicaryon},
the miclel of which are destined o fuse« liuclel
of ithe dicaryon msy be genetically identicsl {as in
s homothallic homocaryon) or different {as in either
a hamothallic or heterothallic heterocaryon)s The
dicaryon rhase of the life gyele may bs limited to
o fow oells {l.o. the ascogenous hyphac of Jeurg-
2porg grassg) or sxiended due %o environmentsl con~
ditions {l.e. jig

Heterocaryosis 1o initiated Crom homoocaryotic
meterial in two ways (Pinchan: and Day, 1963); =
matation in & bi- or multinucleste cell yields a
neterocaryctic cell, and snastomocsis between hyphoa
of zenetieally different homocaryons msy give rise
to heterocaryotic cells. Unce a heterocaryon is
established 1t czan be maintained by mycelisl sube
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culturing and by single sporc culturing of hetero-
caryotic asexual or sexual spores in which there
has been no recombination. KNew heterccaryone mey
arise from heterocaryotilc spores following sutation,
anastomosis, or reconbination via the parasexual

or sexual oyocle.

Heterocaryons may be classified as stsble
or unstable, . steble heierccaryon is one whiokh
it mainiained more or less indsfinitely by myceiial
suboulture. lycelial growth of an unstable haterce
caryon rapidly leads to hyphal dissociation into
its homocaryon components; ouch dissociation is
an expression of helercearyon incompatibility.
Other nuclear diassocistions, vhich are not incom-
patibility reastions, oococur through the production
of sexual or asexual spores derived from single
nuclei.

Demonstration of heterccaryosis involves
proof that diesimilar nuclei are present together
within single oslls which ars capable of vegeta-
tive growth, and cytologicel stulies are necessary
to dstermine whether the cells contain more than
single nuclei. If the genetis differences of the
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fuclel are associated with cultural charecteristics
(4.8 morphological or biochomical mutants) then
heterocaryosis is demonstrated when the oultural
characteristios of solonies of single cell origin
taken from miztures of mutant colonies are different
from those of ihe homooaryotic mutant colonies.
However, as most studles of heterocaryosis are con-
cerned with the assoolation of nuclei with spsgific
and relisble genstic markers, it must be prowed
that the heterocaryons formed contain only mwolei
from the contributing homooceryons, The components
of the heterocaryon are determined by their disso-
ciation from one another.

Basidiomycetes in general appear tc maintain
the heterocaryotic condition, and hyphal dissociation
into homocaryotic componentz sppesars limited (Fapre
meter gt al, 1963). However, as with Thanatsphorus
suoumeris, there have been relatively few investi-
gations of heterocaryosis using reliaeble genstic
markers; dissociation nms bsen reported in common-B
heterccaryons of Sehigophvllum gommune, but it has been
‘suggested (Fspasian, 1958) that the cross may be
heterchyphal rather than heterccaryotic. The
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production of homocaryotic asexuml spores is limitead
in Easidiomycetes, end in most specles &issociation
may be observed only through the basidiospores.
isolation of single basidiospore cultures showing
the charscters of the component nuclel plus recombi-
nants provide proof of coniroliled heterocarycsis.

deveral lactors which may camplicate the
demonstration of heterocaryosis, particularly the
Tactor of cross fesding without heterccaryosis, are
excluded by single cell isolations or tetrad anslysis
of the progeny or both,

Variation is the expresasion of character devi-
ations from a type; in the fungl, mutanis or the
wild type are commonly used us the reference. The
wild type is an individusl approximating to the
more or lesa standard form of the species ms found
in the wild (Fincham and ey, 1963j. Varistion can
ccour by msans of a range of mechanisms involving
matation, snastowosiz, heterocaryosis, and recom-
bination.

In I. guoumeris
or levels, of veriation, the variation among

there appears to be two types,

-
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different field isolates and emong progeny from
single field isclates. MNuch of the varistion re-
ported bestween field isoclates has been based on
obaervations of Rhizoctonia

apecies, but as stated earlier, there is no certain-
ty that isolates described as jhigoeiopis

the same sexuml stage and differences between these
isolates therefore cannot be accepted ss evidence of

variation in I. gucumeris. However, there is con-
siderable variation both betwsen ani within 'solani'’
and ‘praticcla’ isolates which are known to have the
Bame asexual stege. As there has been no evidence
of hybridization between them (¥lentje snd Streiton,
1964) such isolatez have generally been regarded as
variants which may have progressed sc far as to have
been biologiocally isolated within the species.

These varisnts differ from one snother in one or
more of a wids rangs of cheracters including cultur-
al behaviour and host range.

Demonstration of varistion in progeny from
field iscolates has been hampered by the difficulty
of inducing ths sexual siage, In rscent yesrs a
nunber of field 1solates have been fruited and
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numerous workers have isolated single basidicspores
and shown that theoy give rise to cultures which
differ markedly from one snother. However, much of
this work is of limited value as evidence of vari-
ation from a singls field isolate because the basidio-
spores have been derived from hymenia occurring in
nature or in agar cultures derived from mycelia on
infected planis. The hymenis mey have been

mixtures from hyphas from different thalli; the

zusumeris dosa not develop from a
single pair of nuclei, a8 in the fruit body of
Neurospors gireses or Ceprious lagopus (FPincham and
Day, 1963), but is composed of many basidisl elumps,
gach derived from separate pairs of nuclei. Unless

isolates have been grown previously from single
hyphsl tips and then inducesd 4o frult under con-
ditions which exclude contamination, there iz uncer-
tainty about the results obtained with single
basidiospore cultures.

A number of hyphal %ip cultures of field
isolates of T. gucumeris have formed the basidial
stage in pure culture on agar (Daniels, 1963;
“hitney and Parmeter, 1963; Flentje and Gtretton,
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1964; Papavizas, 1965) and on soil previcusly
treated with serated steen (i'lentje and 3tretton,
1964). (Flenije and Stretton 4id not record that
the cultures were derived from hyphal %ips; how-
ever Flentje {pera. comm.) confirmed this fache )
In esch instance the single basidiospore oultures
exhibited considersble variation in & wide range of
characters. Although the range of variation with-
in progeny from & single field isolste appears to
be ap wide az that between rield isolates, there is
one major difference; thers is no evidence tc date
that progeny of 2 single f1cld isolate Aiffer from
sasch other in hoet range.

There have besen no detalled studiee on vari-
£ig to determine the limits of
variation within the species, between field isclates
of the seme or different strainm, or within the
progeny of a single field isolate. Little is known
ebout mechanisms controlling varisbility, whether
the same mechanisms are responsible at emoh level or

ation in . gucume

type of variation, or the effects of the mechanisms
on the expression of variablility. Anasiomosis
followed by the killing reaction hae Leen cbserved
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(Plentje and Stretton, 1964 between field isolates
of' the same and 4different pathogenic strains and
between combinations of the progeny of certain field
isclates. Corbinations of the progeny of other
field leolates anastomosed successfully with one
another, but in no case was thers gatisfactory evie
dence of heterocaryosis. Vaitney and Farmeter
{1963} reported heterocaryosis by ansstomosis be-
twean single basidiospore cultures from one parent.
However, the lack of relisble geneiic merkers is a
serious hendicap to these investigations.

35«



GENERAL MATERIALS AND METHODS

Certain gensral procsdures which apply through-
out tale investigation are described here. Any
modifications of them are considered with the experi-~
ment invoived.

Isolates of 7. ougume

The term ‘sirain', as used bslow, follows
from Flentje and Saksenz (1957) who used patho-
genleity to widaely different hosts as the basis for
separation of isclates intc sirains. =zach separate
pure culture mads by direct isolation frem fresh
material, whether from the sc¢ll, infected host
tissue or from fructifications, is termed an
'isolate'; each isolate is an individusl end mycel-
ial subcultures are mersly duplioates or replicates
of that isolate. 7The original, or field, isolates
were cultured from hyphal tipe and assigned seleo-
tion mmbers; singls basidiospore progsny sre

either grouped as 01, G2, sto.; to designate the
partiocular selfed generation or individually desig-
nated shere nocessary by the selection number for
sanh generation in series.
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(a) Root strain

Isolaie 16 was isolated from wheat roots at
Cungena, South Australis, in 1953 end has bsen main-
tained in the stoek culturs sollection of the Depart-
ment of Flant rathology at the ¥site Institute.
This isolate has been desoribed (Flentje 2% al, 1963):
vegeiative hyphae contain an average of sight nuclei
per cell; growth rate is O.5mm per howr on potato-
Vegemite-dextrose agar (F.V.D.A.) at 25%, producing
8 ocolony (Plate 1) which is initimlly white, later
shanging to dark brown in oolors esrial hyphes ave
epares, whits to hyaline, and few sclerotia are pro-
duced. The colony grows from leading hyphss which
proedvce one or two branches per oell in compound
racames. Fructifioations of this isolate san be
induocsd on the surface of treated soil. About 58
per cont of the dasidiospores are uninucleate, the
remainder are binusleate, and only about half the
spores shed are viable, produsing vigorous colonies.
Isolate 16 1s pathogenic to roots of a wide range of
hosts.

G1 progeny were obtained in Decenber, 1961,
and G2 progeny of isolate 16-8 were first isolated
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in April, 1962, and again in April, 1963. Scme

of the latter (12 progeny were used in ansstomosis
studies (Flentje and Stretton, 1964). All isclaies
were maintainsd as stock cultures.

)

o 3 T e B e e et

The cruecifer strain ies indigenous to the soil
at the 7aite Institute, a heavy red-brown silt lozu.
Isolate 48 was isolated from this soll in 1961 hy
JoH. Tarcup, and has been described (Flentje ot al,
1963): vegetative hyphse commonly contain five to
#ilght muclei per cell; growth rate is O.7mm per
hour on FeVeD.ie at 25%C, producing a white colony
(Flate 1) with few serial hyphas, vhite to hyaline,
) and small, loose sclerotial bodies at or near the
edge ol tha Petri dish. Fructificaiions can be
induced regularly on the ourfape of treated soil,
producing basidiospores which sre almost exclusively
(98~95 per cent) uninucleate. Isolate 48 is patho-
genic to the steme of cruciferous hosts, producing
infectlon pags from infection cushions which pene-
trate the stem directly and cause spreading lesions
followed by death of the plant,

G1 progeny were isclated in Deocenmber, 1961,

and all isolates were maintained as stock ocultures.
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PLATE 4

Fleld isolates of Thans

Zop:  root strain, isolate 16

Bottom: crucifer strain, isolate 48
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Seperel Medis

All media were sterilized in a gas-fired,
salf-generating stzem autoclave at 15psi exhsust
preasure. The sterillizing period was 15 minutes
for 200-1000m1 volumes and eight minutes for volumes
of lees than 200ml.

(a)

$o-Vopemite-Qexiroee (FeVeDy and i'sVelisia)
FeVoD. was used as the control liguid medium
in nutritional experiments. FP.V.D.i. was the
goneral medium used for detsrmination of cultural
charscteristios of all isolates for cytologiesl
studies, fruiting and pathogenicity experiments,
and for studies of heterocaryosis.

eVelio 4o prepared from instant mashed potatoes

(Lacy and Bridgmon, 1962) showed greater uniformity
betwean batches than when prepared from fresh pota-
toes snd was used throughout these investigations.

It consists of:

"Deb** instant mashed potatoes 22.0g
'Vegemite'** 1,0g
dextrose 20.+0g
aintilled water 1000ml

agar (Davis) in solidified medium 15.0g

% 'Deb' brand, Rosella Foods Piy. Ltde, kelbourne.

% 'Vegemite' concentrated yemst extract, Kraft
Foods Ltd,, Helbourne.
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(b} 3504l asar

This medium was used for maintenance of stock
cultures and for germination of hasidiospores. It
was elsc used in same experiments on heterocaryon
formation. 1Its composition is:

Filtrate of 1000z air-dried vaite 201l in

1000ml distilled water, cbtained by suto-

claving for one hour, and filtering after
allowing 1% to settle overnight.

Kﬁz?(} 4 2+0g
Yeast extract (Difeo) 1.0g
dextrose 1.0g
distilled water to 1000ml
agar (Lavis) 15.0g

iihen there was s risk of bacterial contam-
ination, as with the collection of basidiospores
from treated soll, antiblotics (auwreomysin, 10 pepema}
neomyein, 10 pe.pems; and streptomycin; 10 pep.m.)
were added to the steriliszed and cooled soil agaer
lmmediliately prior o pouwring into retri dishes.

{e)

SRR S e R e et Rt O e 3

vistilled water 1000ml.
sgar (Difco) 15.0g

et i S

fuindmel? mediun (pX 6.8) wae
used in the nutritional studies. It had the follow-
ing composition, witi trace elements (Gteinberg,
1950) added as ohlorides:
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KﬂaPOlp, G« D05 e 0.8 PeD IRy

Kgmoi‘ o COS5H in Celi DaPems
Hgily. THoO 0. 0005 Cu 0.05 peperie
HHHO 3 Oe 02 HMn Ust DePeilia
Suarose 0. 0251 Ko D0l papem,
Distilled water to

make 1000ml Ca el Depellie

All chemical: were A.il. grade, and the dis-
tilled water used throughout was twice glagsw

4istilled rain weier. Suorose und amuonium nitrate

were replaced in some sxperimenis by equivalent
amounts of other carbon and nitrogen sourcses.

A vitamin supplement, used in same experi-
ments, was prepared in 20 per cent ethyl aleohol
and added %0 3he sterilized and cooled medium at
the time of adding thes inoculum. The supplement
consisted of the following (expressed as g per
liter of medium):

Thiamine 100
biotin 10
riboflavin 10
nicotinic acid 50
F-gminobenzole acld 100
Pyrodoxine hydrochlorids 100
caleiwe pantothenate 160

Experiments were conducted using 250ml
Erlenmeyer flaske containing 50ml of mediws and
the total yleld of myceliun only was determined.
Inoculum was added initially as aliquots of a
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washed mycelial mat homogenized with sterilized dis-
tilled water and cultures were incubated as still or
shake cultures. In later experiments inooulum con-
sisted of plugs of agar or disce of Cellophane Smm
in dismeter cut from poriphoi;iaa of colonies growing
on solil sgar or solidified synthetic mediume The
inoculum was held at the surfess of the medium by
msans of a glass red with a bent and flattened tip,
the rod being held in posiition by the coiton wool
stopper of the flask. Submerged inooulun in
general gave inferior growth. aAll cultures were
incubated at 25°C.

Hycellial growth was determined ss oven-dry
woight. The mycelial mats were harvesied on pre-
viously dried and tared filter pepers, washed thorough-
1y with dietilled water and dried for 24 hours at 30°C.

Cellophans
The vaiue of Cellophane for cultural studies
of microorganisme wzs first recognised by Flemming
and Smith (1944), In the present studiss Cello-
phane facilitated the imolation of tetrads of basidio-~
spores, the collection and movement of shed spores,
the growth and isolation of snastomosed hyphas, and
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the handling of vegetative hyphae for steining.

Pieces of Cellophans (British Cellophane Lid.,
non-moisture proof cellulose film 224 in thickness)
wore bollsd in dlstilled water for 30 mimites to re-
move the surfece film, and then sterilized by auto-
elaving in distilled water for 20 minuies.

Duplicate stock cultures of each isolate of
T+ gugumeris were maintalned on soll ager slants
in test tubes and wire transferred yearly. One sst
of eultures was stored at 5°C, the other at room
temperature which ranged from 15-29°C over the year.
Suboultures were normally teken from the 5°C stocks
with the other set held in reserve.

N L iy Pt £ PP DI o A s e T M L

Basidia and basidiospores of self-fertile
isclates of T. gucumeris developed on the swyface
of treated soil. The technique (Stretion 8i al,
1964) consisted of zrowing a culture of an isolate
on agar, usually P.Vel.ds, in 8 Som Petrl dieh;
after 7-10 days when the oculturs had reashed the
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edge of the dish, the 114 was removed end the
oulture covered to an approximate depth of fem with
soll which previously had been itreated with aerated
steam at & temperature of 71°C for 30 minutes. The
dishees wore then pleced in enviromment cabinets with
day length of 14 hours, light intensity of 4100-400
foot candles al the surface of the soil, day temper-
ature at 22°C and night temperatures at 20%. Rela-
tive humidity was mot affectively controlled, bug
LO-50 per cent appeared %o be optimm for all iso-
lates which fruited during the course of these
investigations. The hymenial layer developed on
the soil sfter one 1o two wesks. The soil was
watered with distilled water one to thres times
dally to keep 1t moisi.

{p)

tingle basidiospores were cbiained by
inverting fructifications over Cellophans on agar
plates (soll agsr pius antibiotics); the shed
spores were inoubated at 25%°C for one to thres days,
depending on the rate of germination, before they
ware transferred to separate r.V.l.A. plates.
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Under a dissecting microscope {z48 magnification),

a small piece of agar was nicked up on the ourved
tip of o finc glass needls and touched to the Cellow-
phane over g singls, germinating basidiospore.

The spore would usually adhere to the agar and
eould be transferred to the surface of a freah agar
plate.

FPlentje and Stretton (1964) Gescribed a
gimilar method but the spores were shed directly on
ggars. The Cellophane method, however, was less
time-consuming, allowed the separate transfer of
spores touwhing one snother, and there wase less risk
of dasmage %o the spores through handlinge

(11)

Hature dbuit undischerged basidloapores
are saslily disledged from thelr asterigmata by the
slightest contect {(Kotile, 1929)., However, it is
important to prevent the spores drom drying since
this ceuses an inhibition of germ tube formation
and eventual death of the spore.

Several methods for isolating single tetrads
wore tried with varying degrees of success; a
disseciing microscope wes used throughout.
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Micropipettes on a Leitz micromanipulator gave only
limited success when spores were collaected in the
moniseus of & droplet of water in the #ip of the
pipette. Invariably, by the time ths last spore of
the tetrad had bveen collected, the droplet had evap-
crated and the spores ware alther sucked into the
pipette or stuck %o the outer glass wall and wers
lost.

Small pleces of agar held on ithe end of
nesdles in the micromanipulstor were noi suitabls
for gollecting teirada. 4an agar cube (2»3:@3,}
could not he held rigldly on the neadle and,
because of this, manipulation of a flat surfacs of
the agar to the plane of the spores was virtually
impossible; ¢ smaller plece of apar which ocould be
held £irmly on the needle dried out rapidly and a
flat surfece was not malntained.

A mumber of tetrals were collected on cubes
of agar (2-3mm>), each cube being heid on the tip
of & scalpel blade and wanipulsted by hande The
four spores were immediately szeparatsd from one
another ¢n the agar and later transferred. 1t was
obeerved that after 15 minutea on ager; the spores
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adhered tc the egar and, once adhered, could not be
moved without being dameged. This method is satis-
factory if the tetrais of spores are collscted when
the hymeniwr is beginning spors production. How-
ever, with an sctive hymenium there is s great risk
of collecting elther more than c¢ne itetrad per agar
sube or four spores but from two or more adjacent
vasidias« The risk of contanination by this method
1s high.

the method finally adopted was the collection
of tetreds of basidiospores on the surface of small
pleces of Cellophans (illusirated in ¥igs 1)e
A small lump of soil carrying fructificaiions was
set on &« bloek of ager on a slide and exemined for
maturs tetrads. The soil 1wy was manipulated so
that four spores, clearly arising from a single
basidium, wers in = vertical plans,

The spparatus for removing the %etrads cone
sisted of & place of brass tudbing (4mm intsrnal
diameter, 25mm long) with an attached brasse rod.

& thick disc of agar was cut and held in the braes
tubing; ths rod was fixed in the needle holder of
the micromanipulator and the unit was sajusted to



& horizontal position. 4 small piece of sterilized
Cellophmne, the ah

S

of an obtuse angled triangle,
wag placed by means of small forceps on the verti-
cal surface of the agar disc so that one corner of
the Cellophane extended below the sgar, The agar
scted as n suppori and provided a water £1lm for the
Cellophene. The manipulator was then moved hori-
zontally until the protruding corner of the Cellow
phans came in contact with the tetrad of spores,
observed at x3% megnification. Upon conteot, the
mature spores cany away freely from the sterigmaia
and were maintained in the water £ilm on the Cello-
phane.  The manipulator was then moved away: the
Celiophane was removed by foreaps and placed on the
surface of an ager plate, The four spores, usually
resting in a ¢lump, wore separated in a water film
by a series of manipulations with a flexibls glaas
needle. . hen the nssdle (U.05mwm diameter, 20mm
long drewn from one end of & glaes rod) was light~
ly pressed aiong its length on the Cellophane s
film of' waier formed aroundi ié. The needles was
then moved across the Cellophane until the spores
Tloated in ithe water film. iz the needls was
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FIGURE 1. Disgram of apparatus for
removing a tetrad of spores
from a basidium



glowly lifted from the Cellophane, the spores separ-
ubted from one another ané reémsined on the Callophane.

Atter germination, the spores vere transferred to
individual retri dishes.

Isolates were opposed in pairs on Cellophane
overlying either L.V.A. or soil ager in Petri dishas.
Inoculs, taken from peripheries of colonies of 1s0-
lates sotively growing on F.VeDeie, wore pleced
25mm apart on the Cellophane and incubated at 25°C
until the two mycelis had came into contact.
Anastomoses between paj.red cultures were usually
hypha~to-hypha or hypha=-to-peg. The anastomosis
reaction between the cultures was determined by
puncturing one of the two cells involved in a pre-
sunpbtive snastonosis and observing the other-call
(Flentje and Stretton, 1964).

«#hen funotional cytoplasmic connections
betwaen ozlls of cpposed hyphes hed been demon~
strated, other presumpiive anasiomoses were cut out
and, together with the underliying Cellophans, txéana-»

farred to FeVebehe platsse Lach transfer consizied
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ef only the two opposed cells, all other cells having
beon punctured. Each pair was carefully observed
and any new cells forming at the fres extremity of
either cell were punctured while new cells forming
from the vicinity of the anastomosls were allowed to
Erow, to enpurs that, if a functionsl anasiomosis
had occourred, the resulting colony would be hetere-
earyotic. This wms a leborious method and not %oo
sugscessful, as many of the presuwptive snastomoses
did not form heterocaryons snd a aumber of anasto-
mosing cells died es a result of handling.

isolates were grown iu palrs by wmecerating
together two pleces of inooula {2mp’) with a zterile
glasz rod in a Fetri dish and placing the macerate
éither as a unii or a streak on a frosh PeV.DsAs
plate, Beterocaryon formation by this method was
more relisble snd less time-consuming. However,
actual anastomoses between hyphae in the macerate

were not obsesrved.
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of pathogenic variation in the progeny of isclate 16
was devoloped, The basic methods consisted sither
of adding inoculum $0 a substrate st seed level or
mixing 1t throughout the subsirate, at the time of
seeding. theat (Iriticun vuizere, veriety osho)
was used an the reference host. Surface sterilized
seeds wers either germinated on agar befors planting
or planted directiy. The suvstrates tested were
vernmlculite, periite, sterilized sand, natural soll,
and soil treated by serated steam. Constant or
Tfluctuating moisture levels in the subsirate were
obtained by adding water or z mmirient soliution
(Hoagland and Arnom, 1950) at verying time intervels
to bring ths substrate %o constant weight. CExperi-
ments were carrded oui in an environment cabinat
with a day length of 14 hours, light intensity of
250G FeGe, dny temperaturs of 22°C, and night temper-
ature of 20°%. Veariation in diseass reaction of &
single isolate was observed in consecuitive experi.-
ments using the same mothod and between replicates
within the sene experiment.

(v)

fer gtreip

Redish (Rephapgus sativus, veriety Long Vhite
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Igicle) was used 28 the test host for the pathogenie
reactions of the progeny of isclate 48 follovwing the
method of Flentje, Lodman and Xerr {1963) modified
a8 described dbelow.

Seedlings were grown in washed, ccarse gand
in earthenware pote placed in the enviromment
cabinet and watered daily with nuirient solution.
After ons week, the seedlings were removed from the
pots and washed free of sand in distilled water.
Zsalthy seedlings with straight stems were laid on
microscope slides,; two seedlings per slide about 5o
cpart, and secured with rubber bands sbout 10mm from
each and of ihe slide. Frae water was ramoved from
around the seedlings ond slide by toushiang with
gbsorbent tissus. A plece of incculum {(25x5xZmm)
cut from close behind the growing adge of a young
culture was placed betwean the siems on cach slide.
Slides were then tranaferrsd to specimen jars
(100x38x100mm ), three per jar with the radish roots
resting on filter pasper moistened with mutrient
solution. Jers were placed in the eaviromsent
cavinet. The pathogenic reastion of an isolate to
the redish stems wes determined after four to seven
days by mioroscopic exsmination.
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Stalniox

Vegatative hyphae, basidia and basidiospores
wvore stained with HCl-Giemsa (Robinow, 1945), adepted
from the method desoribed by Krushovets (1956).
For vegetative hyphss a section sbout 1%5m wide was
cut through the radius of a colony growing on Cello-
phane over P.V.l.is3 this section; which inoluded
the inoculum plug, together with the underiying Cello-
phane was placed in a Petri dish 1id for fixing and
staining. 7Por basidia end basidiospores, fructi-
fications on small lumps of scil were teased aspart,
to free them from most of the soll pariicles, before
fixing and staining.

The material was fixed in Carnoy's fixstive
(311 mixture of 95 per cent ethyl aleohol and
glacial apetic acid; for 10 minutes, immersed in
cold 1. HC1l for five mimites, hydrolyzed in
K. HC1 at 60°C for eight minutes, and washed for
five minutes in three changes of distilled water.
The material was then immersed in phosphate buffer
for five minutes and placed in the Glemsa staining
golution for 10 to 30 mimtes for vegetative hyphas
and up to 4B hours for fructificationss The time
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in the stain depended on the age of the vegetative
eulture and the smount of soll adhering to the
fructifications.

The phosphate buffer (Ce.15 KHoPO) and 0425
NegHFO)) was adjusted to pH 6.8. The Giemsa stook
solution contained 3.8gm Glemea's stain pmaf:sr in
125ml glycerine and 375ml methyl alochol. The
staining =olution was made by mixing 20 drope
Clemaa stock solution with 10mi phosphate buffer.

The material was removed from ths ataln,
placed in bulffer on a slide, and a gursory micro-
soopic examination revealed whother the nuclel were
clearly stained.

Vegeltative mycelium usually was separated
from the Cellophane in buffer on a slides by msans
of dissecting needles. The inoculum plug was then
removed snd the nycellium was ocut and tessed apart as
required before mountings Ctained clumps of basldia

and basidiospores were tessed gpart and transferred
geveral times from one drop of buffer to another teo
free them Irom any remaining soil perticles.

Temporary mounia wers meds in pbosphate dbuffer
and the coverslip sealed with a colorless nall
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varnish. Care {0 ensure proper sealing gave
mounts which were useful for uvp o three months.

Basidiospores were shed from fructifications
on Cellophans over soll agar plus antibiotics and
ware lmmediately irradiated in situ in open Petri
édishes. A Phillips brand TUV 15¢ germicidal lanp,
with an intenaity of 70.8 ergs per second per m®
at a distancs of nine inches, was used as the source
of ifrradiations Most of the output was of wave~
length 2,537A. Immediately after irrsdiation, the
Petri dishes were incubated at 25°C until the
basidiospores had germinated or dled.
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EXPERIMENTAL

Investigations of the mechenisms ¢of variation
reguire genetically purs individuals which form uni-
mwcleate caells and are capable of sexual repro-
duction at some atage of the life oycles. 1In
2. gucumeris the basidlospores are the only known
gells which may sontain single nuclei. The follow-
ing investigations were designed firstly to obtain
genetically pure culturea through basidiospores and
secondly to determine the mating system aof the
saveral 'solaui’ itype fisld isolates.

(a) Root strain
(1) Zsolate 16 and progeny
The general procedurs used was to frult
isolate 16 and obtaln & rangs of basidiospore cul-

tures for study. The 01 culiures were then tesied
for fruiting and G2 progeny were collscted from those
whiach 414 frult. This was continued to G5 progeny.
The observations on the characteristics of basidic-
spores and single basidiospore progeny of selected
lines arising from field isclate 16 are summarized
in Table I.
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ZABLE L

CHARACTERISTICS OF BASIDIOSPORES AND BINGLE BABIDIOSPORE PROGENY FROM
IMERIS ROOT STRAIN ISOLATE 16

v Lespored Basidiospores | BuMi.ubom 'Prmm
Generation 18olation gUCRRCCC | | ~ " e '
- Kumber %(of 100) Unimicleate Viabilit RKumbex Cultural Self-fertile
| 'OV si(ef 400)  ®(ef 200)  Cultured  Variation d
P 16 b2 90 L7 92 Wide 27
a1 -8 57 - - 52 2 types 20
G2 280 54 85 45 9 Wide 15
G3 28 - - / - 14 Vide 16
63 -6l 59 90 35 101 Wide 58
aly -85 . - 22 11 ¥ide -

* Remainder were 3-spored dDasidia



The frequency of three- and four-spored
basidia was determined from sctive hymenia on clumps
of s80ils In soch generation the four-apored
basidia comprised about one half of the Sotal.

The remaining basidia were threa-spored; spproxi-
mately helf of these produced four sterigmata, one
of which di¢ not give rise to a spors, and the rest
produced only three steripmatas O(bservations on
the living material were confirmed in stained pré-
parations. vhen thres spores developed from a
three-sterigmate basidiuwn, one of ihe gpores was
binucleate. Then three spores developed from a
four-sterigmate basidium, agedin one spore was bi-
nucleate and the sterigma which did not produce a
spore contained no nuclous, suggesting that the
blnucleate condition was due $o the migretion of
two melotic nuclei into one spore. In addition,
cccasional cases of one binuoleats and three uni-
mucleate spores arising from a single basidiun
vhich hed produced four sterigmata were seen, Two
basidlz were observed, one from living and one in
stained material of isolats 16, cach of which had
produced five sterigmata and five spores.
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The percentage of vieble basidiospores was
determined 10 days clter ithe spores hal been shed.
iwenty-twoe Lo 47~ of {he spures produced coloniss,
approximately 10~15. falled to germinaie, and She
remaining 33-68 formec germ tubes hefore growth
consed.s /. spore which had not germinated and pro-
duced one or two branches within six days rarely
produced u vigorous colonys

Cultursl charascteristics of the singlc
basidiospore progeny wwerc recorded when sach first
subculture had developed 4o a dismeier of I=-Lom.
“he charscters included growth rate, color of
mycelial mat, presence or sbsence of zonaiion,
distribution and sbunance of selerotis, and pres-
aence or sbsence of tufts of serial hyphae. ide
differences, particulerly in growth rate, solor,
end zonation, wore observed in the progeny of sach
isolates In the progeny of 1solate 16-{ there
wers two guite distinet itypes of growti habit whloh
vere described za 'amooth' and "ringed'. The
*smooth' colony was similar to that of isolate 16,
developing at & uniform rate of growth. The
'ringed' colony was characterized by au initially

©0,



slow growth rate with the production of a dense
surfece and subsurface mat. after several days
when th: colony dlameter reashed 2-4om, growth
appeared to cease and no increase in dismoter was
recorded for the next six to ten days; during this
period the advancing Lyphse curled back into the
colony. HNew growth originated from bransh hyphae
end was not uniform, gppearing more like numerous
sectors arising from the dense central mst; +this
mycelial growth was cparse. The 'ringed! growth
hebit has remained steble in cultures maintained
for over four years.

The frulting sbility of isolmies through to
the 3L was extromely variable; moat isolates, in-
cluding all of the ‘ringed' type, were not induced
%o frult. /mong the self-fertile isclates, there
was considerable variation in regulerity and amount
of hymenial development; mosi isclates only occa~
sionally produced smell scattered wefts of basidia,
while one or two isolates from each generation
frulted profusely simost every time they were tested.

The extent of pathogenic variation in the
progony was not determined, due to the lask of a
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suiisble method.

The variation in cultural charascteristics,
ferdillty of progeny and visbility of bdasidiospores
even in Gl isolatees indicated that genetically pure
lines had not been obtained. This feilure could
be due primerily to binucleate basidiospores, sinoe
if one assumes that the percentags of binucleate
spores ig eimilar in stained material and discharged
spores, snd that a binucleate spore is more likely
to be viable than a uninucleate spore, then there is
a bles toward progeny Gerived from binucleate spores.
hany ol ths zingle spore cultures from eash gener-
ation falled to frult indlesting that either there
were sterlility factora present or possidbly that
fi1eld 1solate 16 was heterothallic. In either case
cultures derived from binucleate spores would bg
more likely %o fruit. The varietion, then, in the
progeny of any gensration could be due to gensti-
cally different types of nuoelel segregating, either
in pairs or individually, in the basidiospores.

The extent of this varlation was not determined from
tetrad analyses becausz onliy two (or rarely three)
spores of any tetrad isolated were viable,
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The percentage of binucleste spores could
account for all the self-fertile progeny of sach
1s0lats cxeept 16-8~28c-Ei, from which the ruiber
of self-rertile cultures is twice ths probable nmurber
of cultures derived from binucleate spores. On the
sbove basis, 1t wae sxpected thal sbout one-half of
the fertile &4 oulturez from 16-8-280-04 had been
derived from uninucleate basidiospores and that the
progeny Sram any one of these .@ultuma would bhe uni-~
form. ifowever, progeny from each of six cultures
{isolation no. 85 and five others) were as variable
as the progeny of the field isolate. 1t gppears
then, that the progeny from n Gl isolate wers still
variable, whether the isolate was originally derived
from a uninuclieate or & binucleate spore. Cne
possible explenation of this is that isolate 16 and
its progeny mutate readily ang in the time between
shedding of a spore and frulting of the culture
derived from that spore sufficient mutaiions had
sccumulated to secount for the veriation. There is,
however, insufficient experimental evidence to support
this or any other hypothesisz.
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Deosuse of these complications, further
investigations with isolate 16 and its progeny were
guspanded.

(11)

4 number of isolates of the root strain
wore obiained from soils in different ereas of South
Australia by de Beer (1965) and of these, isolates
97, 38, 99 and 100 each readlily formed the sexual
stage in fruiting trials in 1965. The nuclear
condition of 300-400 besidiospores was determined
from etained material of each isolate; each pro-
duced almost exclusively uninucleats basidloapores
(isolate 97, 98.84; 98, 98.7%; 99, 98.7%; and
isolate 100, 96.5%)s 4 number of the G1 progeny
of isolate 99 have been induced to fruit, suggest-
ing it is homothallie, but further atudies are re-
quired to provide the supporting evidence.

()

ized in Teble II was done in collaboration with
Mise Helena M. Stretton and Frofessor N.¥. Flentje.
The same genadral procedure as desceribsd for isc-
late 16 was used and isolates from each generation
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CHARACTERISTICS OF BASIDIOSPORES AND BASIDIOSFORE PROGENY FROM T. QUCUMERIS

S
t

TABLE 2L

CRUCIFER STRAIN IROLATE L8

L Bansidiospores | Bumolmri Progeny
..a;mm S : : , ) . v
Gesneration Isolation Basidie* - : ~ , :
. Nuxber %(of 400) Unimzoleate Viabilit Fumber Cultural Fathegenio Selfw
%(of 400) K(of 200) Cultured Varistion Varistion fertile %

4 L8 9 99 99 2 Rarrow None 65

a4 -11 100 - 30%% 34 None None 83

62 -1l 97 - 80 74 Kone None 94

a3 -56 100 99 99 100 None None 100

¢ Remainder were 5~spored basidias
** LB-11 sount of 100



were selected for their ability to fruit regularly.

In sll isolates the basidia regularly gave
rise to four sterigmata, each producing a basidiow
gpore. One five-spored basidium was observed in the
inltial count of 10C basidia from the hymenliwm of
isclate L3, and three from 48-11-14. Two other
five-aspored basidis were noticed during scanning of
later {ructifications of isolate L83 no three-~
spored basidia were cbserved in any of the fructifi-
cations. DBasidiospores of i1solates 48 and L4E-11-14=56
were almost exclusively {99%) uninucleats; no counts
weors made for isolates 48-11 and 48111l

The cultural characteriastics of the G1 progeny
of isolate 48 were less veriable than those of iso-
late 16, the varistion being limited to color of
mycelium and distribution and sbundance of scierotia;
no ocultural variation was observed in the progeny of
successive gensrations.

All sultures derived through successive gener-
ations from isolate 448 were pathogenic to stems of
radish seedlings, ceusing seedling death within four
or five days.

Subsequent to the published data (Flentje and
Stretton, 1964) about two-thirds of the G1 progeny
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have been induoed to fruit. Isolate 4i-11 developed
one diserete hymenial patch on the soll in ons of
four plates and frem thies pateh basidiospores wers
shed and 2 mumber of prebasidial cells isclated.
Only 304 of the spores wers viabls and 3% of the
resulting single spore cultures were fertile. A1l
the volonies arising from the single prebasidial
oslls of LO=11 fruited prolifically whereas the
stock culture of isolate LB-11 could not be induoed
to fruit when isated again. ith successive gener-
ations the percentages of basidiospore visbility and
selr-fertility increassd to a maximum in the fourth
gensration.

Anastomosis reactions of paired ocultures were
determined for verious combinations of progeny:
¢ell death following anastomosis oocurred between
LE-11 snd isolate LG, other G1 isoclates, 4&-11 pre-
basldisl o8ll cultures and G2 isolates (L8-11 single
spors progeny). and between paired (G2 isolates;
sucoessful anastomoses with no cell death occurred
bestwesn twe suboultures of any single isolate, be~
twoen 43-11 prebasidial cell cultures paired one with
another and with isolate 48, beiwsen palved 43
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isolates and between Ol isolates paired one with
another and with isolate L8«1{w14-56,

The progeny of o self-fertile single basidio-
spore culture (i.¢. 4i~11-1L~56) wers uniform in
gultural charscteristics (ilate 2}, pathogenicity,
Pertility, and abillitly to ansztomose with one another,
indicating thal the culture was homothallic aend hed
been derived from a uninwleate basidiospore. It
was therefore concluded that isolate 48 of the
crucifer strain was homothallio.

(e) Riscusalon

Cheervations on the number of basidiospores
per basidium, the nuslear condition and viabiliiy
of basidiospores, and the cultural variation of
progeny of isolates 15 and 4B confirmed preliminary
reports on G4 cultures (Flentje ot al, 19633 i lentje
and Stretton, 1964). The investigation of success-
ive generatione has provided imporiant new infor-
mation.

It zppears from the results with G4 oulfures
that isolate 16 may de homothallie, but because of
the ecomplication of binucleate dasidiospores and
the considerable variation of the progeny in all
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PLATE 2

Frogeny of P56,
showing uniform culiural asppearance
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generations, the possibility of ssoondary homoihallism
has not been completely eliminated. Flentje ot al
(1963} reported that sberrant nuclesr hehaviovr in
the formaiion of basidiospores is typiecal of certain
isolates; the present Tinding: suggest that in
isolate 16 this behaviour is inherited unchanged
thirough four generations. iio such sberrancy was
observed in four other fleld isclates of the root
strain of L. guoumeris, "solani' type, Bo 1t cannot
be regarded as a characteristic of the root atrain.
The investlgations provide conclusive svidencs
of the homothallic nature of isolalte L&, and in
parallel studies (Flentje and Stretton, unpublished)
hoamothallism has been demonstrated in isolate 569,
another 1isolate of the orucifer strain. The resulte
of the frulting experiments show that siorility
factors, as suggested by hotila (1929 and Flentjse
and Stiretton (19€h}, dc opour. The behaviour of
Liw-it, where one 4iscrete hymenisl oclump arose on
one plate in a frulting trisl could he explained by
a sutation from sterility to fertility. This
hypothesis is supported by the following evidence:
(a) other stock subocultures of 48-11 could not be
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induced to fruit; (b) all cultures arising from
single prebasidial cells from the hymenial elwsp in
4&=11 foarmed prolific hymenial layers; (o) anasto-
mosls between individual prebasidial cell ocultures
of LB-11 and stock subcultures of L4i-11 gave a
killing reaction whereamss those between pretasidial
cell cultures or between stook subouliures did not
result in cell death; and (4] 83% of the progeny of
LG-11 were fertile which suggesis that the mutation
was inherited, It is concluded £rom ths mumber
of G1 zingle spors cultures which have fruited
during ths cours:s of thoese investigatiops that
isolate LbE-l, studied by Flentje and ttretton (1964),
probably did not arise from & binucisate basidio-
spore as was suggested in the Literature Review.
In his list of heterothellls LZymenomycetes
and Gasteromyceties, ‘hitehouse (1949 inoiuded
certain specles twice vhen they were recorded as
bipoler by ons person and tetrapolar by another.
Takemaru (1961 suggested that the discrepancies
between different investigations wers due to lack
of understanding of the mschaniams invoived; he
found that all isolates of a glven species have a
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similar mating system. Following Takemaru's
suggestions, if Thanatephorus cucumepis is a single
natural species then any isolate of T. gugumarig
will be homothallic and the binucleats condition
of basidiospores is not an expression of secondary
homothallism, However, it ie not olesr at this
stage that 3. gucumeris is a single natural species
and it would be preferable ¢o investigate the mat-
ing system for many more field isolates uniil a
more substantial background is developed.

Experiments were designed to compare the
growth of different isolates of T. gucuyseris, and
in particular to determine (&) whether a simple
chemically-defined medium suitsble for uss in
geneticel studies could be developsd; and (b)
what matritional factors, if any, control the
growth habit of the 'ringed' progeny of isolate 16-8.
(a) Resulis

None of thes preliminary experiments, initi-
sted by Arnold (W.N. Arnold, unpublished) snd
extended during the courss of these investigations,
has been presanted here. lowever, these expariments
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disclosed that at 25°C the ylelda of isolate 16 on
the synihstic minimal mediunm {described in Hethods
and iaterisls) and on P.V.l. were not significently
different, andi no significant increase in yield wea
obtained by an incrsase in any sonstituent of the
synihetic medium,

(1)  Growth of 'pinged’ type prozeny of 168

Growth of 16-8-4 (‘ringed’') was signifi-

ocantly less than ihat of either 16-5-10 ('smooth')
or 16 on any carbon source (Table III}, Six

sugers — sucross, maltose, laciose, glucose, ribose,
and xylose - were used w sole carbon sources

(C equivalent 3.6g per liter) in the synthetic
mediun; two sther levels of sucrose, half concenw
tration {C = 1.8g) and twice congentration

(C = 7«2g) were also tested. Incoulum consisted

of plugs from the edge of colonies growing on the
sollidiried aynthetic mediunm.

The influence of the source ‘of nitrogen on
growth was studied (Table IV). In this experiment
the inoculum was from solonies growing on Cellophane
over the solidified synthetioc medium, Potpssium
nitrate, smmonium sulphate, casamino solds {Difeo,
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vitamin-fres) and peptons (Difeo, protecse peptone)
wors subatituted for ammonium nitrate as nitrogen
source (N equivalent C.56g per iilter) in the syn-
thetic medium. The yield from {56-8-l was signifi=-
cantly less on any nitrogea source as compared with
the yield of isolate 16, 16~8, or 16=8-10.

The date in Tebles III and IV indicate that
although isolates 16, 16«8 and 16~8~10, which are
similar in cultural characteristios, differ signifie
cantly 4in yield when grown on the different earbon
or nitrogen sources, the differences are of a small
order. Iasolate {6-8-L, however, produces only half
(or lsss) the yield of the sbove isolates when grown
on the same medium. In no case did the yield of
16-8-l approximats that of 16 and it seems unlikely
that the relatively low yield of 16-8-4 is due to
simpie C«i muirition. Use of the vitemin supplemsnt
(deseribed in Yaterials and iethods) did not 8ignifis-
cantly alier the yield of isolate 16-8«l,

(14)

L2 od R o R A0

The results of a typical experiment
(Teble V) summerize the main differences in the
nutrient requirements of the root and crucifer strain
isolates. Ths inocoula were from cultures of isolates |
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GROWTH OF ROOT STRAIN ISOLATES OF 2. QUGUMERIS ON 2
SYNTHETIC MEDIUM WITH DIFFERENT SUGARS
AS CARBON SGURCE

Garbon __Yield dry weight (mg)=
i R 16=5-10 1 6mBenly
Sucprose 132,0 12840 26e 75
Ealtose 116.0 39.0 3025
Glusose 12L.25 107.5 59,0
Ribose L. O 37+:25 12«25
xylose T35 71075 2L.25
Sucrose
(%X @onc.) ahuﬁ T7:5 22425
Suerose
(21 conn.) fﬁ&nﬁﬁ 124.75 L8.0

* lean of four replicates after 13 deays growth

LeSeiis 5)- = 9‘ 92
E = 13.16
Celil = 17.07



mwm MIU}W wITH g&:‘m%m EITHOGLE‘Z aQURChS

Hitrogen
Source

Yislﬁ dry weight (ms)*

16 16-8  16=8-10 16-8+4

spmaoniwa nitrate
Fotassium nitrate
Apmonium sulphate
Cesamino aoids
Pepione

1575 14240 150,0 53425
122.5  114.5 109:5  37.75
121,25 147,75  115.5 L4375
165.0 453,75  163.25 57.5
183425 16840 175,25 6345

* Mean of four replicates after 16 days growth

Lp Scﬁ)o 5;"?; - 9. 28

15 = 12434
Doty = 16405



GRCWIH OF ROOT STRAIN AND CRUCIFER STRALN ISOLATES
OF J» GUCUMERIS ON LIGUID MEDIA

Yield dry weight (mg)~
Hedium , aaet strain ﬁruaifcr strain
16 »16—8 | L8 &Emﬂj

Synthetic medium 1757 1578 1&sh 1heb

Synthetic +

vitemine 17540 15714 2148 18.0
tynthetio +

peptons - )

ammonium nitrate 200.6 18L.6 224y 2334
Potato-Vegemite~ , _

Dextrose 181.6 1666 222e4 223.2

¢ Mean of five replicates after 16 days growth

LeGells BE o= 12414
15 = 16413
Oelic = 2Ge95



16, 16-8, 48, and 4B~11 growing on Cellophane over
504l agar. Hone of the ieolates ahowed a vitamin
requirement. The outstanding difference between
these isolates of the root end orucifer strains was
the mueh poorer gm_wih of the orucifer strain on syn-
thetic medium with :%rganie nitrogen, whereas when
suppliied with pesptone as the nitrogen source at the
same N equivalent the yleld was increased tenfold
and wes significently better than the root strain.
The reetricted sbility of the erucifer strain te use
inorganic nitrogen was alnc evident when it wes sube
cultured on 20lidified synthetic medium. The first
suboultures of isolate:z of the cruecifer strain failed
to grow on this nedium whereas isolates of the root
strain maintained active growth for more than three
monthe of waekly serial subsulturing.

Aesults of other experiments indicated that
the growth of the crucifer isolates in response o
peptone as the sole nitrogen sovuroe was directly pro-
portional to sdded nitrogen and that casamino acids
woere less effectiive on a nifrogen basis than peptoneg
no artificisl mixture of individusl amino acids was
found which ccompared with peptons as a nitrogen
source.

The



(b} Discussion

Results of preliminary experiments with field
isolates of . gucumeris sgres with the eariier
reports of requirements by laolates of Rhizoctonis

29lanl for potassium, phosphorus, magnesium and
irace slements (Tyner and Sanford, 1935; Steinberg,
1950). There was no Andfeation of vitemin require-
ments by the isolates under the experimental cove
ditions employed.

The experiments suggest that growth of the
‘ringed' isolates, ¢2 progeny of the roct sirain
isolase 16, is not due to simple nutritionel factors.
¥hile significant inersases in yield of 16-8<i4 were
recorded with glucoss replasing sucrose as carbon

source and with peptone replacsing smmonium nitrate

as the source of nitrogen, no medium tested supported
yields of 16«8-4 which approached that of the field
isolate 15 on the aynthetic minimal medium. Yields
of progeny which were similar to isolate 16 in cul~
tural characteristics were equal on ¥.V.U. and the
synthetic minimal medium., However, individual
isolaten differed in ability tov utilize the various
carbon or nitrogen sources, indicating haterogensity
in the progeny additional to that of oultural
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appearance and self-lertility.

Crucifer strain isolatee required peptone as
the nitrogen source to obtain growth egual ¢n that
on feVeDs Howsver, peptone may contain something
in addition to organic nitrogen which is necesaary
for growth since the amount of growith by the crucifer
imolates was not duplicated on artificisl mixtures
of smino acidss No chemically-defined medium was
found suitable as 5 minimal medium for use with
isclates of the crucifer strain.

I1I.

pegiino s e L Sy

In the preliminary sxperiments it was not
possible to obtain genetically pure lines of the
root sirein isolate 16, but such lines weare resdily
obtained from isolate L8 of the erucifer strain.

It was therefore decided that the mmin genetical
studies should be concenirated on isolate 48 and

its progeny. However, as isolate 45 would not grow
on media without sn orgenic nitrogen supply, s chemi-
cally-defined minimal medium was not developed.

For the initial genetical studies, as described be-
low, attention was concentrated on morphological
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and pathogenlecity mutetions.

The single basidilospore oulturs of the cruci-
fer sirain, isolate LB-i1-14=56, subssguently re-
ferved %o as P50 because it is the parent isolate
from which all mutants were derived, was sslected.
P56 is homothallic, indistinguishsble from the wild
type field isolate 4, self=-fertile producing viable
uninucleate basidiospores and uniferm progeny, and
anastomoses with 1ts progeny and with other ¢3 oul-
tures. In addition to P56, a non~pathogenie field
isolate 82, whioh fruits on soil sgar and is homo-
thallie (Flentje sni Stretton, 1964) was used as
parental material.

(a) Results

Different levels of ultraviolet ir-
radiation were reguired for P56 and isolate 82 to
give spproximately 95% killing of basidlospores
with ths expectation of several per cent mutants
emong the survivors. The intensity for 52 was
between 2,147 and 3,717 ergs per e and for P56
batween 10,620 and 16,992, At the lowsr intensity
for each isclate, about 50% of the basidieospores

11



died within 12 hours of irradiation, another 305
wore viable dbut germination was retarded, and the
remainder had neither germinated nor collapsed after
14 deys. At the upper levels of intensity, about
504 of the spores had collgpsed and dled within 12
hours, and of the remainder, a few perminated dbut
most remained dormant; none formed colonies. At
intensities of 3,186 ergs per m® for isolate 82 and
12,7hly for P56, 50/ of the spores sgain dled within
12 hours, another LO to 45% 4id not germinats, but
collapaed and died over a period of five weeks, and
the balance formed colonies but some colonies died
before they exceeded 20 %0 30mm in dismeter.
Basidiospores were shed from fructifications
to single retri dishes for periods of up to ons hour
%0 provide heavy concentrations of sporss for ir-
radlations These time intervals werse sufficient
for mitosis to have occurred in those spores which
ware shed at the beginning of ths periods, Bi-
nuclaeate spores did not gomplicate the isolaiion of
irradiated mutants and would have bheen screensd out
by virtue of growth hablt. 4 mutant culture would
develop from a binucleats spore only if both nuclei
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nutated and the mutants were at the same locus in
¢ach nucleus or if one mucleus musated snd the secomd
nucleus was inviable. Any other conbinstions of
matated ané non-mutated nuclei within single bi-
nucleate spores would resuli in wild type colonies

Qr sporc death.

Almost every basidiospore in the non-irradiated
controls was viable wnd the progeny from each isolate
wers uniform in cultural characteristics.

dNone of the eingie spore cultures which develop-
ed Lron irradlated caesidiocpores of isolate 32 showed
variation in cultural spresarance and self-rertility.

From lrradiated besidiospores of v556, 150
colonles wers recovered including 37 which appeared
to e autants. Nany of the mutani colonies saectored,
reveried o wiid typs or dleus 4ll wild type colo-
nlss were sindler in culiursl appearance and patho-
gendecily, =ad each wus self-rertils. Four stable
mutant colonies (gparss, siwpy, Llssov, and gurlv),
each distiact in morphology, are desoribsd below.

(14}

lated fros the initial fruiting trials were similar
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in cultural appearance (see Plate Z), pathogenicity
end seliw-fertility. Three months later, after
weekly serial subculturing on FeVeleis, & ouliure

of P56 was frulted, and & sample of 50 shed bseidio-
spores was isolated prior ¢ further Lirrsdlation
trials for additional mutants. However, these
single spors cultures varied in growth rate and
gulturai sppearence {rlate 3. Two steble snd mor-
phologically distinct single spore cultures {rusty
and ropy; were selected for further stuidy sné each
is desoribed velow.

The varietioz in progeny of £56 revealed that
in the three month period of vegetative subouliure
ing, spontaneous mutation had occurred and that P56
was no longer homocaryotics. Comparisons were made
betwesn the first P.Velsi. subculture from the stock
culture, the twalfih szrial subouliture and the
eriginal descoription of isolaie r5o, and sach waa
inddstinguishable in appearance, growth rase,
pathogenicity and abllity to frult, indleating that
accunulation of muiant nuclel 1n the mycelium of P56
did mot vislibly alter its characieristics.

&0,



rrogeny of P56,
showing varisbility in cultural appearance

resulting from spontaneous mutation
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(111) Deseription of mutants
The main characteristica of each mutant,

together with the parent 56 (Flates L4 and 5) are
given in tsbular form in Tables VI, VII, and VIIX.
Further detalls of cultural characteristics are given
in the text. Orowth is oxpreseed as the average
colony diameter after six days on FeVelede at 25°C.
dypaal vrenching and septation were determinesd by
microscople examination of living and stained material.
The number of nuclei per cell wers counted in three
types of cells (Uable VII), namely: (&) hyphal tips
at the periphery of an sciively growing colony
{'‘peripheral tip cells’); (b cells other than tip
celis, three $o0 £ive days old and adjacent to the
inocuium plug {'older non-tips'); and (c) the
terminal cells of branch hyphee which arose adjacent
4o the inoculium plug {‘*branch tips')e. Uther counta
{Table VIII; were msde off nuclei in comsscuiive cells
from the peripheral 4ips.

£58 is indistinguishable from the £isld iso~
iave 48e. The wild type growth is sypically
racemose Lranching with normslly one branch develop-
ing per cell, the newest branches being closest to
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PLATE U

Gultures of isolate 48, P56 and mutants

[Lert to right]

Zop: isolate 48 P56

Senter:  sparse atumpy flsecy gurly

Bottom:  rusty = = ropy
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Hyphee of P56 and mutants

iveft to right]

- (320) et

[Continued on 2né page]
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the hyphal tip. A septum 1s formed in = dlviding
cell in the region of and immediately following the
mitotic nusleser division, and separates the two
groups of dsughter nuclel of that divieton. GSur-
face mycelium extends beyond the subsurfsoe myceliunm
in a growing colony.

Sparse is similar to P5€ in branching and
septation,; but the growth is much less desnse than
that of P55 and the purface and subsurfece mycelium
grow equally at the periphery of thes colony.

Lhumpy eppeers banded around its periphery
due to the subsurface mycelium extsnding beyond the
surface mycalium. ¢ne to four side branches, sach
one tc threc cells in length, develop fror esch cell
of the main hyphse and the tips of the Lranches are
often swollen, appearing club-shaped. Ceptation
is reguler but the cells ere shorter then thoss of
F56.

The growih habit of fleecy is asuperficislly
similar to that of Rhizopus
eolony growth is by unbranched, aerial ‘runner’

Advaneing

hyphas which curve back to the sgar surface shead
of the eolony and grow for & short distance along
the ager. ‘here a runner hypha touches the agar
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it wranches prolifically producing 'Peeder' branches
and subbranches, each one ¢ four cells long, Zrow-
ing slong the surface of and into the asgar. Hany
pew runners develop from the fesder hyphse, and =
dense solony i a produced. wells of the rumner
hyphee are 50-100 times longer than wide, whereas
cells of the feeder hyphaes, which are four to cight
times wider than the runner hyphae, are only 5«15
times longer than wide. hunner hyphae take up the
HCl-Giemsa stain more resiily than do fseder hyphase
to the extent that when the nuclei in the feeder
hyphee are slightly understeined the nuclei in many
calls of the runner hyphas are oversiained and the
cell contenis of some cells are cobliterated by
overstaining.

The gmﬁth of gurly is characterized by lose
of apical dominance, and es a consequence there are
no typical leading hyphas. Kany terminsl branches
bave forked tipe and the radial extension of growth
ie transferred from branch to branch. Celf-
anastomosls between the spex and bass of single tip
cells is comnon a8 is ansstomosis between tip cells
snd between tips and branches. The branches are
curled or twisted in spirals and the cwrling is
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moat pronounced in serial hyphas. Vwhite to hyaline
chaine of barrel-shaped cells (monilioid bodiss)
regularly develop as extensions of the gerial hyphes
which curl together in tufts. Septation is irreguler.
in some instances a septum is laid down forming a cell
which is wider than long and normally contains from
U=7 nuclel with very little cytoplasm. In other
instances sepim do not form and a single cell may
consist of many branches, subbranches and anastomosed
branches, and contain from &6-50 nuclei, usually in
groups of O=Ye It sppears that nuclear division is
regular but the control of septation is disrupted.
In one hypha the numbers of nuclei in eash of Five
consecutive cells were 15, 43, 3, 18, and 29; the
firet and lest two cells were multibranched, curled
and anastomosed struotures whereas the third cell
was wider then long. Due to the growth hsbit of
this isolats, the counts of nuclei per cell were
not divided into the three groups as with the other
mutanta, but the range in nuwber of nuclel was
S8imilar in young cells at the periphery end in older
cells near the inoculum plug.

2usty is superficially similar to gurly in
cultural appearance, snd growth ccours in two stages.
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LeaGing hyphse, usually unbranched, radiste along
the surface of the agar for distances up to Zmm
from the colony. Apleal growth then terminates
and brenching and asrial growih begins from the base
of the leading hypha, extending towards its apex.
The asrial hyphes ars as curlsd as those of gurly
and sclsrotial development iz similar, The sure
face and subsurface branches show a slight tendency
to curl and as they develop the area between adjmc-
ent leading hyphae becomes filled in with dense
growth. Sranching begine at the vese of 2 leading
hypha and extends to its apex; septation is reguler.
Kew leading hyphae then develop from branch cells
or rarely as extensions of the previous leading
hyphae.

The lsading hyphme of rgpy grow oud from the
colony as surface or subsurface mycsliuws,; usually
with considerable distance between the hyphae.

The short side branches (1-5 cells in length) develop
profusely from & leading hypha as it extends, glv-
ing the appearmnce of rope~like stranis; very little
nycelial growth ocours away from or betwsen the
strands.
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Counts of nusber of nuclei per cell of the
above isoletes revesled zome hitherto unsuspected
variaiion. The differences between mesns within
isolates ané betwesn means of corresponding cell
iypes and f{otals between isolates (Tasble VII) were
analysed (t-tost; and all differences were signifi-
cant at the 1.00 level except the following:
peripheral tips and cider non-tips of popy (5.0%
level), older non-tips and braneh tips of gparge

and of ropy, peripheral tips between gparge and
braneh tipe between spapse and ropy, and between
fleecy and pusty. and totals between spgrse and
figeqay (5.0 level}, between sparse and xopy, and
between P56 and fleecy. The hyphal tips at the
periphery of a acvlony contained greater nunmbers of
ruclei then aither the non-tips or the tip cells

of hyphae from an area of the colony which was three
to five daye cld, but there was no relationehip

fleecy, older non-iips betwsen gparse

between the muclear numbers sf the non-tip ¢ells and
the branch tips. The non-significant differcnce
between the toital means of gparge ani ropy or of
P56 and flesgy was due 40 the balancing effect of
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the means of the three types of cells making up
the totals. o obvious relationship exists be-
tween the mumber of nuclei per cell and other
obeerved characteristics of any isolate axcept that
of irregular septation of gurlv.

All counts of nuclear numbers for cach isoe-
late wers from the same stained material; the 100
cells counted to give the mean number of nuciei in
peripheral tip cells of sach isolate {Table VII}
included the 20 %ip cells of Table VIIIa and 80
others, and the differsnces in mesn between Tapbles
VII and ViIIa for P56 and glumpy are considered as
sampling errors. The distribution of the msan
nurber of nuelei in consecutive cells of each iso-
late (Table VIIia} was analysei for linear, guad-
ratic, and cubic trends; the only positive result
was & cuble trend significant at the C.1% leowvel in
gurly. Table VIIIh shows the types of distri-
bution patterns of nuclei in individual hyphae of
¥56. The seme sort of variation within and be=-
tween hyphae was recorded in sach mutant. In
addition to the counts made of nuclear nunbers,
sbout 300-460 hyphae of eash isolate were scanned
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IBLE VIIL

NUMBER OF NUCLEI IN GONSﬁéﬁ‘i‘WE CELLS FRCM THE TIPS
OF HYPHAR OF F56 AND MUTANTS

{a)

liuelel per cell:

S m{ ém 3a Lth  Sth 6th  Tth
Cell ' ,

¥o6 0.1 Jad 96 Jelt  10e1 1C.2 Gel
(7=15) (7=14) (6=12) (7=14) (7=14) (7-45) (7=1k4)

sparse 5 8.4 8.6 Ea3 TeT Ge & 3
(5-33 §6~11) (7-11) (6=11) (6=41) (6=41) (6~41)

9«.0 Jeb e 8 FeI

(6=12) {7=13) \7-4u) £5~13) (6-&e; (J~ah; (5=12)

Te7 Bely HBely 76 g a2
{2-12) (6-12) (63-11) {5=10) (6—10} (6-12} (6=11)

SUPLY** 12,7 124 Suli 1241 4k 15.4 10,0
(5-29) (243} (1-25) (0=27) (7-29) (326} (1-20)

m' }x "i 46 u u o ; o 0
(3~9) (a~1h) (5«9) (4=13) (4=tl) (5=15) {5-11)

fopy Tal2 76 87 848 Sel - Te9 el
(4=A0) (5~10) (5-18) (5-18) (5o1h) (6442) (6=13)

* Lean of 20
%  Nean of 11



'ﬁumbar of nuclei per cell

Yo g 2nd 34 4th  Sth 6th ‘nﬁ
Cell - |
1 5 11 10 7 7 111
5 8 8 8 8 8 8 7
6 12 1 9 12 W 45 b
& 7 7 8 6 9 7 13
11 10 16 #1111




and in gfumpy, 15 hyphae were observed waieh each
contained a nueleus wedged in the septal porea
betwesn either the third and fourth or fourth and
fifth cells; none of the cells of these hyphae
had burst which suggesis that the nuclei sither
were in the process of migration from one cell to
the otlier at the time of Pixing and staining, or
haf been trapped in the porez as the septa formed.
Ruelear division in tip cells of P56 appears
to be conjugate:. In one stained preparation of |
mycellum of F56, “he muclel in nearly all the tip
¢olls had divided but septation had not socurred.
The nusber of nuclei per cell wers counted in tip
and penuitimate cells of each of Z5 hyphae; in
each: hypha selected the branch developing from ihe
pemultimate cell had not grown sufficientiy For =
mitotic divislon of the nuelei of the penultimase
eell to have ceccurrads The $¢ip cells coniained
even numbers of auclei (14-28) of approximats dia-
meter of 1.64 vwhile the penultimete cells containsa
7-14 nuclei of about J.Cx diameter. Ths size ang
even number of nuelei in the tipe indicate that all
nuclei in cach cell hed divided. liowever, the
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observed frequsncies and relationships of nuclei
in the tip cells to 'n' nuelel per cell in the
corresponding penultimate cells are as follows:
3(2n), 10{2nt2), 5(2n#h), 6(2nt6), end 1{2n-8).

The patiern of division and separation of the
muclel in the division prior to the ons sctually in
progress at the time of fixing can be dotermined by
dividing the number of nuolei per tip cell by two
&nd cumparing with the number in the penultimate
cell of the same hyphs, and is based on the asswunp-
tion of no nmuclesr migration after septation between
the tip, penultimate and third cells. On this
assumption, only thrze of the 25 divisions would
have inoluded all muclei of the cell followed dy
even segrogation, and there were eight in which one
nusleus had not taken part in division, seven in
vhich there wae unequal segragation of the daughter
nuclel and seven in which both sbnomalities ococurred
together. This would mean that in 15 out of 25
divisions, one nucleus hed failed to divide and in
14 divisione thers was an abnormality in segre-
gation of daughter nuolei. However, as stated above
it appeared that, in the divisions in progrese at
the time of fixing, all nmuiclei in eagh of ths 25
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cells wers taking part; in phase contrast studies
of P56 mycelium, in only = small percsnitage of
divisions had a nucleus failed to pariicipats in
the divieion. Thus i1t seems that the assumption
of no nuclear migration betwsen cells is incorrect.

of each mutent and P56 were compared on a number of
different agar medlia. Kone of the isolates grew
on media containing only inorganic nitrcgen with

or without the vitamin supplement. The growth habit
of each ieolate on s0il sgar or media containing
organic nitrogen was similar to that descrided on
P2VeDeAs and although the growth rates of the iao-
lates varied alightly on the different medis the
relative rates of growth were the sams, No differ-
ences from the original deseriptions of the mutante
have been observed after 15 months, either from
stock cultures or cultures maintained on P.Vel.ds
and suboultured regularly.

Easch mutant and P56 was tested for patho-
genloity on the seedling stems of tomato
(Lxeopersicon ssgulentum M11l.), lettuce (Lagtugs
2ativs ..), and subterranean clover (Irifolium
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Subterraneuyn L.}, and none was pathogenic to op
produced infection cushions on any of these refer-

ence hoets.

Sinee variation of field or single basidio~
spore isolates in leboratory culture rarely has been
recorded (Kernkmmp st al, 1952; Flentje and Stretton,
1964, it has been generally assumed that the mutation
rate In I, cuoumeris

, is extremely low. Jowever,
the faot that ¥56 yielded uniform progeny at ons
stage ond three months later ylelded a nunber of
mitant progeny indicatee {a; that mtation certsinly
occurs in some isolates, and () that a homoceryotio
eulture derived from a uninucloate basidiospore may
repidly become heterocaryotic through such spon-
tansous sutation. 4s there was no difference ob-
served belween homocaryotic and heterccaryotic
colonies of 56 it appears that the wild type growth
heblit is atable and dominant. However, bLecsuse

the wvegetative cells are multimucleate and nuclear
division ia vonjugate, mutant nuclel could be carried
forward in vegetative hyphas but would only bhe ex-~
pressed in the progeny of sexual reproduction.
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This would readily account for the lack of vari-

ation and sectoring in various fieldé isolates of

In contranmt to P56, no cpontsneous or in~
duced muiant cuitures were recoversd fyum basidio-
spores of the non-pathogenic isclate 82. The
factors whisch conirol cultural appearance, growth
ratc and pelf-rfertility in this isolate either are
not readily nutable or were not expresssd under the
ceonditions of these experiments.

Basidlospores of 56 were four times more
resistant to ultraviolet irradieiion than those of
isolate 82, but muitants wers recovered only from
Fﬁs. Cach of the four induced ani twe spontanecus
mutante selected for further study had a distinet
set of cultursl cheracteristics and a particulsr
pathogenicity reasction with radish stems and each
has remeined stable and self-sterile.

Flentje (1957) developed the hypothesis that
there are sisges in the establishment of effective
invasion of ths host by I. guoumeris and that the
process miy fall at one or other of four stages,
nemely: (&) no atiachment of the hyphae growing
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loosely over the host to the surface of the host
tissue; (b) no infection cushion formation, or
cushions formsd but looaely attached to the $issue
surface; (e) fallure of infeciion pegs to pene-
trate the surface of the tissue; and {4d) occurr~
enct of u hypersonasitive reaction immediately after
penstration, resulting in small locelized necrotic
lesions and death of the invading hyphas. The
pathogenic reaptions of the six mutents provide
support for this hypothesis and suggest that the
different stages may be under separate genetical
sontrol. Spsrae 1z blocked at stage (a), rooy at
{b), pusty at (b} or {e), and gurly at (d). Fleegy
is not blocksd at any stage and progressively in-
vades the stem tissue, causing seedling death.

The reaction of stumpy

suzgests there may bs another
stage where failure can occur, namely, inhibition
of growth of the hyphae by the host prior to con-
tact beitween hyphae and host tissue,

The data suggest that pathogenieiiy in the
ocrucifer sirain is not a function of the wild type
growth rate amnd habit; sparge, with growth rate
and cultural appearance approsching the wild type,
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doss not form cushions, whereas flgecy which is
slower zrowing than and culturally distinet from
the wild type; zfter making contact with the seed-
lings, infecis and kills them as repidly as P56,
s#nelyses of the data from cytological sztudies
revealed that P56 and each mutent behave independ-
ently with respect to nuiber of nuclel per cell in
three different types of vegetative cells (Table
VII;. Thes® results are at variance with those
of Sanford and Skoropad (1955) on twé isolates of
different strains of Rhiszo 8 aglenl. sAnalysis
of their data (t-test) shows that the mean number
of nuclei per cell of eash cell type did not differ
between isolates and that the mean numbers in
hyphal tipe ave significently less than those in
other cell types. The irregular distribution of
nuclei in six successive o#lls from the tip (Table
VIII) corresponds to figures presented by Boidin
(1958) and Flentje gt al (1963) for isolates of
1. cuoumeria
easily accounted for simply on the basis of uneven
huclear zegregation or the failure of eingle
nuclei to divide during the formation of new cells,

However, this distribution 1is not
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a8 belleved by Flentje et gl, and raises again the
important question of muclear migration. Compari-
son of nuclear nuriberz in tip and penultimate cells
of hyphac‘ of ©56, together with observations of
nucleil wedged in meptal pores beitween cells of non-
damaged hyphas of stwpy, sugpesis that nuclear
migration moy well occur. Saksena (1961b) pre-
viously had suggested this because he found nuclei
wedred in septal poree in stalned material and Sane
ford and Skoropad (19555) reporied observations of
miclear migration in living cells. The evidence

is unsatisfactory, howsver, as movement during
fixing and staining mey have brought about the
effeocta cbserved by Saksens and those reported
sbove, and it is unlikely thet Sanford and Skoropesd
would have seen nuslel in living cells with ordinary
1llunination. Further criticel investigation is
needed hefore a satisfactory answer can be given

to the question of nuelear migration in T. susumerig.
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Iv,

The putents from P56 as desoribed zbove,

eppeared to bs stable and were sufficiently differ-
ent in cultural characteristics and pathogeniocity
to serve as ussful tools in a study of anastomosis,
heterocaryosis and recombination. In addition
some non-mitant single basgidiospors cultures, o1
and G2 progeny, were ineluded in the study Tor
epecific purposes. 4 range of different tech~
niques and combinatlons of mutants were used for
the study.

(a)

RBALWOen puLanes ar

The six mutante (gparse. stumpy, flseqy,
surly, rusty, end ropy) and ¥56 were opposed in paire
in all possidble combinations on Cellophane, four
plates of each combination, to determins their abi-
1ity to anastomose with one another. Fifty pre-

sumptive anastomoses from each pairing were tested
and ¢ytoplasmic oonnections were demonstyated be-
tween each pairing.  (Due to the time required for
testing, all Petri dishes were transferred to 5°C
when the opposed hyphas had begun to intermingle,
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to retard growth so that enastomoming hyphes
could be easily traced and their origine deter~
mined.) Pairings betwesn #56 and any mutant re-
sulted in successful anastomosis (Tsble IX).
Betwesen mutants only two combinations resulted in
successful anastomosis and in all others cell desth
ocourred within 24 houre of the demonstration of
oytopiasmic conneoiionss The killing reaction
was sither conplete, whare virtually every anasto-
mosis resulted in cell death, or intermsdiate with
70~50% of the anastomoses resulting in cell death
while the remainder wers apparently unaffected.
Four to five days laier, a zons of dead cells was
clearly visible at the line of junetion between
those paired colonies where the killing rsaction
had occurred. 48 no growth developed from the
snastomoses of thass pairings, it agppesared either
that heterocaryosiz hed not occurred or that ths
heterosaryons which formed were not culturally
different from the contridbuting colonies.

P56 and gurly were again paired on Cellophens
to dstermine whether heterocaryonis followed anasto-
mosis. Twenty-four colonies dsrived from single
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ANASTONCSIS REACTION OF MUTANTS aND P56 WHEN CPPOSED
il CELLOPHANE OVERLYING AGAR

Culture sparss stumpy filcecy gourly 2usty popy

b5t g 5 8 8 8 5
sparee K 8 I I K
Stumpy K i K K
Lleecy I Z K
gurly I =
rusty 8

* 3 =~ Suscessful anastomosis without adverse effecis
on the cella

K - Ansstomosis followed by collapse and death of
all ansstomosed cells

I « Intermediate, 70-307% of anastomosed cells died,
remalinder anastomosed without adverse effects
on the cells.
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presumptive anastomoses were tested for pathogenicity
and melf-fertility. Five coloniss were similar to
gurly in cultural charasteristics and caused hyper-
sensitive flecke on redish stems; none was induced
to fruit. The other 19 colonies were wild typs in
appearance but with come initial veriation in growth
rate; each was pathogenic and self-fertilc. Three
were gelaected to vrspressnt the initial range in
growth rate and basidiospores were shed and isolated
from easch. The progeny of each colony sxhibited
vide variation in growith rate and pathogenicity.
Lost of' the total of 375 single basidiospore oul-
tures were wild type in appearance, pathogenie, and
after subculturing were uniform in growth rate; 32
were plovw growing mutant types but none was similar
{ in cultural charscteristics. A4As no gurly

type cultures wers recoverod, tns variation in

progeny of these presumptive hetsrocaeryons was atirie
buted not o recombination of ¢56 and guply nucled,

but rather to the expression of spontanedus rulation
within P56 itself. It was at this tims that variation
in progeny of P56 was observed in an indopendent test
{Plate 3). Thus it was oconcluded that Leterocaryons
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probebly were sob formed as ths result of enasto-
moses between 56 and gurly.

3ince helerccaryosis was not detected snd
the x1lling reaction occcurred in most conbinations
vetwean nutants, attempts were mads to observe the
ruclesr behaviour in anastomosing cells by phass~
conirast mloroscopy. kutents were sgain paired,
elght Petri dishes per pair, and inoubated at 25°C
until opposing hyphee had begun to intermingle.
Four replieates of each pairing were then trance
ferred to 5°C to retard growth; the other four were
maintained at 25°C, and from some of thess plates
ereas of anastumosing hyphaee, together with under-
lying Cellophene, were mounted on slides in sterile
dietilled water, covered with coverslips ani exam-
ined. Guel preparations, however, proved unsuiteble
for phase~gontrasi wicressopye. The nuclel were not
eaeily observed due %o the distoriion of light by
the Cellophane, ani the hyphes soon ceased growth
and dled. A4ll intact plates were examined eix
qdeys after initial coniscts between the opposed
hyphee and the same resctions ns recorded previously

(Teble IX) were observed. KLowsver, one or two
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sectors had developed from the zone of dead hyphae
in every plate ai 25°%, each sector consisting of
mycelium which was wild type in appearance (Flais 6).
The platee stored at 5°C were returnes to 25°C ana
subsequently, smell wild type sectors developed only
in those plates containing sparse and fleecy or

ropy and rusty, the palrings which gave successful
anestomosis reactions. It was not Getermined
vhether the origin of a sector was sn ancstomosie
between single cells of esch mutent, but subsequent
studies (deseribed below) proved that the wils type
growth was heterccaryotic and composed of nuclei of
each mutant. It 1c thus apparent that heterccaryons
can be formed between mutants which give = x1lling
reaction when anastomosed and further it seceme that
temperature has an sffect on ansstamosis and heterce
caryon formation. although the factors responsible
for the killing reasction are not known, the effect
of temperature might be explained ns follows:
heterocaryosis follows enastomosis and & heternw
caryotic hyphe of eeveral cells in length is produced
from the anastomosed cells befors the visible onset
of the kKilling remsction; cell death is observed
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PLATE _

Heterocaryotic sectors formed from the
zones of cell death between mutants

Zop: [left]  sgparse + zopy
iright]  sparss + gurly

Bottaom: rusty + eurly
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from 12 to 24 hours alfter anastomosis and as it
invelves not only the mnastomosed cellis but also
up to six cells on either side, it may also include
one or more of the cells of the developing hetero~
caryon, the sytoplasm of which was contributed by
both mutant colonies; growth of the wild type
haterocaryon at 25°C must be sufficient for the
terminal cells to escape the killing resction and
dsvelop the sector, whereas at 5°C growth may be
sufficiently roetarded for the terminal cells of the
heterocaryon to be killed. Such an explanaiion
iz supported by the oburwatiém that in an ostab-
lished wild type colony, growth at 5°C is limited to
spproximetely five new ¢slls per hypha in 48 hours,
whereas at 25°C, 150 to 200 conssoutive new cells
are produced per hyphs in 48 hours,.

(11)

"'!

Jinse the killing reaction ovcurs within
and between ¢1 and G2 wild type progeny of field
isclate L8, additional sxperiments wers carrisd out
to determinz whether heterccaryons develop from
snastomoses batween paired wild type colonies by
esoaping the killing reaction. Two 41 and two G2
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aultures were paired in sach combination. Obser~
vations are presented on the pairings of the G2
isolates.

Two G2 isolateos were pailred in esmch of 12
retri dishes and incubated at 25°C until opposed
nyphae met. Light plates were transferred to 5°C,
Tour for aight hours and four for 72 hours and then
returned %o 25°C. Saeh plate was examined three
timss daily for one week. In all 12 pairings, cell
death was observed from i2 to 30 hours after initial
ansstomosis and ocourred only after hyphae had
anastomosed. There was no indication of mntagonism
between non-anastomossd hyphae and no sectors were
detected from the smone of dead hyphas between two
colonies.

rairs of opposed hyphal tips were transierred
from these plates to separate retri dishes of Cello-
phane over s0il sgar; cach transfer consisted of
a hyphal segment, including the $ip and thres 0
ten cells, from each ilsolate, the tipe not yei have
ing made sontacte The tip cells continued to
slongate

g anastomose in only one of 16 transfers;

however no new cells developed from the enastomosis
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anc cell death exiended to all four cells of the
one hyphel segment. In the other transfers, each
of the hyphal segmenia branched and formsd a small
colony before ansstomosis ocourred, =and by the time
cell e;nath was irst observed the hyphee had so
intermingled that 1t was not slways possible to
identify the asnmetomosing hyphee. Desd cells of
tbhres hyphae were sssociated in & eingle ansstomosis
in twe separate instances but it could not be ceter-
mined whether two hyphae of one oolony had anastoe
mosed with & hypha of the other colony or if cne
hypha were a developing heterccaryon. The sxperi-
wents were not conoclusive and were discontinued.
{114

Zusty, each derived from a hyphal tip, two from
separate sectors arising from the paired amuiants
on Cellephane sand two from the wild type mycelium
produced from macerates (desoribed below), were
paired on Uellophanc., All coxbinations wnesiomosed
successfully.

Fiftean heterocaryons, formed by macerating
the six mukents together in paire, were thomselves
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paired in all combinations on Cellophane. In two
combinations, siumpy + flescy with gtumpy + ropy, and
Stumy + fleeoy with flesoy + ropy, the killing
reaction ooccurred, affecting sbout 50%i of the
anastomoses. Succesaful anastomoses with no cell
death occurred in the other 103 combinations.

(v)

as described under Laterials end Methods. YWithin
2L to 48 hours, fast growing hyphae emerged from
the macerate to produce colonies on agar or on
Cellophane over sger which were wild type in eppear-
ance and growth rates Humeroues hyphal tips, taken
from the periphery of each colony and subsultured
separately, produced wild type colonies which were
uniform in sppearance and growth rate; one of
thess cultures has been maintained by weekly serial
subculturing for six monthe with no change in sule
tural characteriatics.

Colonies derived from macerates of P56 alone,
and of gurly and pusty separately and together,
wers compared for cultural characteristics (Plate 7),
for pathogenicity to radish seedlings (Flate 8) and
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PLATE

Colonies resulting from maceration of P56,
and of gurly end rusty separately and togsther

P56

heterocaryon
(gurly + rusty)
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PLATE
Fathogenicity test on radish stems

[Left to right]

P56 surly rusty heterocaryon
(gurly + rusty)






for fruiting aebility., Ho wild type growih resulted
from the mutant colonies when macerated zeparately,
and the colonies of P56, gurly, and rusty wers the
same as desoribed previously (Tables VI ang VII),
except for an initial lag of 36 hours before sither
mutant commensed growth on F.VeDeis The wild type
growth from the macerate of gurly + rusty was in-
aistinguishable from P56 in cultural appearance,
growth rate and pathogenicity. It seemed probable
that this wild type growth was a heterccaryon between
surly and pusty snd the evidence to substantiate
this is desoribed below in the section on reconbi-
nation. Nuclsar numbers in cells of this hetero-
caryon were counted (Teble X); the differences
between means within the heteroccaryon, and between
the sorresponding means of the heteroceryon and 56,
eurly or rusty (Tsble VII) wers analysed (t-test)
and all differences were significant at the 1.0%
level axoept in the peripheral Sips detwsen £56

and the heterocaryon and in the branch tips be-
tween rusty and the hetsrocaryon. Branshing and
septation of the heterccsryon were regular, but
there was a suggestion of s significant linear trend
at the 5.0% level in the msan nusbers of nuclei
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TABLE X

RUMBER {F HUCLEI IN VEGEDATIVE CHLLS OF A STABLE
(guxly + rusty)
AND 2N UNSTABLE (gurly + flesgy) HRTEROCARYON

%lmlai per cell {mcan, S..‘;ﬁ.', and range)

Heterecaryon rFeripheral - Clder Branoh Total
tip Cells ~ non-tips tips

w*w 5.90“.!:0.?9 ?t?ﬁgciﬁ 5&3&@.11 702&"-’-9110
(5-13) (3-12) (4~3) (3~13;

v ’ o 9(7-‘19) %?;151 ; ? 5(%11)5 7()4_'“%9)

Humber of ocells
counted 100 200 100 400

Huolei per cell (mesn and range)*

caryon Tip 2nd  3ra L4th  5th  6th  Tth

Ly + 1@»)5‘ ‘30.1‘ 11.1 114 12,8 11.6 1262
g (7-19) (519} (7-21) (7=19) (7=18) (6~-22) (618}

# oounts of 20 hyphas



in consecutive cells from the tip.

#1lld type heterocaryons were also recovered
from the macerates of gparae, stumoy, gurly, rusty
and ropy in paired combinations (Teble XI). after
hypbal t1p subculturing, the heterocaryons wers
indistinguisbsble from one another and from P£56,
and each was pathogenic. Results of fruiting
studles are rsporied below.

(11)

Kacerations of fleegy with gparse, siuwmny,
suply, rusty, or ropy gave rise to mycelial growth
which was initially wild type in appearance but
after reaching diameters of 5-7am, the peripheral
growth of each colony reverted to mutant type

(Table XI)s The colony of Siumpy + Lleeqy reverted
to gsiunmpy whereas all other colonles revertsd to
ligecy, and in esoh the reversion scourred sbruptly,
with one half or more of the periphery of a colony
reverting at the same time and the remainder follow-
ing rapidly.

A nundber of experiments were conducted to
demonsirate that functional but unsteble hetercecaryons
had been constituted and that wild type growth was
hot due to cross-feeding between mutants. Cuprly
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T4ABLE X

IYPES OF HATEROCARYOND PCRMEDL PROM HACERATIONS OF
BUTANTS IN PAIRS

Induced Spantansous

mutants ,

2parse o= % Umaf1s 4 + -
stumpy o Ut e + + y S
fleccy 0 Uwefle Ue=fl, Uw=fl.F-
eurly Q Fos B
Eusty s +

£05E o

*Q Heo heterocaryon

+ Stable heterocaryon

u-=fi. Unstable heterocaryon reverting %o fleegy
u-~st. Unstable heterocaryon revertins ¢ stumpy
Pe Fertile



and flgegy when macerated separately and placed
one over ithe other, separated by Cellophane, an
soil agar, formed typical mutant colonies, whereas
when macerated together and placed sither on or
uncer Cellophane on soil agsr, produced wild type
growih which submequently reverted to Lleogy.

ijeegy were macerated together,
hyphal tips wers taken at daily intervals from the
periphery of the developing wild type growth ant
plated out separately. All wild type hyphal tips
gave rise to wild type colonies and all the colo-
2gy after attalning diameters
of O~Jome The colony size when reversion ogourred

ales reverted to fleceoy

was not influenced by temperature, amount of agar,
type of sgar medium or size of ietri dish used.
liacerates of the reverited fLlesey with gcurly
constituted the heterccaryon but with flgegy zave
rise only to flgecy. The heterocaryotic wild
iype and the reverted fleegy were each pathogenie
to redishes,

Surly and £leegy were then macerated together
in different proportions from a ratio of 1:1 volume

size of irooulum to 100:4. Irrespective of the
ratio used the results were the same and the
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unstable heterocaryon developed.

Weekly samples were taken for 15 weeks from
single colonies of the gurly + flesqy heterocaryon
growing on PeVeDsle or soil agar. Lach sample
consisted of plugs, 3mm diameter, taken at Smm
intervals along a radius of the heterocaryon and
subcultured separately on iF.V.l.A. or soil agar.
Ths type of growth from plugs taken at the same
distances fram the center over the 15 weeks did
not differ; unstable heterccaryoiic colonies formed
from all P.VeDode plugs teken at distances of 30mm
or less and from all soil agar plugs of 2%mm or lese,
while fleegy colonies developed from all plugs from
greater distances.

Similar results were obtained for each un-
stable heiercocaryon formed from the macerates of
fleegy and another mutani, except that the giumpy +
Lilsegy heterocaryon always reverted to siumpy
growth which, wheon tested for pathogenicity, was
repelled by the radish stems,

The mesn numbers of nuclel per cell in the
aifferent types of cells of the wild type mycelium

of gurly + fleegy (Tsdble %) were significantly
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different at the 1.0i level from those of the

surly <+ rusiy heterocaryon or of F56, fleescy or
guprly (Teble VII), except for the means of older
non-tip cells betwsen the two heterccaryons. There
was an lnereasing linear trend, significant ai the
5.0% level, of the mean muiber of nuclel in cone

secutive cells from the tips.

(e)

Fach of the incuced mutants (gparas, stumpy,
flsscy, and gurly’ and the spontansous {rusty and
ropy) mutants of £56 has & distinot cultural appear-
angs and pathogeniec reaction. Kacerates of pairs
of theee mutants always give riss 1o wild type
myeelial growth, which indicates that, if each
heterocaryon contains only nuclei of the itwo som-
ponent mutants, the six mutanis are non-allelic.
In . gucumeris the only way in which the compon-
ents of & heterocaryon can be determinsd is by
recovery of the components as progeny from sexual
reproduction. 7This in turn depends on reliable
genstic nerkers.

Adthough a fungue 1s homotbellic it is stil)
posaible to make crcosges by combining two
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genetically different individuals in a hetercearyon
and inducing that to fruii. The sexual spores are
of elther selfed or hybrid origin and, if progeny
of hytrid origin only arc selecied, then u genstic
analysis 1z possible. 4 single gene putetion is
usually dsiermined Ly crossing mutant e wild type
angd recovering only mutant and wild $ype progeny
with equal frequencises, such a orose was altempted
with guply and P5C, a8 described in the previous
section, but the particular culture of P56 used wes
iteelf hetercecaryotic because of spontersouns muta-
tion end there was no indication that gurly had been
& component in the cross. Another way of deter-
mining the genctype of & mitani is by crossing the
mutant to a second mutant and analysing the resuléant
Progenys This %ype of croass may also give infore
mation on linksge. PFresented are ths results of
several experimente in which paired mutanies gave
rise to stable or unstable, but feriile, heterocaryonas.
(1) Stable heterocarvons

Lach fertile hsterocaryon cbieined from
smacorates of the paired mutants fruited on the sur
face of treated soil within seven days of the
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addition of soll, the same interval as for P56,
Shed bamidiospores were isolated from cach cross.
The basidiospore oulture types are listed in the
Tables in one or more batoches from each cross.
Zach batceh conslsted of every basidiospore shed in
a single area on Cellophans. Cf the basidiosporss
linted us deand, most did not germinate, but s few
formed shori germ tubes hefore growth ceased.

Each single spors culture was scored for
cultural appearance, growth raie, pathogenicity, and
fertility. In addition, heterccaryon tests ware
used to confirm identification of mutant type pro-
genies, Hvery mutant progeny was macerated together
with each of the parental types of that cross. If
wild type growth was produced from the macerate of
the progeny and one parent, and mutant type fron
the mecerate of the progeny and the second parent,
it was accepted that the progeny was similar to the
sscond parent. If, however, mutant type growth
resulted from both macerations, end wild type growth
developed from a maceration of the progeny and a
third mutant, the progeny was sonsidered %o he the
double mutant recombinant. All wild sype hetero-
caryons produecsd from mecerations of single mutant
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progeny with parenial ruisnt were indistinguishsble
and each was pathogsnlc. The genotypes of the
muiant progenies wers determined on the basis of
comparisons with the parental mutentis for the seversal
characteristics.

From the eross curly x rusty four cultural
types of single tasildiospore progeny (Taeble xII)
were recoversd, wilc type, the two single mutant
types gurly und rusty, =nd a slower growing type
(button’e 411 wild type cultures were indistinguishe
gble from P56; each was subsequently induced to
fruit and the resultant basidiospores were 95-99%
viable, ylelding only wild type progeny. The wila
type was presunsbly the non-mutant recombinant.
The gurly and rusty progeny were identical in charase
teristics to curly and prugty respectively. Zach
gurly progeny formed the wild type heterccaryon with
rusty but not with gurly and each rysty progeny
formed the wild type with gurly but not with rusty.
iacerations sf each button culture with sither ourly
or rusty 4id not produce wild type growth, but with
a third mutant (gparse, stumpy, or rgpy) 2 wild type
beterocaryon was established, suggesting that button
was the double mutant recombinant.
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The button colony on FsVeless is small (2.0cm
dlamster in six days) and dense, initisily white but
rapldly turning derk brown in color. Iyphal branch-
ing is irregular and similar to that of guply but
ssptation is regular like that in prysty. Button is
non-pathogenic to radishes, with few hyphee growing
over the stemsg, and is seli-starile.

Bateh 1 shed basidiospores of the cross gurly x
2usty ylelded only gurly progeny (Table XII) and pre-
sumebly zesulted from selfed besidla. Batch 2 gave
rise to thz four phenotypes which ogcurred with
frequencles not significently different from equslity
(x§ = 04138, P = Usi=0eU9)3 these may ell have been
the result of croesing cor may have included some
selfed progeny. From theee data 1t was postulated
that guprly and yugty rshenotypes are cach aue to a
single gene difference and these segregate indepens~
dently. 48 a result, the genotypes of the progeny
of the oross were assumed to be: wild type i+ %,
surly cu £, rusty * ry, and button ou Iu.

Two groups of tetrads were also isolated Irom
fructificatione of this eross to verify the hypothesis,

Group 1 tetrads, from the same fructifications as
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ZABLE XIT
SINGLE BASIDIOSPORE PROGENY OF THE CROSS qurly = rusky

Phenotype o0 gurly Uty button Desd Total

Genotype i+ gQui 2r7u Quxy

Bateh 1 0 21 0 o) L& 69
Batch 2 12 19 19 8 9 67

| Graup§ Group 2 Total

8alfed 10 6 16

Hat o 0 0

Hybrid Parental Gitype 1 2 3

Non=purental ditype 2 3 2

Tetratype 3 3 6
Incomplete (2 or 3 dsad

per tetrad) 10 o 1¢

Hon-fit* 5 0 5

45

* Observed pattern of non-fit tetrass

type SUEAY rusty Dukton Desd

whon § 3N
v R ARV
e
11 1R

el 2 2



the shed btasidiospores, were picked off on agar
blocks held on a scalpel blade. OGroup 2 tetrads
were removed on Cellophens from fructifications whsn
the cross was reconstituted seven months later.

Uf the total of UYH tetrads examined (Table XII), 16
het resulted from selfing of curly; no selfsd
tetrads of pusty were recovered. There wore 14
complete tetrads which must have resulted from
hybrid basidia and these were classified as (a) par
ental éidype, two of each parental iype, (b) non-
parental ditype, %wo ol ssoh recombinant type, or
{c) tetratype, one of each parental snd recombinant
type, inalysis of hybrid ieirads, according o

the mull hypothesis, independent segregation, which
predicts equal nunbers of parental ditype and non-
parental ditype tetrads (Ferkins, 1953}, confirmed
that curly and pusty phenotypes are due to non-linked,
single gens Giffarences, and that wile type and
button respactively are the non~mutanst and double
mutant reconbinents. In addition there were 10
incomplete tetrads and five tetrads which dld not
£i% the hypotheais. iasch i1incomplets tetrad con-
tained two or three non-viable basidiospores and
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the missing progeny were not limited to a particular
Progeny type. The non~fit tetrads may have re-
sulted from errors in isolation since they were
picked off on blocke of agar when the hymenium was
actively producing basldiospores and may not have
been single tetirad isolations.

Tve sets of isolations were alsc made from
the first fructificalions of the cross gurlyv = rusty,
sach set consisiing of basidis with sterigmata, pre-
basidial cells snd s vegetative runner hypha, with
a continuous hyphal somnection from basidia to hypha.
“he material was freed from soll particles in sterllse
distilled water; one set was divided into sections,
the other left intact, and plated on Cellophane over
soll agar plus antibloties. Myeelial growth arising
from basidial and prebasidial cells was that of
curly while wild type growth developed from each
vegetative runner hypha; no rusiy hyphae wers de-
tecteds These cbeervations suggest that the lalero-
caryon contained a greater proportion of gurly
muclel than rusty nuclel.

Frarn sach of tha crosses gurly x ropy and
sty x ropy, only one bateh of bacldiospores was
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isolated due to sparsc hymenial development. The
oross gUrly x ropy yielded four cultursl types
(Plate 9, Tebls XIII); recovery of a high frequency
of guply progeny suggests soms selfing of guply-
Eagh single spore culture was identified and tested.
The wild type progeny were possibly the non-mutant
reconbinants, and gurly and pgopy progeny were identi-
cal with gurly and popy respectively. Heterocaryon
tests suggested that $ight button may be the double
matant recombinani. Similar results were obtained
from the cross gtumpy x propy (Plats 10, Table iIV),
In this sross 1t sppeared that some selfed progeny
had been recovered. Identification of the culitural
types sgain suggests that wild type may be the non-
mutant reccxdinant and £lst button ihs double mutant
recombinant. However, nc tetrads were isoclated
from either oross and because of the spparent re-
govery of selfed progeny, no statisticel analyses
were attenpted.

Button, the double mutant recoabinant of the
eross gurly x rusiy, was itself separately mascerated
with ropy and siumpy. Zech rasultant croess yielded
single basidiospore cultures of eight types, namely:
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PLATE 9

Types of single basidicspore progeny
of the oross curly x ropy

Wild typse

ight button
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TABLE XIII

SINGLE BASIDIOSPORE PROGENY OF THE CROSS guply x rgpy

Shed spores

Phenotype t;:: eurly  FoRy #nmim Desd Total

17 82 L 7 36 146




PLATE 10

Typee of einglse basidiospore progeny

of the ecross stumpy = ropy
wild type
opy stumpy
Zlat button
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SINGLE BASIDIOSPORE PROGENY OF THE CROSS SYWEDY X Iopy

Phenotype :;;ﬁ stunpy ropy h% Dead Total




wild type, three single mitants, three doudble mutants
and éripls mutant (Tables XV, XVI)e All the wild
type oultures, with one exception discussed below,
Jielded uniform wild type progeny. The gingls,
double, and triple mutants wsre identified pheno-
typically and verified by heterccaryon tests. No
matant progeny was sslf-fartile,. Fathogenioity was
not determined for the triple mutanis or double
mutants other than button dus to their slow growth.
The ‘pinoushions’, vhethsr triple or couble mutants,
reasched maximum diemeters of less than Gum after
three weeks growth on F.VeDuA., and the 'modified
buttons® (1.e. $ight button, etc.) formed solonies
of 8-12mm diamster.

Progeny from shed basidiospores of the cross
ropy x button sppser to be the result both of selfing
of button and of crossing (Teble XVa). Batch 1
progeny are not significantly different from Bateh 2
progeny (contingency xg = 50417y P = 0e5-0s3)e The
8ix recombinsnt types of progeny occurréed with fre-
quencies not aignificantly different from equality
in the pooled data (X = 1.657, F = 0.9-0.8), indi-
cating independent segregation of ihree gingle gene
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ZABLE XV

BINGLE SASIDIOSPORE PROGUNY OF THE CROSS popy x bubtton

(a) Zhed spores
Fhenosype genotype Batoh 1 Baten 2 Total
wild type i 7 6 13
surly syt 7 3 10
rusty dru o 1 3 1
X *ro 6 7 13
gu ry 15 15 0
sutro 6 5 11
% rare 5 8 13
SY Xy XQ & 3 3
Lead 32 35

Total 95 85




E T
IABLE XV

(b) Zetrads
Cbserved tetrad pa&téme
Phenotype Genotype :
1t 2 3 4 5 6
%41ld type 2zt - 1 2 « 1 =
surly gutx 1T 1 - 1 - 1
zuaty truz i e . e = A
button suzry - = = 1 1 =
kizht button ou % ro I = = = - 1
plooushion % Iy I 1 1 - 1 - =
eurly pli-
gushion S4Y XY Ie - 1 2 - 1 1
¥requency 2 2 1 1 1= qe=
®  esporsd basidium (see text)
¢ Hon-{it tetrad
rairs of Farental Fou-parental
geones ~aitype ~ddt¥ne
swre 1 1 5
Wy E 3
rv/re 0 3 L



differencess The spores of each of seven four-
spored basidia snd one three~spored basidium were
removed on Cellophane fram the fructifications.

The colonies produced from the gporss of the threew
spored basidium (Table XVb) were ome wild type, one
The wild type eculture fruited, ylelding a sample of
41 wild type end seven ropy progeny plus five non~
viable spores; this segregation suggests that the
wild type culiure had been derived from a basidio~

gpore which contained two nuclel, one * £ £ and one
X 4 re. For the purpose of tetrad analysis, the
mwiei produced in the three~-spored basidium were
considered s four itypes, the fourth being rgpy.

All eight tetrads appeared to have been derived from
hybrid basidis, and when clasesified acoording to
tetrad types, seven fiitted the hypoihesis of three
singlie gens differences, Vith the small nunber of
tetrads for analysls, recovery of non-parental ditypes
with equal or greater frequency than parental ditypes
is evidence against linkasges Ths possibility that
the spores of the non-fit tetrad came Trox more than
a single basidium 1s remote due %0 the method of

isolation.
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The frequencies of phenoiypes im the progeny
of the cross gtumpy > bulton again suggests some
selifing of putton {Teble XVI). The batchss are not
significently differsni {contingency xg = a0,

F = Ce2=~U0s1)s In the pooled dabts the six recombi-
nent types ocourred with frequenciss not significantly
different from equality (X3 = 2400, P = 0s9-048)
which suggests they arose from hybrid basidis in
which there was independent segregation of three
single gene differences.

A1l bult one of the single basldiospore oule
tures from the above crosses have remained steble in
BOTPHOLOEY « _ A wild type sector developed from a
singie hypha in a week-old subeulture of a pusiy
progeny derived irom the gurly x rugty cross. The
wild type growth was maintained in several hyphal
tip subcultures and when one wae induced %o iruit,
87 wild type and slx pusty progeny plus four noli-
viable spores wers recovered. ¥rom the non-
ssctoring ersa of the rusty colony, 50 subcultures
wore jaken and ¢sch was serlally subcultured fow
Tfive weeks; no further sectors were obmerved.

The data from the five arosses are consistent
with the hypothesis that appearance, growth rate,
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SINGLE BAZIDIOSPORE PROGENY OF THE CROSS gtumpy x bution

Phenotype Genotype Batch 1 Bateh 2 Total
wild type 12z 6 3
atunoy 8ttt & 2 1
surly tgut 2 9 1
Tusiy a2y 4 3 7
£iat bution steou o 2 6
button X ouzxry 20 2y Ly
halry pln-

sushion 8t X ry 5 2 7

Rin=

g stoury 3 5 6
Dead 56 L2

Total 102 4




pathogenicity, and seli-fertility are topether con~
trolled by a single gene mutation in seoh of the
matants stumpy, ourly, rusty, and ropy; and that
the genes are unlinked. The higher frequencies of
ourly, stumpy, or button progeniss from different
croases suggest either a tendancy of these nuclei
to fuse or gresater proportions of these nuslei in
tha heterocaryons.

(11)

Two unstanle helerocaryons which wers
induced t¢ frult, formed basidia and basidiospores
Tive waeks arfter being covered with trsated soil.
Cultures derived from shed basidiospores of the cross
flseay x rony were almost exclusively flgecy (Table
XVIiI)s The one wild type culture was pathogenic
and fertile, yielding only wild type progeny, and
the single ropy culturs was indistinguishsble from
ropy in all observed characteristics. . fter pro-
flueing a colony 20mm in diameter in 10 days, ths
third culture, a possibls double mutant, ceased
growth and dfed with the peripheral hyphme rupturing
and extruding protoplasm. The fleecy cultures
developing from hasidiospores varied in growth rate
and sliightly in appearance, but the firsi
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SINGLE BASIDIOSPORE PROGENY OF THE CROSS fleecy 3 IORY

¥henotype t“;‘;g Llsegy ropy COthers Dsad Total
Bateh 1 o 16 9 O 28 55
Bateh 2 0 19 G o 3 53
Bateh 3 4

28 1 1 20 51

Paﬁhbgfnieifng reaction of flesoy progeny

Lesions snd Hypere

. don-pathogenic
gaedling sonsitive AR _
death reaction no oushions
sbhundant
aerial
on stems 13 6 1
Ho aserial

hyphae 21 3 2




suboultures wers uniform. Minor microscopic differe-
snees were detected in the nunbsr and length of
feeder hyphae produeced per cell of the serial runner
hyphas and the smouant of subbranching; although the
axiremes could be essily disitinguished on this bLasis,
dilfferent cultures presented & gradation beiween the
axtremes. ach fleepgy progeny formed an unstable
pathogenic heterocaryon when macerated with ropy,
but 20 heterccaryvn at all with Lleegy. Vhen
tested for puthogenielty the fleegy yrogeny varied
in thelr reaciions %o redich stens. The resciions
were eibher (a; pathogsnie, with lnfection cushions
profucing spreading lesions aud seedling death,

{b, hypersensiiive reaction, with cushions produsing
emall necruilc flecks on the stems, vr (¢) non-
puthogenic with the mycelium growing over the stems
witheut adbsring or produeing cushions, and within
zach of these cabsgories,; soam cultures produced
goundant aerlisl mycelium Iyom the hyphas growing on
the steme and others did notl, siving « jotai of

8ix classes. rathogenicity tesis vwer: repesied a
total of gixz times gver & period of meveral montha

and the reacilon of each Jlaegy progeny was constant,
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These results 4o not rit the hypothssis of segre-
gation of singls gene differences although it wes
earliier esteblished that zapy ise a single gene
amutant; neither popy nor flgecy produces masases of
serial hyphae on radish stems and neither mutant
produces the hypersensitive reaction.

24milar results were obtained from the pro-
geny of the sscond cross (fleecy x button). Shed
basidiospores from this ¢ross gave rise only to
fleecy cultures (Table XVIIIa) and of 13 tetrads
removed on Cellophans, only three were completely
viable (Table XVIIIb), Three of the teirads
spparently resulted from the selfing of fleecy, two
from the selfing of buttop and one was possibly a
parental ditype. The other seven tetrasds each con-
tained two or more non-viadble basidiospores and no
other cultural types wers recovered. The button
types were verified as dutiop by heterccaryon and
pathogenioity tests. The fleegy progeny formed
unstable hsterocaryons when mscerated with button.
rusty, curly or ropy, but no heierocaryon at all
with fleegy. The same six resotions in patho~
genicity tests ss recorded with the progeny of the
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TABLE XVIII

SINGLE BASIDIOSPORE PROGLNY OF THE CROSC gfleecy x button

Yhenotyps tleecy %@:’; Lead Total
Bateh 1 &l G 99 163
Bateh 2 22 ¢ L% 67

rathogenieity resection of flee

T e T Ty s WO el T Rty

ieslions and Rypar

. ™ Kon~-pathogenic
seedling sensitive
death veaction S e

Abundent

aarial

hyphse

on stems 13 11 1
No aerial

hyphae 35 15 5




rhenotyps Ubserved teirad patterns

m 3“6‘ 3 - b 1 2 1 1 - -
button - = 4 3 2 - 1 « 1 =
Lead - 1 - 1 4 2 2 3 3 4
Frequency & (| 3 4 4 1 1 1 1

Pathogenicity reaction of fleeoy progeny

: individusi
progeny from aselfed tetrads
tetrads Ho, 1 3 3

Lesions and seedling
deaths
sHbundant ssrdal hyphae 2 Z - -
Io aerial hyphse 6 1 2 1
Hypersenaitive reaction:
Abundant asrial hyphas 3 1 - -
N¢ a8risl hyphsse 3 - 4 -
Kon~pathogenic, no
gushions:
tbundant aerial hyphas 2 - 1 4
No asrisl hyphae 1 - = 1

Totals 18 L 4 3




previous cross occurred among these flescy cultures;
however, no segregation pattern was evident either
from the cultures derived from shed spores or from
the spparently selfed tetrads, but the recovery of
button cultures from both selfed and crossed baeidia
provides proof that button was involved in this cross.

These results neither completely confirm nor
reject the hypothesis that fleeecy is a single gens
mutant. The recovery of predominantly fleegy
progeny from each cross initially suggesits a large
degree of selfing of fleeey. The single wild type
culture from the coross flgecy x ropy was probebly
the non~-rutant recombinent, since if & beck mutation
of a singlie mucleus from mutant to wild type had
occurred s greater number of wild type progeny would
have been axpescted unless, of course, the back mute-
tion occurred after meliosis in the basidium. The
gbasence of types other then ropy or buiton

tively from the two crosmses would suggest that the
contributing mutents ware homocaryotic and that the
subseguent Imterocaryons contained only maclei of
the contributing mutenits. FHowever, sines the samm
gix pathogenic reections of the fleeoy
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ooccurred from the progeny of both crosses, it would
sppear that these effects were due to flgegy alone
end not to recombination and segregation in the
heterocaryons. It is possible that fleecy contained
muclei isogenic for morphology but differing at
ssveral gense for pathogenicity. However, the
segregation patterns of the three spparently selfed
totrads of flescy 4o not appear to f£it = simple
nendelian segregatione.

(a)

Sevaral workers (Schultz, 1936; Richter
and Schneider, 1953) have atterpted to anastomose
different field isolates of Rhizoctonis solani and
divide them into closely related groups;, on the
assumpiion that success or failure of ansstomoses
indicated a close or distant genetic relationship
respectively, vhitney and Farmeter (1563 re-
ported the formation of heterocaryons in Thanste-
Rhoruys cucuymeris from anastomoses hetween single
gpore progany of ons parent and suggested that
heterocaryosis betwesn progeny was controlled by
s 'bipolar compatibility mechanism'. However,
none of these investigations actually demonsirated
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that oytoplasmie connections had occurred detween
anastomosing cells nor did they record any cell

death fellowing anastomosis. Attemptiz by Flentje
and Stretton (1964) to mnastomose different field
isolates of I. gucumer

i resulted in sither no reaction,
wall fusion without oytoplasmic connection, or cell
death following oytoplasmic intermingling {(i.e. the
killing reaction).

All isolates used in ths present investi-
gation were single basidiospore progeny of daifferent
selfed gensrations derived from field isolate 48 of
the crucifer strain of I. fupumeris. Thesc results
showed that in all pairings of progeny cytoplasmic
connections weres formsd, but in 2 number of oases
the killing reactiocn followsd. Uniform aingle
spore isolates (G3 or G4 progeny) from a pure

genetic line all anastomossd successfully, whersas
between progeny of a hetercoaryon (G1 progeny of
isolate 43) the mnastomosis reaction was variable
with many pairings resulting in widespread killing
of anastomosing hyphas. The killing resction also
occurred hetween morphological mutante derived
from the same G3 single basidiospore culture.
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These results are broadly similar to those reported
for Eodospora susaring end Neurospora Qrassg.
The enastomosis kllling reaction in both P« gnserins
(Rizet and Scheeroun, 1953) and H. grmsss (Garnjobst
and Vilson, 1956; Wilson st g}, 1961) is = geneti-
cally conirollsd and irrsversible reaction which is
due to0 the interaction of some proteir constituents
of the cytoplasm; this reaction prevents hetero-
caryosis but not dicaryosis. Other genstic factors
have besn deserided in J. grassa which affect the
vigour, rate of growth and nuclear dissocistion in
vegetative mycelis of heteroceryons (Holloway, 19553
Pittenger, 1964). 1In Z. gugumeris, the killing
reoaction which occurred in moet cmbinations of
paired mutants (Table IX) was irreversible for the
cells affected but it 414 not prevent the formation
of heterocaryons. The nature of the reaction is
not known but it sppeers to vary in severity; soms
pairings of the mutants resulted in the death of
every snastomosis while in others the killing
reaction affected only 70-90% of the snastomoses.
The development of heterocaryons following
anastomosis wae investigated in a range of paired
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cultures. in pairings of wild type cultures, it
was not possible to recognise preswmptive hetero-
caryotic hyphae becauss of the lack of cultural
differences batwaeen the anastomosing cultures and
presupptive heterocaryons. Gimilarly in pairings
of & mutant and iis wild type parent, the pre-
sunptive hetercocaryons were not culiurally different
from the perent, and when frulted they ylelded pro-
geny, some of which wore mutaniés but nons of which
wers related to the original mutant. The acoumu-
iation of spontaneous mutations in the mycelium of
a wild type culture complicates the proosd of hetery-
caryosis in which the wild iype is a componente.

The need for sultsble definitive markers in a study
of heterccaryoais is shown by these ocbservations
and emphasized by the results obtained from the

use of distinct mutants.

‘Heterccaryons were formed between paired
matants by differant methods; 1t was demonsiralted
that heterccaryosis ocourred in spite of the
anastomosis killing resstion between the mutants.
The influence of temperature on the formation of
heterocaryons appears to ba itz effect on the rate
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of growih of the developing heterccaryoiic hyphae
before the onset of the killiing resctionm, since
heterogaryoiic sectors were proauced iIrom peirs of
mutants which were opposed on veilophane and meine
tained at 25°C Dut not Lfrom the same pairs main~
tained at 5°C until afer the killing resction had
occurred and then transferred back o 25°C. letero=

caryons from paired mutants were easily formed Dy
macerating the two mutants together and plating out
the mecerate. wach developing heterccaryon, which
was subcultured from hyphal tips, was wild typs in
appearance and pathogenic. it was therefore gon-
cluded that wild type growth and pathogeniclsy are
tominani cheracteristiocs. {f the four induced
{8parss, stumpy, fleecy, and gurly; and the Hwo
spontansous mutants (rugty end propy), oniy fleeey
was not mutant for pathogeniciiy. iany of the

heterocaryons derived from mutants when paired in
all combinations were stebls and each vwae main-

tained by serial suboulturing for six months with
no spparent changs in cultural churacteristics or
pathogeniclity. However, six heierocaryons, each
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with fleecy as one component, were unsiable and
eaeh reverited to mutant type growih belore ihe
siyceilun had reacnel ithe edge of & reiri dishe.

The reverslion oif an unstable heterocaryon was always
in ths same direclion; in ehe fleeov + glulloy
aterocaryon the revertad growti wes siuwiny

sach ol the other five heterocoaryons reverted Lo
Lfiegoy. The mechaniems respousible for reversion
in the unstable heterocaryons sannot e determined
on the basis of evidence now at hand. However,
the reversion does not sppear to be due %o auclear
migration nor %o abnormalities in maclear behaviour
during cell division, aither of which could segré-
gate the nuelei of the component mutaat types in

the developing heterccaryon {Parmeter ay al, 1963).

The fact that the reversion occurred almost simul-
taneously over large sections of the periphery of a
colony suggests that reversion is governed by factors
common to the thallus rather than by looalized cell
conditions.

The wlld type growth which resulted Irox paire
ings of the swtants was shown to e heterocaryotic
by hyphal tip subculiuring. <roof that the wild
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type contalned only the nuclei of the sontributing
mutants was obiained from the results of fruiting
sxperiments, Single hasidiospore progeny were
recovered from each of the five stable heterocaryons
which were induced to fruilt, and ideatified by
cultural characteristics and by heterccaryon, patho-
genleity and frulting testa. #rom ¢ach oross of
single x single mutant the progeny segregated into
four distinct types: the non-mutant wild type,
two single mutants, and the glow-growing double
matants The two crosses of double mutant x a third
single mutant each ylelded the theoretically-expected
eight progeny types: wild type, threc single mutants,
three double mutants, and the triple mutant. Tetrad
and random spore snalyses showed that the four
matantz involvad in these orosses, gitumpy, gurly,
rusty, and ropy, were each due to single gene muta-
tions vhich were located sither on separate chromo-
somes or at wide intervals on the same chromosomes,
The fifth anon-pathogenic mutant, sparse, was not a
component of any of the fertile heterocaryons.

Two heterocaryons, each of which was unstable
and reverted %o [lsegy growth, were amlso induced
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to frult. The recovery of progeny of sach vhich
were predominsntly flgegy type in cultural appear-
ance suggesiz that Llessoy nuclei are sble to self.
However, the fleeoy culturea from each cross exhibi-
ted the same range of variation in pathopenicity
reactions, This variation might be Que to patho~
gonicity mutations within ths fleegcy nuclei, but the
progeny from three apparently selfed basidis of
Ilesgy 4o not appear to bes the products of elmple
bendelian sagregation for pathogenieity reasctions.
When tested separately, none of ths mutants
has beon induced to frult or to form stiructures
recognisable as basidias, whereas in some paired
conbinations they give rise to fertile heterocaryons.
The frequency of suply, skumoy, fleecy, or button
(gu zu; progeny in some orosses indicates a tendency
of sach to self in those orosses, and tetrads result-
ing from the selfing of gurly werc recovered from
the cross gurly x rusty. This suggests that
there are a number of steges, similar to those in
the Ascomycetes (Raper, 1560), in the sexuml proe-
gression from vegetative hyphas to the release of
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mature badisiospores. The developmental sequencs
in T. cucumeris hae been described (Flentje et nl,
1963) and the mosi probable ateges at whielh blocksges
might ocowr are as follows: (a) diceryosis, the
ohenge from & multinucleate cell to several biw
micleate cells by septation; (b} proliferstion of
the binvecleate cells leading to basidim; (o) karyo-
gemy; {d) mejoeie; (e} sterigmatal and basidio-
gpore formation, including the migration of nuclei
into the spores; and (r) basidiospore maturation
and releese, ‘The recovery of tetrads of gurly
basidiospores, of only gurly hyphae from the basidial
and prebasidizl cells and of only wild type hyphas
from the vegetative runner hyphae which gave rise
to the basidia in the cross gurly x rusty, is evie
dence that the sexusl progression of gurly is
blocked at the stage of dlcuryoeis and that rysty
nuclei trigger septation vhish results in the bi-
nucleate cslls. Rusty appears to be blocked at
some later stage which requires the presence of &
gurly nucleue in the bdinusleate cells. Howaver,
there ie not sufficisnt information at present to
determine the specific stages of blooksge in pusty
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and the other rmitents, dbut since the wild type
recombinants are self-fertile and recovared muiant
progeniss have not been induced to rruit, the
blockages are more llikely zenetic than cytoplasmic
factora. The failure of some of the wild type
heterocaryons to fruit also suggests that Lhers

mgy be more than six stages at which the sexual
oyecle may be blockeds Hone of the heterocaryons
between pairs of irradiasted matants have been in-
duced to fruit sven though the mutents {i.e. stumpy
and gurly, sre non-linked single gene mutations,
whereas ¢ heterocaryon heipeen a single irradlated
mutant (ghwmpy) and the double mutant, carrying the
irradiated gurly gens and the spontaneous rusty gene,
fruited readily. This fzilure in some heterocaryons
appears to be inherent, but the ecnvirorment may also
have an influence; high relative humidity is known
to affect the development of prebasidial cells
(atretton et al, 1964). The fertile and non-
fertile heterocaryons were maintained under similer
environmental conditions during the fruiting trials,
but 1t has been 2 frequent occurrence in these

triale that not all replicates of a single oulture,
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wvhether a synthesized heterocaryon or a wild type
gingle basidiospore culture, formed fructifications.

The high frequency of onge of the parental
types amongst the progeny from each of several fertlle
heterocaryons may also be & reflection of the ratio
of the component nuclei in those heterocaryons. If
it were, different frequencies of progeny types in
individuel batehes from the same cross would sugpest
that adjacent parts of a single thallus contain differ-
ent ratios of the same two mutant mmolel. It is
more likely, however, that the differencee beiween
some batches ere due to different stages of maturity
of individual clumps of basidla and if spores were
collected from the same clumps over & nunber of
successive days, the progeny type frequencies of
different batches would be similer and perhaps more
representative of the nuclear ratio in the hetero-
caryon. The differencss between batches show that
single semall sampls sizaes, such a8 the 20 progeny
ser heterocaryon used by “hitney and Parmeter (1963),
may not be vrepresentative samples and could lead to
misinterpretation.

Additional informaiicn on nuclear ratios can
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be obtained from cyitological studles, particularly
on anastomoses., Tha cytologleal studles have pro-
vided a great desl of information on nuclesar numbers
in vegetativae cells of the mutants {(Tables VII and
VIII) and of hetercoaryons (Table 2}, but this in-
formation does not help to explain the nuslear
behaviour during heterocaryosis and ecritical infor-
mation is not available. For instanoce, if a hetero-
caryon is formed through anastomosis between two
mutants, each containing 6-10 nuclei per cell, the
gnastomosed cells contaln 12-20C nuslel. Eow are
these nuclei soricd out in the cells developing

from ths anastomoses to return rapidly to a comple-
ment of 610 nuclei per cell in heterocaryotic
hyphae, and is the mumber of nmuclei per cell critiesl,
related to celil size, cytoplasmic volume or other
charscteristic? The muber of gurly nuclei in a
cell vhich is anastomosing to produce & heterccaryon
sould be as high ag 50 and yet the heteroccaryotic
e¢ells not far removed from the sits of anastomoses
contain =13 nuclei (Table X). In one heterocaryon
(gurly + rusiy) the gurly nuclel seem to predominate,
whereas in o second, unsisble heterocaryon (gurly +
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Lleecy) the gurly nuclei eppear to be drifted out
as the heterocaryon develops: Critical studies on
the nuclear behaviour during hetsrocaryosis may help
to answer some of these guestions.

Studies on the behaviour of the unstable
haterocaryons may also provide some leads on nuclear
behaviour in heterocaryosie. The present data
guggest that mutation and cytoplasmic factors both
could be mechanisms responcidle for reversion and
for varistion of pathogenicity in the progenies of
the unatable heterccaryons, but they do not distinguish
between thess or other alternastives. It is probadle
that more than a single machanizm is involved, and
in order to determine this and to determine the
genotype of Lleegy, additional data are required,
pariioularly from teirad snalyses, on progeny from
(a) the two fertile heterccaryons, (b) other hetero-
caryons in which fleegy is a component, and (o)
orosses of the f£leagy progeny which producs cach of
the different pathogenic reactions, with mutants of
known genotype. Such experiments should sventually
maks 1t possible to interpret the phenomenon of
unstable heterocaryons.
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Recovery of wild type and ropy progeny from
a wild type culture vhich waz derivad from one of
three basidiospores, the products of a single
basidiwn fram the oross prgoy x butlon. 1s the first
evidence in T. susumeris of & culture derived from
a bimuoleate basidiocspore. This evidence is proof
that two nuslei may migrate from the basidium and
enter a single bvasidiospore, as claimed by Flentle
et a) (1963). It emphasizés the need toc exemine
critically single basidiospore progeny of isolates
of T. gugumeris in any investigation on variaiion,
since a wild type single basidiospore culture could
be the result of sither s single wild iype nucleus
or of two {or more) muclei, ons or both being
matants, in the basidiospore. Cultures derived
from basidiospores sontaining mutant nuclel could
well sccount for the wide mumiber of oolony itypes
recovered by Whitney snd Parmeter (1963) from their
crosses of Col.ds-negative and CeleA.=positive

ocultures.

ohe pagults of this investigation purposely
have not been comparesd with results of the hetero~
thallic, higher Basidiomyceies, and in partiocular
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of Sehizophyllum gompune, as there sppears to he
some doubt sbout the mating system and the actual
funotion of the mating type factors in these fungi.
4 oomplete review ie beyond the scope of this
dissertation, but 1t would sppear that at least some
of the investigations are more readily vxplsined on
the asswption that . gomumge is homothallic and
that the 'A and B' factors are associated primarily
with heterccaryon incompatibility and arve not mating

type factors. The tetrapolar mating pattern was
delineated by Enisp (1920, cited by Mounes, 1921},
who ¢laimed that the difference in nuelear behaviour
during the formation of basidiospores between a
monocaryotic and a dicaryotic frulting body is that
in a monooaryotic fruiting body the four nuclel in
a basidium ere the productas of two mitotic divisiocns
and not the products of karyogamy and melosis.

This writer is not aware of other published reporte
which would support or refute Iniep's claims. How~
ever, since that investigation there have been a
muder of preports of self-fertile monocaryotic cule
tures and Raper (1960) suggested that this self-
fertility ie probably e mutative znomaly which
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results in 'functional bomothallism'., lore recently,
riddleton (196ha, b) synthesised hetercoaryons of

S« sopmung between biochemical mutants containing

the same 4 and © factors, induoed them to frult

and demonstrated sexual recosibination of ithe bio-
chemical mutent genes; he concluded that the
occurrence of ssexual recombination was not directly
affected by the L or B factors, although he apparent-
17 did not consider his resulis as & demonstration

of homothallism in 5. commy
therefore, that an examination of the cyhology of

22X it mm Em,

a monocaryon fruiting body and a re-evaluation of
interpretations of the published materiel on ihe
basis of & hanothallic mating systen could be wvery
rewarding.
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GENTRAL DISCU3SION

Eoat referenses in the literature on
Ihanatephorus queumaris simply catalogus veriation
or attempt to correlate one type of wvarlation with
anothear (i.e. pathogenicity and cultural characters),
but this epproasch bas yielded 1ittile progress.

Only a few regent studies have been concerned with
the mechaniams underlying variaiion, which was the
central theme of the present study.

Unimuocleate cells ars essential for a stuly
on variation and, as other worksrs had found, basidio-
gpores are the only cells in T. gugumeris which may
be uninucleate, In order to utilize theése cslls
effectively, it was necessary to obtain much fuller
information than previously reported on the mating
system and this in turn invelved atudy of fertility.
In most previous investigations of the mating systen,
only small percentages of single dbasidiospore pro-
genies formad normal basidies and basidiospores.
0f the remainder, a few progenies formed sbnormal
baeidia, with or without spores (Hawn and Vanter-
pool, 19533 Daniels, 1963), but the majority failed
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even o Torm basidia (loiila, 1929 Hawn and
Vanterpool, 19533 Flentje and Stretton, 1964).
Thers seems llttle doubi ibat fertility is con=-
trolled genetically but the meohanisms could be
either aterility factors in @ homothallic organism,
or sscondary bomothallism with fertile singls spore
cultures derived originally Ifrom binuclegte tasidlio-
SpOres.

¥rom the present inveostigation and thoss
earlier studies in which fertility was studied
through several selfed genorations (Kotila, 1929
Flentje aml Stretton, 1964), it is clear that soms
isoclates of L.

guoymerdisg arc howothallic. Howaver,

it cannot be assumed that all isolates e homo-
thallle, since 1. gugn
a single naturel species and investigaiions have

eris may not even represent

cuvered only some half-dozen isolates. But it can
e gseuned that failure to frult of some progenies
of homothaliie isvlates is due %o sterility faotors.
kesults of frulting trials with heterccaryons formed
frem pajired morphological mutants suggests that e
mmber of non-allelic genes may control fertility.
The report of Laniels {(1963) of a rangs of sbnormal
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basidia and spores formed from single spore cultures
could be regarded as supporting evidenne, but many
cf the 'abnormal’ basidia 1llustrated by Daniels
gre beiter interpreted as shed basidiospores which
had landed on hyphas and were germinating by repe~
tition. TPurther investigation of factora control-
ling fertility is reguired but will dspend upon
appropriate penetic markers and more intensive study
into the influence of envirorment on fertility.

It now appears that wvariation oan oceur by
mschaniams involving mutation and anastomoelis, both
leading to heterocaryosis, and recombination.

Before discussing these mechanisms and their possibls
operation in nature, it should be pointed out that
many of the relsvant technioal terms (1sclate,
strain, 8tc.) have been used with different meanw
ings by different workers. Am confusion with terms
can ssriously affect interpretation, the writer cone-
siders 1t imporéant that terminology be discussed.

Zarly literature on fhizgcton

nig included such terms
ce varieties, strains, groups, anastomosis groups,
and isolates, when referring either to individual
£1eld isolatione or to mubers of field isolations
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which were considered eimilar in certain character-
istics. wWhitney and Parmster (1963) refer %o their
field isolation of I. guowseris as a clone and to

single basidiospore progeny as strains. Flentje
and Sakeena (1957) grouped their field isolations
{1s0lates) into pathogenic straine. Sxner (1953)
described field isolatione as isolates, single
basidiospore progeny &8s cultural straines and went
go far as to divide 7. gcuounaris into Lformps
specinles, basing the divisions on differences in
the vegetative stage, dlseases produced, and

specificity to particulsr parts of hosts.

The term ‘clone' —~ ¥g genetically uniform
population derived from a single nucleus by mitotlo
divisions" (Finchem and Lay, 1963) — 1s applied
to vegetative propagation. It should not e used
with T. pucumeris becsuse ihe vegetative propagules
are multimuoleate hyphase, and they are not likely
to remain genetically pure, although phenotypically
they may not change. 'Isolate', in its striot
sense, applies only to the first isolatlon of one
individual; hones, one isolate cannot be equated
to a second even if they avs genetically identical,
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and serial subcultures from a single first ilso-
lation are not zctually included within the mean-
ing of this term. - 'strain' is sguated to a
'physiologic race' {Aineworth, 1961). Applying
the term 'etrain' to progeny of a single parent
{Whitney and Parmeter, 1963) forces the pathogeniec
groupings of Flentje and Saksana (1957) into a
higher subdivision, where they becoms boundi up with
txner's (1953) formas and this in turn leads to
further confusion, Thue, the terms 'olone',
‘strain', and 'isolate’, are unsatisfactory and
ghould be redafined or else completely new terms
should be introduced. FHowever, much more infor-
mation may be reguired before this can be accom-
plished satisfactorily. In the meantime, ihe
writer hees followed the practiece of this Laboratory
and used the terms 'strain' and ‘isolete’ {sensy
Fientje and Saksena, 1957).

Returning to the discuesion of mechanisms
of variation, the concept of the wild type serves
a8 a useful starting point. The wild type is an
individual without known geneiiec gbnormalities which
approximates the standard form of the speoiss in
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nature (Fincham and Day, 1963). The wild type
thus represents the sum of available genetic factore
advantageous for growth and survival in a siltustion
whieh involvea all the components of the environment.
For a particular soil over a peried of time, the
components of the environment will include soil
type, moisture relations, temperature, oxygen and
carbon dioxide tensions, fooi aubastrates ineluding
host and non«<host plants, and competition and
parasitism frun other misroorganisms, The wild
type ia that type which from the availsble genetie
material 1s beet zble to cope with these componsnta.
There can be litile doubt that rmtations ccour in
naturz, but, according to the definition of the wild
typs, any mutation is likely tc be deleterious for
this situation. 4s shown in the present inveeti-
gations, mutations may accumulsate in the wild type
although they sre unlikely to affect sithexr 1its
cultural characters or behaviour. However, the
particular situation may shange, sither by the
organism spreeding %o newy arsas or by modifications
in the original zoll through changed cropping or
manasgement practices. In this changed environmens
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the original wild type may no longer be the best
adapted, and as a result of the new sslective forces
8 new wild type may eventually emerge. On thisz
basis, one could account for the very limited number
of cultural types of . gucumsris which so Far have
been isolated from any one soll under more or less
constant conditions, and for the quite different
culsural types which are found in differant soils
or in the same solls undeyr different conditions.

The wild typs iz therefore dynamic and can
change with aiffering seleciive foroes. Thua, one
would eventually expect $o recover a single vild type
from gifferent {ield isolates brouwht together
under the same csonditions. However, field isc-
lates of different pathopenic strains of
which have been brought together axnd

studtied under uniform conditione in various Labora-
tories have meintained their distinctive characters.
The information in Table XIX, tadbulated for simplie
oity from results of the present investigetion and
from published data (¥Flentje gt gl, 1963; Flentje
and Stretton, 1964, shows that no single cultural
type has evolved from the three field isolatsa
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SUHMARY OF CHARACTERILTICH OF THREPR FISLD ISOLATEE

o go LU0

Isolate lic.

16 L8 g2
Fathogenic roots, crucifer non-pathogenic
gpecificity unspecialized sioms
Infection cushion-like
cushlions none i but producing
formed basldia
Cultural
appearance:

color brown white white
gclerotia few many » many and basidial
suall clumps
Ritrogsn ‘ . '
requirement inorganic orgenic not determined
Homothallle not proved » +
conclusively

Frulting ; ,
plf e - N goll soil agar and soil
Variation
(range) in wide narrow narrow
progeny
Binucleats
basidio~- 1C=-12 f=g et
spores o
JaVeintensity o
for 957 kill, m&g‘?“w 12,74 3,186
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studied. within a single pathogenic straln, the
crucifer strain, isolate 69 is similar to isolate 48
in many respects, ineluding host range, physiology
of perasitism, and fertility, but has remained
culturally distinet from isolate LS (Dodmsn, 1965;
Flentje and Stretton, unpudblished}. Furthsr, there
has been no obvious changs in oultural appearance
or pathogenicity of these or other field isolates
maintained by regular subsulturing for more than

12 years (Flentje and Stretton, 1964), It is thus
apparent that the concept of a gingle wild type for
T. gugumeris is not valid. Ths reasons mey be
that different isclates of different or even the
same pathogenic strains may not have the same
genetic material available to respond to the seleo~
tive forces of a particulse situation. These
differences in genetic materisl may be duve in part
to the fmot that individuals may belong to differ-
ent species or subspecies of Zhanatephorus and havs
aifferent anoestgries, or if they have a common
encestgry they may have evolved through different
sets of selective forces which have isoclated them
from one another. For the present it is more
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useful to consider wild type as an isolate corres-
ponding to the form of a pathogenic (or eulitural)
strain as found in nature; and to study various
wild types io determine the extent of variation in,
and the genetical makeup of each. Sush studles
will determine whether the mechanisme snd vranges of
variation beiweesn wild types of the same; similar,
or different pathogenic atrains overlsp or are
dietinot., This will provide a sounder basis for
pubdividing I, cugumeris into subspecies, {oImae
seigles, otc., on reasonably stable differences.
All field isolates studled have besn hetero-

caryotio, as shown by varistion in single spore
progenies of original hyphal tip oultures. As 1t
is now known that mutation readily ocours, it is
likely that any and every field isolation of I,
guoumeris will be heterocaryotic. However, the
variation in single spore progeny of & hetero-
caryotic Tield isclate either may cover a wide range
of characteristics including cultural appearance,
saprophytic ability, pethogenieity and self~
rertility (ieze isclate 16) or may be restricted
to minor differences in pigmentation and amount
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of sclerotial developuweni (i.e« isolats 48 or £2j.
Thers is no direct evidence o explain these differe
ences but again ihey wvould be due to differences

in genetic material avallsble in different isolates.
In nis ascological studles in czreal growing sreas,
de Beer (1965) fours thet the root strain of

T. gugumeris was of limited distribution either in
any one soil or over a range of solil types, whereas
the orucifer strein and & nen~-pathogenic strain
were fairly widespread. This suggests that zlthough
the crucifer and non-pathogenic strains are re~
stricted in pathogenicity, each is spparently well
adapted for saprophyiic growth, baving genetic
material sble to adjust to a range of selective
forces, whereas the root strain is more dependent
on the parasitic phase for survival and has genetic
material less sble %o aijust to the selective forces
of the saprophytic enviromment. GSelective forces
on e asrain with iittle availeble genetiec maierial
{1.e. Tow genss controliing saprophytic shility;
could result in a high mutation rate of that
material as the strain atismpis to resch an egquili-~
brium with the enviromment. However, to test
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suech & hypoiheeis, much more critical information

is required, firstly on the components of the environ-
ment which comprise the selective forces, and secondly
on the extent or limita of mutation itself,

Kutation does affect a renge of physiclogical
characteristics and they mey affect cultural appear-
ance, growth, fertilisy, basidiospore visbility,
and pathogenicity and virulence. Except for a
mitation from sterility to rertiliiy in ths single
spore culturs of 4i-11, matations were only detected
a8 & result of passage through ihe sexual stage and
recovery irom uninucleaste propagules, the basidio-
spores, ihe heterocaryotic field isolate L4E
yielded first generation progeny varying only in
gbility to fruit and in minor culturel charsctsr-
istice; no non-pathogenic mutante were detected.
However, 56, the third generation single spore
eulture, was initially hanocaryotic but rapidly
sccumilated mmutante which, whe:n recovered as single
Bpore progeny, were culturally distinet and non-
pathogenic (e.gs, the mutents rusty and rony).

The occurrence of non-pathogenic mutants in
¥56 and their appareni absence in isolate 4B 1=
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of considerable interest. 4s P56 and 48 are gensti-
cally similar, 1t is probable that similar mutations
hed ocourred in L8 but ware selected against and
lost as L8 reached equilibrium with its environe
ment. This would mean that the mutants in F56
would probably be lost if P56 was grown for an ex-
tended period in the field.

ffutants from P56 were readlly obtained as
either ihe spontaneous mutations mentioned sbovz or
induced mutations. “xperiments with these mutants
demonstrate the iLmportance of relisble genetic
markers in a*&uﬁiea' of veristion in pethogenic and
saprophytic behaviour. Investigations of these
matante in relation to infeontion and discase pro-
grese in redish seedlings showed that each mute-
tion affected a different stage snd that patho-~
genleity ie controlled by at least four independent
genes.

The general understanding of factors influ-
encing anastomoeis and heterocaryosis is poor.
Koat information has come from ntu&im on Meyrospora
oraesg, where heterccaryon incompatibility was chown
to have a genetic dbasis {Garnjobet, 19553
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Nolloway, 1959; Gernjcvetd and Wilson, 1956), buk
mosi subsequeni invesiigalore avoided the probliem
elther by using mutanés induced in the same genetie
baokgrouwnd or Tollowiig a backerossing progrex to
obtain the necessary homogenelity betwaen isolates
{Pittenger, 1964}, The present investigation desals
with anustomoses hietween cliosely related progeny of
L. gucumeris isolate L4G. The resulss show that
although peirs of closely releted cultures snestomose
and o cytoplasmic connections, In same combi-
nations the participating oelis dleds lLeath of

the participaiing cells of palred mmtanis, howsver,
41id oot necessarily prevent the formation of hetero-
caryonss Cther work {Flentje and itretton, 1964L)
in&i@t@s that pairings of single apore cultures
from different isolates of the seme pathogenic strain
comuonly resulted either in wall fusions without
cytoplasmic connections o2 in complets killing of
anagtomosing sells, shieh did preveni heterocsryon
Tormaticize There is little known aboul what
mechenisms sre involved in ansstomosis or how thess
mechanisms cperate, and what their limlts sre.

Heterocaryons were formmed from combinationa
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of the nen-pathogenic mutants and were stable,
produsing cultures indistinguiehable from ths wild
type both in eultural appearance and pathogenicity.
This work with reliable genetic markers confirms
ths earlier work of Whitney and Farmeter (1963)
and provides more extensive evidenoce of the effeots
of heterocaryosis on pathogenicity. The hetero-
caryons formsd between the pathogenic mutant,
Llescy, and single non-pathogenic mutants were also
vild type in appearance but each oif these heiterocaryons
was unstable snd repidly revarted to mmtant type
growth. This work provides the first significant
evidence of heterocaryon instebility in L. gugumeris.
Tetrad and random spore analyses of progenias
from fertile heterocaryons provide genetical evi-
dence that the basic pattern of nuclesar behaviour
in the formation of basidiospores in I. gucumeris
namsly ksryogemy and sw»iosis, is similar to that
described for many HPasidliomyoetes, and supporis the

ocytological evidenas {Hawn eand Vanterpool, 1953;
Caksena, 1961a; #lentje gt gl, 1963). The analyses
suggest that dboth mutants in a heterocaryon were
necessary to initiste fruiting, but that both
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were not necessarily required to continue to the
formation of spores. In some orossas the majority
of spores represenied only one of the mutanis and
avidence of selfing was obitained by tetrad iso-
1ations. These results support the suggestion
that there are several genstically controlled steps
in the sexusl proceses. The reconbination studies
also show that, in the stsble heterocaryons, genetic
varistion occurs through the sexual ayele. Crosses
of two single matants yielded the two parental and
two recombinant progeny typees and orosses of

single x double mutant yielded eight progeny iypes.
The fertile but unstsble heterocaryons, essh ¢one
taining the pathogenic mutant fleegy as one component,
also yielded progeny which were variable, although
this variation did not appear to follow the ken-
delien pattern of segregation. Frogenies were
predominently fleegy in cultural charactaristiocs
but varied in pathogenicity to radish sesdlings,
This variation in pathogenicity spparently was not
due to genetic exchange with nuslel of the second
component in epsh of the crosses.
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Some aspescts of variation in number of nuclei
per cell in vegetative hyphae of I. gugumeris have
been discussed previously, but there are several
important questions arising from these studies,
the answers to vhioch mey help in the understanding
of the mechenisme of varliation. Tiretly, does
the influsnce of & particular nuoleus extend beyond
the oell which conteins 11t In many organisms
thers appeers to be a relatively constant nucleo~
cytoplasmic ratio and it is thought that a nucleus
cannot extend its control over an indefinitely
large amount of cytoplasm (Swanson, 1960). FHowever,
cytoplasmic streaming ccours in many plant cells
ineluding fungal cells, and in the fungi s cell is
not entirely enclosed by cell walls. It seems
likely that nuslei may extend their influence at
lesst into contiguous ocells. Three different cets
suggest that the
influence of a nucleus mey extend deyond the limits

of observations In I« gucumerie

of a zingle cell: (A). A few astained oells in the
mycelium of the mutant gurly vere without stained
nuclel. The uniformity of the stain in the cells
and in the maclel cr- the mnm indicaied that
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thess few cells were living but contained no nuclei.
(B). Isolations from fructifications of the gurly x
ruaty oross were made progressively from the bi-
nucleate basidial and prebasidial ocells baok to
the multinuclieate vegetative cells. All the
binucleate cells tested contained gurly mwlei,
and only in the multinucleste colls were both mutants
commonly represented. This suggests that the
initiation of meptation and dicsryosle in the side
branches by rusty was controlled by yusty nuclei
in cells other than thess side branches. (Cj). The
sbrupt reversion from wild type to mutant type
growth in each of the unstadble heterocaryons might
suggest that the last few wild type cells contained
only nuclei of the reverting mutant, that those
cslls were wild type because of the influence of
miclei of the second mutant which were presant in
cells further back from the hyphal tips, and that
when this influence was diluted reversion tc mutant
growkh ocourrsd.

The second main question arises from the
tirat; what proportion of two different mutent
nuclei 1s required for the mutants to oomplement
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onae anothar. In their review of this toplie, Par-
meter ot al (1963) concluded that in the iscomycetes,
heterocaryons aynthesized from cosplementary de-
flolent matants were meximal in growth rate over

a wide range of nuclear ratios as determined by
eonidial plating. However, in the Basidiomycetes
studiee have been limited to those organisms contain-
ing two nuslei per cell in vegetative hetercoaryons,
and ratioc changes have not been exhibited. In the
stable heterocaryon: of I. gucumerie, it would appear
that the component nuclear types ares not in equal
proportions, as jJudged Tfrom the freguencies of
mutant progenies.

Nothing ia known ebout nuclesr behaviour dur-
ing and immedistely following a cytoplasmic connec-
tion and the initistion of a heterocsryon. It is
probable, however, that approximately equal numbers
of the gcomponent nuclei are present in the initial
cells of a heterccaryotic hypha and that the pro-
portion changes as the hypha grows, The reversion
to mutant type in the unsisble heterocaryons supports
this suggestion, as do the two obeervations of
wild type hetaerocaryons coniaining wild type and
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mutant nuolei. Ths firsi, a wild type single spore
culture, cerived from a basldiospore containing one
wild type and one popy mucleus, fruitei to yleld
approximately 80/ wild type and 207 repy progeny.

The second, the wild type secior arising in s pysty
progeny was presumsbly due to a single mutation %o
wild type in one of about six nuclei in a single
eell; the wild itype mycelium was induced to fruit
and the progeny were 937 wild type end 74 rustiy.
These figures are undoubtedly overestimaites of the
final proporiions of wild type nuclei in the hatero-
caryons, as the wild type progenies would have arisen
both from seifed and orossed basidia whereas the
mtant progenies probebly had been derived only

from hybrid basidis. ievertheless, it appears that
the final retios o £ the oomponent nuclei were differ-
ent Ifrom the initial ratios.

There are several possible ways in whioh the
nuclear ratio in a heterocaryon could change, namely:
degensration of nuclei; differential rates of
division of the component nuclel in single cells;
differential segregation of deughter nuclei in |
hyphal tips during septum formation; or ouclear
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migration.,. Huolear degeneration has not been ob-
served in i. gucumeris, but if i% coowrs in a hetero-
caryon it seems likely ithat it would affect either
all she nuclei and result in death of ths hetercoaryon,
or all the nuclel of a partioulsr penotype., Furthsr-
more, in subcultures made over an extended period
there was no indication, even in {he unstable hetero-
caryons, of differsnt rates of survivel of the com-
ponent nuolear types. with regard to differentisl
rates of division, the eytological evidence in

geris showe thai generally sil the nuclei
in a cell divide simmltaneously. In ¢ther fungl

there iz no good evidenos to suggest that nuclei

ia the same hyphal tips divide at different rates
(Farmeter gt ml, 1963). Uneven segregation of
pairs of daughter nuclei could account for local-
iszed changes in nuclear ratios, but would require

a complex system of controi. In & stable hetero~
caryon, differential segregation would involve
initial differentistion between matant nuclei up

to a point of balance and then a mechanism to maintain
the balance by even segregaiion of pairs of deughter
nuclei. In an unshtable heierocaryon, segregation
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would have %o be oontrolled so that one of the iwo
types of muclel always segraegatsd Loward the grow-
ing hyphal tips. The reverted growth of & stuspy +
Llsagy heterosaryon always is gtumpy
heterocaryons with [leecy and each of the gther four
single mmtanis and one double nutant alwaye revert
to fleegy.
caryons with each of' thesc other wutantas. I4 cannot

whereas the

oY, Dowavar, forms stable hetero-

e easlly explalned, on the basies of one or several
mechanisms conirolling differential segregation, how
the same smtant nuolel vehave differently in differ-
ant heterocaryons.

digration of nugclel could sccount for differ~
ent nupbers of nuclel in suocessive cells of the
hyphea, as discussed earlier, and there is evi~
dence (Bracker and Sutlar, 1964) that the septal
pore in Rhizoctonlis selani is similar to that in
other Basidiomycetesz vhere nuclear migration has

been demonstrated. Iliowever, the evidence for
auclear migration in the Basidiomycetes (Onider,
19633 Gileay and Day, 1965 has been based on
observations of unilateral migration of one auclear
type through pre-existing hyphas of a second
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nuelear type; this may be an entirely different
situation from that of migration within an estab-
lished hetercecaryon of one of ths nuclear types
making up that heteroceryon, Further, in the
anastomosis experiments with rmutants of I« guoumeris

heterocaryotic hyphas were cbserved only at the line
of Junotion of two mutant coclonies. TFallure 4o
recover heterccaryotic hyphas from around the peri.
phery of either mutant could be taken as evidence
againgt extensive unilatersal migration in thess
cultures,

It has now been established that variation

in . gucumeris oan gocur by the mechanisme of
heterocaryosis by matation and anastomosis, and
recombination. There 1is, however, littla defini-
tive evidence as tc which mechaniams are operative
in nature and how they operate. The aoncept of
wild type in . quoumerie, as dlscussed above,

offers an sxplanation of how mutation may be ine-

duced by selective forces in a natural environment,
but the oritieal information to test swch a hsp_a-
thesis has not yet been obtalned. Studles to date
heve shown that mutation can affect growth and
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pathogenicity, but there are some indications that
matation may not enable, in time or extent, indivi-
duals t0 meet certain chenges. Flentje and Stvetton
(1964) showed that field iszolamtes introduced to new
80il may die out completely, and so far there has
been no evidense to show changes in pathogenic
specificity to new hosts.

It ocould be postulated that to mest certain
selective foroes, such a8 a new soil type, new
genetic material must be introduced by ansstomosis
and heterocaryosis. Such introduction could result
in hybrids formsd from existing strains, and pose
edditional problems in disesase conirol mesasures.
Information on this aspest is very restricted alihough
considersble speculation has been published and there
is an urgent need for investigations bdefore specu-
lation becomes accepted as fact. Hetarocaryosis
ecan ocowr betwoeen single spore cultures fram one
parent and affect cultural charascteristiocs, patho~-
genloity and fertility, but this 1is little 4ifferent
from variation by mutation s the differences between
progeny from & single parent arcse initially by
matation. But even during hetsrocaryosis dbetween
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such closely related cultures, the anastomosis kille
ing resotion may ocour, indicating that this mechanism
of variation may be limited because of some type of
heterocaryon incompatibilitys The evidence that
field isolates vhich differ in a rengs of character-
istice inoluding pathogenicity, either will not
form oytoplasmic cormections or form oytoplasmic
connections followed by the killing reaction
{Flentje and Stretton, 196L), suggests that the
feotors affecting heterocaryon incompatibility are
widely dlistributed. No succasaful heterocsryons
have been formed betwesn cultures pathagaﬁia 14
aifferent hosts and it is probable that hybridi-
gation beiwden two such strains would be rare in
nature.

Studies on recombination have besn limited
snd concern only crosses involving closely related
individuals, It should be enphasized that in
aonainaring the effecta of recombination under
natural conditions through the sexual cycle, there
is an important practical conaideration. For
serisl types of T. gucumeris in which the spores

are airborne, there is evidenos that the spores
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can survive and infeat new plants (Echandi, 1965).
However, for soil-borne forms thers ie no relisble
evidence that spores can survive and produee new
coloniee in soil (Flentje and Stretion, 1964).
There is at present no information as to
whether recorbination ocours through a parasexual
cycle (Pontecorvo, 1956) in L. guoumsris. The

simultaneous division in close proximity of the
nuclel in vegeiative ocells would appeer to present
easy opportunity for genetic exchange, wut, becauss
of the abmence of asexusl spores, such interchange
of genetic material may not be detected readllys
The suggestions put forward here gould ascount
for much of the variation within single Pileld iso=
lates of J. gucumeris, but they do not account for
the variation between rield isolates and in par-
ticular for the origin of distinot pathogenic
strains. If further ovidence supporis the sugges-
tion that mutation and reconbination do not
immediately yield new pathogenic strains, it ls
probable that a series »f mutations may be ine
volved snd that at one or more points 1ln the evo-
lutionary sequences, incompatibility factors
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operate to prevent heterocaryosis, resulting in
isolatlon of particulsr genotypes. Isolated genow~
types would then be subjected to further mutations
in different directions and thus evolve different
pathogenic straine., wsvolutlion of & new pathogenic
gtraln would be due to the effects of particular
seleciive forces, and whiles there is little inow-
ledge of whai these forces might be, they are likely
to be reliamted to a potentisl new hoet plante.

The present investigation hes uiilized some
new and modified techniques for tetrad and shed
basidiospore isolations, for induction of mutants,
and for the identification of mutant progenies by
the heterocaryon itest. There is now & need for
soreening technigues, particularly for use in the
detection of pathogenicity umtations occurring
either spontsneously or in irradiated material.

& suitedle minimel medium would he useful for
recovering and utilizing viochemical mutations in
further studies of veriation in 1. gucumeris. Re-
combination studiss have been hampered by the
failure to induce fructifications conelstently,

and investigations of the sffects of the
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environment on fruiting would greatly facilitate
more extensive variation studies.

The importance of thz envirommentel selec-
tive forces and of the factors associated with
anastomosiz and heterocaryceis have been discussed.
Letermination of these effects is nesoessary to
understand the limit or extent of variation, and
indirectly will have an important bearing on the
development of suitable conirol messures. Ferhaps
the most promising lines of investigation into this
aspect are heterocaryon studiez with mutants from
sach of sevaeral fisld isolates of the same patho-
genic strain and subsequently with mutents from each
of several isolates of aifferent pathogenic etrains.

The six matants used in the present study are
ideal tools for studying the mechanisms of pene~
tration, and together with the purification of the
active material from radish seedlings which induces
the formation of infeotion cushions (Dodman, 1965),
should contribute aignifisantly towards an under-
standing of the physiology of the fungus and of
parasitism,
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DESCRIPTION OF MICROBCOPIC CHARACTERISTICS OF P56 AND MUTANTS

Hyphal

Fuolei per ¢ell (mean, S.E., and range)*s

Isolate branehing Septation® Peripheral Older Braneh Totel
tip cells non-t1ips tips |
P5b Regular Reguler 8. T720.,20 5¢3620,10 Le Zﬁ@a 12 640720, 11
(6+15) (3-10) 38) {3~15)
2RErse Regular Regular T+63£0.16 5e92£0.12 6.4210.12 6444840, 08
(het1) (2+11) (L4=9) (2-11)
Atunpy Irregular Regular 10.0620.23 T+9620413 T+ 8640415 8.4620,10
{547) {L-14) (5=11) (Lei7)
Llesoy Irregular Regular 7+6380.16 5.90£0.10 502710, 12 6418£0,08
(3~12) (3~12) (2-8) (2-12)
audy Irreguler Irregular se% ses sew 11 44620439
_ (0-50)
usty Irregular Regular 603&&0."3 LeBRWOLIL SeBliE0417 Sebili0.09
(3~10) (1=11) (2-9) {1=31)
ropy Irregular Regular T+ 022016 6o 5640.12 64 3940.13 6.6L440.08
(4=11) (4=11) (42} (1=11)
& For details seo text
*%  Humber of cells sounted -— peripheral tip eells, 100; older non-ti 200
Branch tips, 1005 total, koo T Lonuipse 2008
*%% Due %0 branching habit, calls not differentissed
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DESCRIPTION OF MACROSCOPIC CHARACTERISTICS OF P56 AND MUTANTS

Colony
-Golor

Cultural Appearance

Fathogenioity to radiash seedlings

Belf~
fertility

Colany

Jeolate UDianster

e
P56 10.0
Sparse 40
Sumpy 845
2lseqay 63
Surly 5«0
Aunky 308
ey 5¢5

off white

off white

ey

white

light browm
to browm

lighs brown
to red brown

white to
1ight brom

wild type

similar to wild type bus
sparse; few asrial
hyphas

dense, even radial growth;
sbundant ssrial hrpm

dense, even radial growth
with dentate periphery;
abundant serial hyphae

dense, irregulsr shaped
colony; aerial hyphae
and wgmtu in tuftis

dense, irregulsr shaped
golony: aerial Lyphse
and sclerotia in tuftis

'Ropy® irregular shaped
oolony; few ssrisl
hyphae

Pathogenic; infection cushions,
spreading lesione, seedling dsath

Non-pathogenic; no cushions,
grows freely over stema without
adharing

Non~pathogenice; growth inhibited
on stems

Pathogenis) similar to P56

Eypersansitive reactions; ocushions

producs localizad necrotic flecks

Hon-~pathogenicy fov suparficial
cushions, sparse growth on stoms

Non~pathogenic, no sushions, grows
over and adheres $0 stems

Yes

Heo

No

No

Re

Ko

o






