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Combining data from mitotic crossing over in, and haploidization of,
heterozygous diploid strains, 33 markers have been mapped successfully
in Verticsllium spp. One marker (Hyl), which determines the absence of
darkly pigmented resting structures in many stable hyaline strains,
showed an irregular segregation. In view of previous evidence from
acriflavine treatment and heterokaryon analyses in the fungus, this
further substantiated indications of a cytoplasmic pattern of inheritance
for this marker. The phenotypic expression of dark pigment genes show-
ing nuclear inheritance, such as Sot., depends upon the cytoplasmically
determined (Hylt) presence of resting structures.

1. INTRODUCTION

The only alternative to sexual recombination in fungi is somatic recombination
which allows organisms unable to reproduce sexually to produce new combina-
tions of their genetic material. Genetic investigation of the impeifect fungi became
possible when Pontecorvo & Roper (1952), Pontecorvo (1954, 19564, b) and
Pontecorvo, Roper & Forbes (1953) conducted genetic analysis through the para-
sexual cycle with Aspergillus niger and A. nidulans. The techniques developed
with these species were widely adapted for studies with many plant pathogens
which, like Verticillium, have no known sexual stage (Pontecorvo & Sermonti,
1954; Buxton, 1956; Tuveson & Coy, 1961; Stromnaes, Garber & Beraha, 1964;
Tinline & MacNeill, 1969). The essential features for genetic analyses through the
parasexual cycle are mitotic crossing over and haploidization which are both rare
and independent in 4spergillus nidulans (Pontecorvo, Tarr-Gloor & Forbes, 1954).

Haploidization apparently occurs via aneuploidy following non-disjunction
(Kéfer, 1961) in a diploid nucleus; this results in the segregation and reassortment
of whole chromosomes. Markers of the same linkage groups therefore almost
always remain together during mitotic division and haploidization. In contrast,
markers of different linkage groups combine at random during the reduction from
diploid to haploid chromosome complement, i.e. half are parental combinations
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and half are recombinants. In practice, only approximate 1/1 segregation ratios
are attained when analysing haploids produced via the parasexual cycle, probably
mainly due to the differential clonal multiplication rates of haploid nuclei carrying
different alleles.

Robinson, Larson & Walker (1957) suggested genetic recombination as a
possible explanation for the wide variability of their monoconidial cultures of the
uninucleate fungus Verticillium albo-atrum. Many workers have encountered
hyaline variants of Verticillium characterized by the absence of either darkly
pigmented resting mycelium (produced by V. albo-atrum) or microsclerotia (V.
dahliae); such variants are difficult to classify since this normally depends largely
on the type of resting structure produced by these imperfect plant pathogenic
fungi.

Genetic recombination and the parasexual cycle in V. albo-atrum were first
described by Hastie (1962) and Fordyce (1962) and have been reported on in detail
later for both V. albo-atrum and V. dahliae (Hastie, 1964, 1967, 1968). In a com-
parison of the parasexual systems of 4. nidulans and V. albo-atrum, Hastie (1970)
found that the main difference is in the higher frequencies of mitotic crossing over
and haploidization in the latter. He reported a frequency of haploidization in
Verticillium as much as 0-2 per diploid nuclear division. This creates a complication
when analysing Verticillium haploids in that they could have been derived from a
diploid in which crossing over has occurred already. Typas & Heale (1977) have
similarly noted a marked instability of heterozygous diploid cultures of Verticillium
such that after 3 weeks, 909, of the conidia sampled were haploid, whereas the
corresponding figure for 4. nidulans was 0-1 %, (Pontecorvo, 1959). Although it is
very difficult to isolate aneuploids following heterozygous diploid analyses, the
slight irregularities in spore size distribution curves (obtained from a Coulter
Counter Channelyzer) of segregating heterozygous diploids indicated the presence
of such aneuploids (Typas, 1976; Typas & Heale, 1977).

Evidence for the possible operation of cytoplasmic factors in the expression,
and perhaps the inheritance of, dark pigmentation in V. albo-atrum was first sug-
gested by Hastie (1962) and was later supported by heterokaryon tests which
Heale (1966) performed. The effects of acriflavine, in increasing the spontaneous
rate of hyaline (Hyl) and partially hyaline (Hylt.p) variants (Typas & Heale,
1976a) together with the detailed conidial analysis of heterokaryons of V. albo-
atrum and V. dahlice (Typas & Heale, 1976b), contributed substantial evidence in
support of cytoplasmic inheritance of characters associated with the development
of dark resting structures.

The present study was undertaken to further investigate the mechanisms which
control production of dark resting structures in Verticillium by analysis through
the parasexual cycle. At the same time, combining data from mitotic crossing over
in, and haploidization of, heterozygous diploid strains, 33 markers, most of them
auxotrophic, have been mapped.
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2. MATERIALS AND METHODS
(1) Strains

Auxotrophic and morphological (affecting pigmentation) mutants of V. albo-
atrum and V. dahliae were isolated after treatment of conidia with u.v.-light or
acriflavine (Typas & Heale, 1976a, b). Table 1 details the heterozygous diploids
used for genetic analysis via the parasexual cycle. Gene symbols used throughout
this work are based on the Demerec system (Demerec, Adelberg, Clark & Hartman,
1966) and mutant alleles with the phenotypes they determine are as follows:
arg = arginine, pab = p-amino benzoic acid, ino = inositol, cho = choline,
trp = tryptophan, nic = nicotinic acid, met = methionine, ane = aneurine, asp =
asparagine, urc = uracil, ade = adenine, gua = guanine, leu = leucine, pro =
proline, bio = biotin, lys = lysine, phe = phenylalanine, pyr = pyridoxin
amm = ammonium.

(i) Media

Czapek-Dox agar served as minimal medium (MM) (Typas & Heale, 1976a).
Complete medium (CM) contained the constituents of MM with the addition of
casein hydrolysate, yeast extract, malt extract, and peptone at 2 gfl. Solid media
contained 2 9, (w/v) Japanese ‘Davies’ agar. Addition of supplements to MM was
as follows: amino acids, purines, pyrimidines, 20 x4g/ml; vitamins, 1 gg/ml. All
cultures were grown at 24 °C.

(iii) Heterokaryons and selection of prototrophic heterozygous
diploid conidia

Prototrophic heterozygous diploid conidia were recovered either by plating
large numbers of spores from heterokaryons on MM plates (recovery at a frequency
of about 1 in 8x 10° spores) or from prototrophic sectors formed by myecelial
‘pellets’ that had been incubated on MM for 4-6 weeks at 21 °C (Typas & Heale,
1976b).

(iv) Analysis of heterozygous diploids

A modified procedure from that described by Pontecorvo (1959) and Hastie
(1962, 1964) was adopted to obtain segregants of independent origin. Selected
heterozygous diploids were grown on MM for 3-5 days, until they conidiated, and
their spores were then inoculated on CM on which auxotrophic segregants were
not at a pronounced selective disadvantage. In order to ensure that any segregants
formed on MM would be transferred, and that subsequently both alleles of each
originally heterozygous locus would be represented in the inoculum transferred
to CM, a large number of conidia from each selected heterozygous diploid was
inoculated at one location.

A series of 20-30 segregating cultures was established in this way for the
analysis of each heterozygous diploid. Each segregating culture contained both
haploid and diploid genotypes; conidial measurements were used to distinguish
ploidy levels (Typas & Heale, 1977).
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Table 1. Heterozygous diploids of Verticillium spp. analysed via the
parasexual cycle with their genotypes

Key number Genotypes*
1 V. albo-atrum p-ib me_+  _*
+ + arg-10 cho-4
9 trp 7 mc 5 +
” + T+ arg-11
3 nic-5 met-9  + +
” + + pab-2 ino-8
4 ane-1 ade-2  + + Hylt
” + 4+ met-3 nic-3 Hyl
5 arg-3 3 cho 1 +
” + + wurcs
6 ade-10  +
” +  arg-12
arg-16 + +

7 V. dahliae

+ asp ino

arg-6 + 4+ Hyl+

8 "
+ ade-8 gua-1 Hyl
9 arg-7 pro-1  +
7 +  + leud
10 . met-4  +
+ arg-19
11 V. albo-atrum met mic rp _+ +
+ + + arg-9 Sot-1
12 pyr phe amm  + _+
7 + + + urc-1Sot-4*
met nic trp  + _+
13 29 _—— s m——
+ + + urc-1 Sot-4*
14 arg-9 Sot-1  + Hyl*
" + + ade-3 Hyl
15 ino-4 Sot-6 + + Hyl+
7 + + arg-3cho-1 Hyl
16 nic-5 met-9  + +
? + + wurc-1 Sot-4*
17 ade-4 arg-4 + +
? +  + met-3 nic-3
ade-5 bio-1
18 V. dahliae oo bl _+
+ + g-16
ade-5 bio-1  + + Hyl+

19 »

+ + met-7 ane-4 Hyl
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Table 1. (cont.)
Keynumber Genotypes*

arg-6 -+ + Hyl*
+ met-T7T ane-4 Hyl

20 V. dahliae

21 ) niclys + + Hyl*

22 . ewd + _*F

23 V. albo-atrum T T —-i_-— m7-3 m ITyl—

* The genotypes (4, 8, 14, 15, 19, 20, 21, 23) which carry the Hyl marker in the ‘hetero-
zygous’ condition only are specified. Symbols concerning pigmentation phenotypes are as
follows: Hyl+, wild-type phenotype producing normal amounts of dark melanin pigmentation
and resting structures as when first isolated from the diseased host: Hyl, stable hyaline strains,
not producing dark pigment or resting structures, obtained from Hyl* by u.v.-irradiation or
acriflavine treatment; Sot, ‘sooty’ mutants kindly provided by Dr A. C. Hastie, Dundee
University. They are distinct from wild-type Hyl* Sot* in that their black pigmentation
extends to the growing edge of the culture within 4-5 days whereas wild-type isolates form
dark resting mycelium only after 10-14 days growth at 24 °C; Sot-4*, hyaline strain which was
derived from the ‘sooty’ strain by u.v.-irradiation.

(a) Haploids

The haploid segregants (products of haploidization) were obtained by plating
conidial suspensions from 10- to 14-day-old segregating cultures on CM. To ensure
that only haploids of independent origin were considered, and to avoid selecting
products of clonal multiplication, only one haploid of any specific genotype from
each segregating culture was used. Their genotypes were determined by replica
plating on appropriately supplemented MM media and the results were analysed in
terms of linkage groups.

(b) Second-order diploids (mitotic cross-over products)

In cases where linkage between two or more markers was indicated in the earlier
haploid analyses, analyses of independent diploid segregants (i.e. second-order
diploids) was also carried out. This produced evidence related to gene order
changes resulting from mitotic crossing over. The genotypes of independent
second-order isolates were determined by random conidial analysis of third-order
isolates derived from the independent second-order diploids.

3. RESULTS
Among the original segregants (first-order isolates) from the heterozygous
diploid Verticillium strains, haploids (3-6 #m in length) could be clearly dis-
tinguished from diploids (6—-11 #m in length); the range of variation in size being
less marked within individual haploids and diploids. While haploids tended to
show segregation of one or other allele at each, and every locus originally hetero-

10-2
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zygous, first order diploids usually showed segregation only for one or a few linked
markers, remaining heterozygous for the others; the latter could therefore be
detected by their capacity to produce further segregant genotypes (i.e. second-
order segregants) as shown by Pontecorvo et al. (1953) in 4. nidulans. An example
of the classification of 62 independent haploids amongst the second-order isolates
derived from 18 cultures of the prototrophic diploid no. 21

(miclys + _+ Hyl¥),
(+ + arg-7 pro-1 Hyl)

which segregated for all markers involved, is given in Table 2. None of the auxo-
trophic allele ratios for the haploids listed in Table 2 differed appreciably from a
1:1 approximation. When recombination between all possible pairs of different

Table 2. Segregation and recombination of markers* among 62 independent haploids
(niclys + + Hyl")

(second order isolates) derived from diploid no. 21 cultures
. + + arg-7 pro-1 Hyl
of V. dahlice
Segregation
Markers
[ A Rl
nic lys arg-7 pro-1 Hyl
Mutant phenotype 30 29 31 30 141
Wild-type phenotype 32 33 31 32 48
Recombination
Genotypes Recombination
p = ~  frequency (%)
nic lys nic  + + lys + +
14 16 15 17 50-0
nic arg-T7 nic + + arg-7 + 4+
1 29 30 2 4-8
nic pro-1 nic + + pro-1 + +
1 29 29 3 6-5
nic Hyl nic + + Hyl + 4+
6 24 8 24 48-4
lys arg-7T lys + + arg-7 + +
13 16 18 15 452
lys pro-1 lys + + pro-1 + +
16 13 14 19 56-6
lys Hyl lys + + Hyl +  +
4 25 10 23 43-5
arg-7 pro-1 arg-7 + + pro-1 + +
29 2 1 30 4-8
arg-7 Hyl arg-7 + + Hyl + +
7 24 7 24 50-0
pro-1  Hyl pro-1  + + Hyl + +
9 21 5 27 41-9

* Arg was epistatic to pro and the arg pro types were classified as growing on arginine alone.
1 In the relevant eight separate diploids analysed the figure for Hyl (mutant phenotype)
averaged c. 4 %; this ratio for 21 was the highest encountered.
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markers was considered, only the proportion of recombinants for nic and arg-7
(4:89,), nic and pro-1 (6:59,) and arg-7 and pro-1 (4-89,) indicated linkage.

The summarized results of independent haploid analyses for all the different
heterozygous diploids (listed in Table 1) which segregated for all markers involved
are presented in Table 3. Between 55 and 80 independent haploids and 15-30
segregating heterozygous diploids were examined and classified for genetic analyses

Table 3. Analysis of independent haploid segregants (second-order isolates) from
prototrophic diploid cultures of Verticillium spp. which segregated for all markers

involved
Hetero- Segregation ratio of Recombination frequency
zygous loci; all c. 1:1, c. 509, for all
diploid* except: loci, except: Linkage
i — 3-4 9, for pab, ino pab—ino
2 — 309 for nic-5, arg-11 nic-5—arg-11
3 — 4-9 9, for pab-2, ino-8 pab-2—ino-8
4 Hyl[Hyl* 1]77 — No linkage
5 urc-5[/+ 26/48 (see text for urc-5/+) No linkage
6 — — No linkage
7 — — No linkage
8 Hyl|Hyl+ all Hyl+ — No linkage
9 — 4-6 9, for arg-7, pro-1 arg-T—spro-1
10 -— — No linkage
11. — 459, for arg-9, Sot-1 arg-9—Sot-1
12 —_ - No linkage
13 — 93-8 9, for urc-1, trp trp—urc-1
14 Hyl/Hyl* all Hyl* 5:09, for arg-9, Sot-1 arg-9—Sot-1
15 Hyl|Hyl*+ 1[78 — No linkage
16 — — No linkage
17 — 3-6 9, for arg-4, nic-3 arg-4—nic-3
18 — — No linkage
19 Hyl/Hyl+ 1[74 5-4 9, for bio-1, met-7 bio-1—met-7
20 Hyl[{Hyl* all Hyl+ — No linkage
21 Hyl|Hyl* 1462 4-8 9, for nic, arg-7 pro-1—arg-T—nic
6-5 9, for nic, pro-1
22 — 8-6 9 for ade-4, leu-4 ade-8—leu-4
23 Hyl|Hyl*+ 6/64 479, for pyr, nic-3 nic-3—pyr
7-8 9, for amm, met-3 met-3—amm

* The diploid genotypes were as in Table 1.

of each diploid strain listed in Table 1. Considering the independent haploids, the
segregation ratios of virtually all markers did not depart appreciably from an
approximate 1:1 expectation. The only striking exception was that of the Hyl
marker, as only a small proportion of haploids had the Hyl phenotype. In the case
of heterozygous diploid 5, the urc-5 marker segregated at a ratio of 26/48, probably
due to the very poor sporulation of the urc-5 strain. In the case of Hyl strains,
on the other hand, close examination showed that their reduced sporulation was
insufficient in itself to fully account for the failure of this marker to segregate
normally. In contrast with the Hyl marker, the Sot locus segregated normally in
all diploids tested.
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In the analysis of the independent second order diploids it was assumed that all
of them were diploids rather than aneuploids, and that they had arisen by mitotic
crossing over. An example of a classification of a large number of independent
diploid genotypes arising from 18 heterozygous diploid no. 21 cultures

(nic lys  + + Hylt),

(+ + arg-T pro-1 Hyl)
with respect to all possible markers is presented in Table 4. Mitotic, like meiotic
crossing over, occurs in the four-strand stage. The exchanges are reciprocal and
symmetrical, and only two of the four strands take part at any one exchange
(Kifer, 1961). When a mitotic crossover occurs in a heterozygous diploid nucleus,
all the heterozygous markers which lie distal to the point of exchange become
homozygous for half of the possible mitotic products, while all those between the

Table 4. Classification of 25 independent diploid genotypes derived from 18 diploid

(nic lys + + Hyl?)
no. 21 "+ + arg-7 pro-1 Hyl
pairs of markers

cultures of V. dahliae with respect to all possible

mec nic + lys lys + arg-Targ:7 + pro-lpro-l +
nic + + lys + + arg-7 + + pro-1 + +
Z—zi 3 0 0 4 2 2 2 2 2 2 32
IFZ; 3 3 2 4 3 1 2 4 2 2 4 2
Zgii 2 9 o0 1 8 2 3 6 2 2 6 3
;% 2 3 1 1 4 1t 0 0 6
1; :ZL 2 9 1 3 7 2 0 12 0
Z :Zi: 4 3 0 1t 4 2 7 0 0
% 4 3 0 1 4 2
Z:ZTH 2 9 1 3 1 2
ZZZ: 2 3 1 1 4 1
Yy 3 0
lys
%Z: 5 8 2
gz: 1 4 0

Hyl|Hyl+ and Hyl*|Hyl* estimation was subjective, based on whether or not the
third-order isolates segregated for this marker.
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centromere and the site of crossover remain heterozygous. Thus the sequence of
the markers, and to some extent their relative positions, could be determined
by the homozygous-heterozygous relationships of the loci of the independent
diploid isolates (Kifer, 1958; Holliday, 1961a, b).

When two groups of linked loci segregated simultaneously (i.e. arg-7 and pro-1in
Table 4) they are assumed to represent markers in arms of homologous chromo-
somes. The data for such a pair of markers sited on the same or homologous

Table 5. Analysis of independent diploid segregants amongst the second-order isolates
from prototrophic diploid cultures of Verticillium spp. which segregated for all
markers tnvolved, and derived gene order

Different
Same  arms of
chromo- the same Gene order (from the
Hetero- some  chromo- homozygous/heterozygous
zygous arm some relationship) and relative
diploid* Linked markers (I) (I1) centromere position
1 pab  ino + . Centromere pab ino
2 nic-5 arg-11 . + nic-5 centromere arg-11
3 pab-2  ino-8 + . Centromere pab-2 ino-8
4 . . .
5
6
6
7
8 . . . . . .
9 arg-7 pro-1 + . Centromere pro-1 arg-7
10 . . . . . .
11 arg-9 Sot-1 + . Centromere Sot-1 arg-9
12 . . . . . .
13 urc-1 trp . + urc-1 centromere rp
14 arg-9 Sot-1 + . Centromere Sot-1 arg-9
15 . . .
16 . . . . .
17 arg-4 nic-3 + nic-3 centromere arg-4
18 . . . . .
19 bio-1  met-7 + bio-1 centromere met-7
20 . . . . . .
21 nic, pro-1, arg-7 + + nic centromere pro-1 arg-7
22 lew-4 ade-8 . + leu-4 centromere ade-8
23 pyr mnic-3 + . Centromere nic-3 pyr
amm met-3 + . Centromere amm(?) met-3(?)

* The diploid genotypes were as in Table 1.

chromosome arm are distributed along one of the diagonals of the appropriate
section in the table. The marker nic which in the haploid analysis showed linkage
with both arg-7 and pro-1 did not segregate simultaneously with any of these
markers; this is accounted for if the loci are on opposite sides of their centro-
mere.

Table 5 presents the summarized results of classification of the independent
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diploid genotypes arising from all heterozygous diploids listed in Table 1, with
respect to all possible pairs of markers. In the analysis of heterozygous diploid 13

(met trpnic + + ),

(+ + + wurc-18ot-4)

because 93-8 %, of the haploids recovered had the ¢rp and urc-1 markers in ‘coup-
ling’ (see Table 3), it was assumed that a phase change in the nuclear lineage, from
‘repulsion’ to ‘coupling’, must have occurred from which a single conidium was
taken and purified as diploid 13. In all cases the Hyl marker failed to show simul-
taneous segregation with any of the biochemical markers, thus verifying the
absence of linkage indicated earlier by haploid analysis.

4. DISCUSSION

The application of extensive genetic analyses of heterozygous diploids carrying
auxotrophic and morphological marker genes in the present work led to a tentative
linkage map for Verticillium albo-atrum and V.dahliae (Fig. 1). Although haploidiza-
tion and mitotic crossing over are two independently occurring phenomena, their
relatively high frequency in Verticillium could result in their both occurring
simultaneously, and therefore cause a discrepancy in the results as they affect
estimates of gene order. This is one of the factors which makes the task of mapping
genetic markers in Verticillium far more difficult than in Aspergillus.

In the present study using haploid analysis a number of marker genes have been
detected in 5 linkage groups in V. albo-atrum and 4 in V. dahliae. The difference
between the haploid (n) chromosome number inferred from genetic data here for
V. albo-atrum and the reported number for the fungus (n = 4; Hastie, 1967;
Heale, Gafoor & Rajasingham, 1968) demands some explanation. Brushaber,
Wilson & Aist (1967) and Heale et al. (1968) reported independently on nuclear
division in Verticillium and in particular observed the tendency of the chromo-
somes to link forming ring and filamentous structures. If it is assumed that
changes in the phase of linked markers (coupling = repulsion) and that formation
of homozygotes can be detected, it seems more likely that the chromosomes are
joined through their centromeres rather than end to end. Heale et al. (1968) also
observed preparations in which apparently either three or five chromosomes or
chromosome pairs were counted. Loane (1967) in his work with Penicillium
expansum suggested that the haploid count could be interpreted at n = 4 plus
1 DNA containing centriole which stains as a chromosome, whereas Fjield and
Stromnaes (1966) concluded that there were 4 linkage groups in this fungus. It
could therefore be postulated that the haploid chromosome number in V. albo-
atrum and V. dahliae is 5, and that the fifth (very small) chromosome occasionally
fails to segregate and remains linked to another chromosome through their centro-
meres.

Whereas Sot and the auxotrophic markers investigated segregated as one would
expect for nuclear genes, Hyl showed a very low segregation frequency in various
diploids, e.g. 1/77, 0/64, 0/60, 1/78, 1/74, 0/54, 14/62 and 6/64. This, along with
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data from heterokaryon analysis and acriflavine treatment (Typas & Heale,
19764, b), we interpret as strong evidence for cytoplasmic inheritance, i.e. the Hyl
character is almost completely lost from the cytoplasm of the heterozygous diploid
conidium produced by the heterokaryon and replaced by the wild-type Hyl*
‘factor’ from one of the two original auxotrophic parents. If the Hyl factor was a
nuclear gene, it would have been expected to show linkage with one or more of the
many bio-chemical markers used here, but it did not. The Sot marker, however,
did show linkage to arg-9 in group v.

Fig. 1. A ‘tentative’ map of Verticillium spp.* marker genest used in this

investigation.

trp pab ino ure
Chromosome | —+ -0 + 4 1

pyr nic " pro-1 arg
Chromosome 11 } + O } +—

bio-1 amm met amm
Chromosome 1 + —0——+ 1 4

M %)

phe cho
Chromosome IV + —— 0

4] 4]

sot arg-9

Chromosome V

Group I Group IT Group III Group IV Group V

trp pyr amm phe arg-9
urc-1 pro-1 met-3 cho-1 (%) Sot-1
urc-5 () arg-4 met-T cho-3 (9) Sot-4
trp-7 (1) arg-7 met-9 (1) Sot-6
pab arg-11 bio-1

pab-2 arg-6 (?)

no arg-12 (?)

no-8 nic

leu-4 nic-3

ade-8 nic-5 (?)

ade-2 (?)

* No differences were found in marker locations for V. albo-atrum and V. dahliae.
+ Hyl marker could not be assigned to any linkage group; (?) refers to an inconclusive
classification.

To try to explain the considerable variation in dark pigmentation of the fungus
in the light of the foregoing observations, the authors propose the following: The
overwhelming majority of stable completely hyaline variants of V. albo-atrum or
V. dahliae in our experience do not produce an otherwise typical form of resting
structure (either resting mycelium or microsclerotia respectively) with hyaline
cell walls. It is therefore the absence of the typical form of resting structure that
usually causes hyalinity, and not the absence of dark melanin pigment per se.
However, Bell et al. (1976) have reported recently on albino variants of V. dahliae
which produce hyaline microsclerotia. The only such hyaline mutant analysed
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genetically in detail was alm-1, which behaved as though it was due to a single
nuclear gene lesion. A number of non-allelic genes (some cytoplasmic and some
nuclear in origin} may therefore control the development of darkly pigmented
resting structures. The presence or absence of resting structures per se is at least
partially controlled by a major extrachromosomal factor (Hyl*) which is self-
replicating and transmitted via the cytoplasm of the conidia.

Hyaline variants therefore appear to comprise at least three types: (1) com-
pletely hyaline stable strains lacking resting structures, originating from dark parental
cultures at a spontaneous rate of approximately 1 in 105-10%; (2) partially hyaline
strains (showing variation both regarding the time required for dark resting struc-
tures to form, and also in the amount of such resting bodies ultimately produced)
are more frequent, occurring spontaneously at approximately 1 in 103; and
(8) completely hyaline stable strains with hyaline resting structures. These apparently
occur very rarely and have not yet been observed for V. albo-atrum. The explana-
tion of the origin of the first type of variant is within the range of mutation, and its
apparent stability is suggestive of an almost irreversible change in the factor.
Mutation in the dark Hyl* type to produce a hyaline variant (Hyl) appears to be of
a pleiotropic type; hyalinity is usually associated with faster growth rate, exten-
give fluffy aerial mycelium, fewer conidia and conidiophores and changes in
respiration (Pilkington & Heale, 1969). The rate of origin of partially hyaline
variants however, could not be explained on a similar basis. In the third type of
hyaline variant we can assume that the cytoplasmic (Hyl+) factor is present in the
cell, but a nuclear gene mutation results in the blocking of pigment formation and
consequently leads to production of hyaline resting structures. The occurrence of
‘sooty’, alm-1 and a range of partially hyaline variants is probably explained by
the operation of several nuclear genes which control the amount of pigment per se
and the time required for the pigment to form.

It is therefore envisaged that the phenotypic expression of such ‘dark pigment’
nuclear genes depends upon (i.e. is hypostatic to) the cytoplasmically determined
(Hyl+) presence or absence of resting structures. When the wild-type Hyl* cyto-
plasmic factor is present, ‘sooty’, normal, partially hyaline and possibly albino
(with hyaline resting structures) phenotypes can be expressed.

We acknowledge the co-operation of Dr A. C. Hastie and Dr B. Bainbridge in this work.
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