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SUMMARY 

The killing of conidia of Verticillium albo-atrum by ultraviolet irradia- 
tion followed first-order kinetics; about 0.5 yo of the conidia which survived 
a 97 yo lethal dose were nutritionally deficient mutants. This percentage 
of mutants among survivors was constant for different wild-type isolates 
for the first-, second- and third-order irradiations. This regularity implies 
that most conidia exposed a t  the first irradiations contained a single 
haploid nucleus. Adenine-requiring mutants formed pionnotes when 
grown on an agar medium containing low concentrations of adenine, and 
the extent of pionnotal formation depended on the position a t  which 
adenine synthesis had been blocked by the irradiation. 4-Aminoimidazole- 
5-carboxamide apparently did not act as an extracellular intermediary in 
adenine synthesis. An acriflavine-resistant mutant arose spontaneously 
in one of the mutants selected for nutritional deficiency, but mutants 
resistant to certain other growth inhibitors were not found. 

INTRODUCTION 

Variation in the soil-borne plant pathogenic fungus Verticillium albo-atrum has 
been recorded by Isaac (1949), Waggoner (1939, Robinson, Larson & Walker (1957) 
and Van den Ende (1958). Each confirmed the occurrence of the colour variants 
originally described by the authors of the species (Reinke & Berthold, 1879). 
Because colour variants alone were insufficient to investigate the mechanism 
underlying genetic variation in this fungus, further genetic markers were sought by 
using ultraviolet irradiation. This paper deals with the isolation and characteriza- 
tion of these additional selective markers, and describes the pleiotropic effects of 
some of the auxotrophic mutations obtained. 

METHODS 

Four isolates of Verticillium albo-atrum were isolated from wilted hop plants a t  
East Malling Research Station, Kent, two from outbreaks of fluctuating wilt 
(numbered V 1805, V 1809) and two from progressive outbreaks (V 1790, V 1813). 
Neither the strain V 1809 nor any culture derived from it formed black torulose 
hyphae, whereas the others produced them abundantly; none formed the micro- 
sclerotia characteristic of Verticillium dahliae Kleb. 

A medium pressure Hanovia XI1 ultraviolet (u.v.) lamp, emitting about 95% 
of its radiation at  2537 A, was used to induce mutations which were then selected 
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for those that blocked the synthesis of essential metabolites. Conidia spread on 
the surface of a nutritionally complete agar medium (CM; Pontecorvo, Roper, 
Hemmons, Macdonald & Bufton, 1953) at  400/plate were exposed at 20 cm. 
from the U.V. source; under these conditions the radiation intensity was about 
104 ,uw./cm2. From exposures at  (different time-intervals to determine the irradi- 
ation-survival curve, an exposure of 20 sec., giving only 3 yo survival, was chosen 
as a convenient mutagenic dose. The surviving conidia produced viable colonies 
after 4 days in darkness a t  23". A bulk inoculum of conidia+mycelium was then 
transferred from each colony that grew from a surviving conidium to CM in 
plates in which the inocula were arranged in the regular pattern used in colony 
replications (Pontecorvo et al. 1953). These cultures were then replicated from CM 
to Czapek-Dox agar media on which about 0.5 yo of the survivors failed to grow. As 
CM medium contains hydrolysed yeast nucleic acid and several vitamins, the failure 
of any strain to grow on Czapek-Dox medium was almost certainly because it could 
not synthesize an essential metabolite supplied by one of these three mixtures. 
Accordingly, the strains unable to grow on Czapek-Dox medium alone (auxotrophs) 
were tested for their capacity to grow when it was supplemented with hydrolysed 
casein, yeast nucleic acid or a vitamin mixture. 

Each auxotroph responded to one of these supplements, thus identifying its 
nutritional requirements either as an amino acid, organic base or vitamin, depending 
on which supplement allowed the mutant to grow. Slope cultures of the mutants 
were then established on CM, and the specific requirement determined by auxano- 
graphy (Pontecorvo, 1949). Auxanographs were made by mixing 1 ml. of a spore 
suspension ( 5  x 106/ml.) of the nutritional mutant in 15 ml. molten Czapek-Dox 
agar at 42" and immediately pouring this into plates. The appropriate supplements 
were then placed individually in very small amounts around the periphery of the 
agar. Areas of growth response soon developed. 

Mutants resistant to certain growth inhibitors were also sought. A necessary 
first step was to assess the concentrations inhibitory to several nutritional mutants 
of independent origin. To do this the nutritional mutants were grown in the repli- 
cating pattern on CM. This template was then used to provide inoculum that was 
replicated on a range of concentrations of the growth inhibitors incorporated in CM. 
Attempts to select relatively resistant mutants were then made by spreading dense 
spore suspensions of the sensitive starting strains on CM containing an inhibitory 
and therefore selective, concentration of each substance. 

RESULTS 

Nutritional mutants 

Figure 1 shows the properties of conidia of strain V 1790 that survived different 
doses of U.V. radiation. Each point plotted is the mean survival on eight agar plates 
each spread with about 400 conidia. The percentage survival is plotted on scale A, 
and the curve shows the relationship between percentage survival and exposure 
time. The straight line drawn to represent the relationship between log. percentage 
survival and exposure was plotted with reference to scale By and fits the data well. 
It indicates that the killing of Vert icillium conidia follows first-order kinetics. 

The proportion of mutants among survivors after treatment with a mutagen 



Induced mutants of Verticillium 627 
generally reaches a maximum at mutagenic doses which are over 90% lethal. 
Exposures of 20 sec. gave about 3 7, survival and the survivors were screened for 
nutritional mutations by replication and auxanography as already described. 
Table 1 shows details of the origins of the irradiated conidia and the numbers of 
U.V. irradiation-induced mutants obtained. The most frequent type of mutant, 13 
in all, required vitamins, of which six could not synthesize biotin. All the mutants 
responding to nucleic acid had a specific requirement for adenine. After some of the 
strains had been labelled with one nutritional requirement they were re-irradiated 
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Fig. 1. Survival of conidia of Verticillium albo-atrum (strain V1790) to u.v.-irradiation 
when exposed on a nutritionally complete medium (CM) .  A, plotted on linear scale; 
B, plotted on log. scale. 

Table 1. Nutritionally deJicient mutants of Verticillium albo-atrum 
produced by ultraviolet irradiation 

Nutritional requirements of mutants 
Serial number I A > 

of wild-type Survivors Nucleic 
culture (3 yo level) Casein acid Vitamins Total 

V 1790 1006 1 2 2 5 
V1813 1140 2 1 3 6 
Vl809 1528 1 2 5 8 
V 1805 1575 3 2 3 8 

Total 5249 7 7 13 27 

t o  add a second marker (second-order mutants) ; one double auxotroph was exposed 
a third time, yielding two third-order mutants. Table 2 shows the proportions of 
mutants among the first, second and third-order survivors. 

The relative ease with which the mutations were detected indicates that the 
conidia were uninucleate and also that the nuclei were haploid, for nutritional 
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deficiencies in this fungus are recessive (Hastie, 1962). Too few mutants were 
detected to justify a statistical treatment of the data, but mutations seemed to be 
less frequent among survivors of the second and third irradiations. A slight trend 
in this direction would be expected because there are progressively fewer nutritional 
requirements detectable, by the methods used, after the later irradiations, as single 
auxotrophs were exposed a t  the second irradiation and double auxotrophs at the third. 

Table 2. Frequencies of Jirst-, second- and third-order ultraviolet irradiation- 
induced mutants of Verticillium albo-atrum 

irradiation tested Mutants mutants 

First 1911 11 1 : 174 
Second 2913 14 1 :208 
Third 425 2 1 :213 

Total 5249 27 1 : 194 

Order of Survivors Proportion of 

Pleiotropic eflect of adenineless mutations 

Seven adenineless mutants were recovered. These formed only sparse conidio- 
phores when grown on CM and most of their conidia were produced in pionnotes 
(slimy nodular masses of conidia; see P1. 1, fig. 1). The production of conidiophores 
was increased by increasing the adenine concentration in the medium. Plate 1, 
fig. 2, shows an adenineless mutant growing on three different concentrations of 
adenine incorporated in Czapek-Dox agar. No pionnotes were formed at the highest 
concentration (20 pg. /adenine ml.), when the mutant produced abundant conidio- 
phores typical of wild-type strains. Among more than 5000 survivors of irradiation 
examined on CM, only seven produced pionnotes, and each required adenine for 
growth. It can be therefore reasonably assumed that the production of pionnotes 
was a pleiotropic effect of mutations blocking adenine synthesis. 

Wagner & Mitchell (1955) suggested the following simplified pathway leading to 
adenine synthesis in micro-organisms : 

4-Aminoimidazole-5- 
carboxamide . .  

Glycine acetate u" i 
--f Inosine __+ Adenosine + Adenine 

NH3 co2 }+I" 
Purple pigment 

accumulates 

Although a more complex pathway exists, this system was used merely to find 
the stage at  which production of pionnotes might be affected. 

The darkly coloured adenineless mutant (PI. 1, fig. 1) accumulated a purple pig- 
ment which diffused into the mediurn, and at  low adenine concentrations it pro- 
duced fewer pionnotes than did any of the other six adenineless mutants recovered. 
Table 3 shows the results of an auxanographic test to determine whether the position 
of the blockage to adenine synthesis was correlated with decreased pionnotal 
production. The mutant B ll/l, which formed fewer pionnotes and accumulated the 
purple pigment, was blocked immediately preceding synthesis of adenosine; the 
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other mutants were blocked at  earlier positions. Experience with other micro- 
organisms suggests that only mutants blocked at  the steps preceding 4-aminoimi- 
dazole-5-carboxamide fail to produce the purple pigment. This may also be true in 
Verticillium. Presumably there was no response to 4-aminoimidazole-5-carboxamide 
because it did not act as an extracellular intermediary, rather than as a result of a 
blockage at  a later stage. Fries, Bergstrom & Rottenberg (1949) showed that 4- 
aminoimidazole-5-carboxamide was used by certain adenineless mutants of Ophio- 
stoma multiannuhtum when a small amount of adenine was provided to initiate 
growth. This latter condition was met by the auxanographic technique used here by 
placing a small amount of adenine HC1 at the centre of each auxanograph and the 
intermediates in adenine synthesis around the edge of the agar medium; none of our 
adenineless mutants responded to 4-aminoirnidazole-5-carboxamide. 

Table 3. Responses of seven adenineless mutants of Verticillium albo-atrum in 
auxanographic test 
synthesis 

Mutant 

0 2  
F2 

C5/4A2 
E5 
GZ 
B 1111 

c5/3 

to compare the positions of biochemical blockages to adenine 

Supplement 
A 

f 7 

Amino-imidazole- 
carboxamide Inosine Adenosine Adenine 

+ + + + + + + + + + + + + + 
+ , response ; - , no response. 

Mutants resistant to growth inhibitors 

Some basic dyes, respiratory inhibitors, antibiotics and other fungicidal and 
fungistatic compounds were used in attempts to select resistant mutants by the 
methods already described. The following four auxotrophic strains were subjected 
t o  tolerance tests: V1790, mutant 0 1, requiring histidine; V1813, mutant E3/1, 
requiring pyridoxine +nicotinic acid; V 1804, mutant C5/4, requiring methionine + 
biotin; V1805, mutant F2, requiring adenine. All four strains (Tables 4 and 5) 
responded similarly to replication at  the concentrations tested. Attempts were made 
to select mutants resistant to some of the substances at  the concentrations listed in 
the tables. The only spontaneous mutants recovered were resistant to acriflavine, 
and the attempts to recover spontaneous and U.V. irradiation-induced mutations 
resistant to some of the other substances failed. The eleven acriflavine-resistant 
mutants were all obtained from the same culture (V1804 mutantC5/4) and were 
therefore probably not independent mutations, but members of a clone produced 
as a result of a single mutation. For this reason only one mutant was retained; it 
was purified by isolating a single conidium. After repeated subcultivation on CM 
without acriflavine, its survival when exposed to various concentrations of acri- 
flavine was compared with that of the starting strain (V 1804, mutant C5/4). Figure 
2 shows the two survival curves. Each point plotted is the mean survival on eight 
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plates of CM containing the different concentrations of acriflavine. The survivors 
were recorded after incubation for 4 days; later on, the more inhibitory media 
yielded a few more minute colonies. These continued to grow very slowly and 
probably arose by enzymatic adaptation. There was never any difficulty in re- 
cognizing colonies with a wild-type growth rate. 

There is some discrepancy between the tolerance of acriflavine recorded for strain 
VlO84, mutant C5/4 in Table 4 and that given in Fig. 2. The greater tolerance when 
tested by replicating was probably caused by the greater concentration of the 

Table 4. Tolerance of Verticillium albo-atrum mutants to toxic substances 
incorporaLed in complete medium 

Reaction on CM 
containing toxin at  

these concns. 
( PLg. /ml. 1 Selection Spores 

r--*-, concn.* tested Mutants 
1 10 50 (,ug./l.) ( x lo6) detected 

Acriflavine + + -  100 180 11 
Crystal violet + -  - 10,20 92 0 
2-CDinitrophenol quinoline- + + + 50 30 0 

Malachite green + + -  100 89 0 
Methyl violet + + -  20 92 0 
Night blue + + +  
Sodium pentachlorophenate - - - 5 30 0 

sulphate 

Symbols : + , normal growth rate ; f , reduced growth rate ; - , no growth. 
* No attempts were made to select for mutants resistant to materials that allowed growth a t  

50 pg./ml. 

Table 5 .  Tolerance of Verticillium albo-atrum mutants to a range 
of antibiotics incorporated in complete medium 

No. of 
Concns. in CM (pg./ml.) Selection spores 
7- concn." tested 
10 25 50 100 250 (pg./ml.) ( x 106) 

Aureomycin + + + + +  
Frequentin + + + -  - 
Fumagillin + + + + +  
Gladiolic acid + + + + +  
Griseofulvin + + + + +  
Mycophenolic acid - - - 
Patulin + + + + f  
Rimocidin - - - 
Viridin + + + + *  

Gliotoxin f -  - - 25 171 - 

- - 1, 5, 10 128 

- - 1, 5, 10 2624 

Symbols: + , normal growth rate; f , reduced growth rate; -, no growth. 
* No attempts were made to select for mutants resistant to materials that allowed growth a t  

50 ,ug./ml. 

inoculum. Each point inoculated by replicating received many conidia, perhaps 
several thousands, whereas each site inoculated by spreading a spore suspension 
would usually receive only one conidium. The survival curve for the resistant 
mutant (Fig. 2) shows that it succumbed to acriflavine only at concentrations 
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Fig. 2. Survival of un-irradiated conidia of Verticillium albo-atrum on complete agar 
medium containing acriflavine. 0, sensitive strain ; 0, resistant mutant. 

above 500 pg./ml. This concentration incorporated in CM has been found useful for 
classifying genetic recombinants as sensitive or resistant in work on the parasexual 
mechanism of variation in Verticillium (Hastie, 1962). 

DISCUSSION 

This work was done to provide the genetic markers necessary to detect and 
elucidate any system of genetic recombination in Verticillium albo-atrum. The 
relative ease with which u.v.-irradiation produced recessive nutritional mutants 
confirmed that the conidia are uninucleate and was an encouraging sign that 
genetic analysis would be possible. In  multinucleate conidia, a recessive mutation 
in one nucleus would be phenotypically masked by the dominance of the wild-type 
alleles in other nuclei. The recessive phenotype could then be detected in this or 
other imperfect fungi only by taking many monoconidial isolates from the colony 
produced by each irradiated propagule. Such single-conidial isolations proved to 
be unnecessary in V. albo-atrum, thus supporting the evidence that most of the 
irradiated spores were uninucleate. This evidence agrees with the cytological 
observations of at least two authors (Waggoner, 1956; Caroselli, 1957). 

The kind of survival curve obtained when the conidia were exposed to u.v.- 
irradiation also agrees with the idea that most Verticillium conidia are uninucleate. 
However, it should also be remembered that different curves (multi-hit) have been 
observed for fungi with uninucleate spores, and the kinetics of the effect is therefore 
not a reliable indication of nuclear number. Buxton, Last & Nour (1957) found that 
microconidia of Fusarium were inactivated by u.v.-irradiation according to first- 
order kinetics, whereas a higher order kinetics governed the inactivation of spores 
of Aspergillus niger. Genetical studies, however, suggest that a t  least a very high 
proportion of Aspergillus conidia are uninucleate (Pontecorvo et al. 1953). 
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If the original wild-type isolates were heterogeneous for heritable characters 

affecting the detection of recessive mutations, the proportion of mutants detected 
at  the later irradiations would have increased greatly. For example, in any original 
wild-type cultures that may have yielded conidia with both haploid and diploid 
nuclei, nutritional deficiencies would have been easily detected only in the haploids. 
Selection of the mutants after the first irradiation would then have provided only 
haploid strains for the later irradiations, a t  which there would have been a conse- 
quent increase in the proportions of mutants detected. 

We thank Dr P. W. Talboys (East Malling Research Station, Kent) for supplying 
the cultures of Vkrticillium albo-atrum isolated from wilted hop, and members of the 
Photography Department, Rothamsted Experimental Station, for taking the photo- 
graphs. One of us (A.C.H.) also thanks the Agricultural Research Council for the 
award of a Research Studentship, during the tenure of which this work was done. 
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EXPL.4NATION OF PLATE 

Fig. 1. Adenineless mutants of Vwticilliurn albo-atrum growing on a nutritionally complete 
medium and showing morphological differences. A, mutant B ll/l accumulating purple pigment 
in the medium and forming no pionnotes; B, mutant F2, with no purple pigment, but producing 
pionnotes. 
Fig. 2. Adenineless mutant F2 of Verticillium albo-atrum growing on Czapek-Dox agar containing 
three different concentrations of adenine. A, 20 pg./ml. ; By 2.0 pg./ml. ; C, 0-2 pg./ml. 
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