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ABSTRACT 

A method is described for isolating mutants potentially defective in loci 
involved in mitotic chromosome segregation. Conditional lethal, heat-sensitive 
(42") mutants were assayed at a subrestrictive temperature of 37" for an inflated 
production of colonies displaying phenotypes and behavior patterns of whole 
chromosome aneuploids. Of 14 mutants, three showed specificity for one disomic 
phenotype, whereas 1 1  generated colonies mosaic for different aneuploid phe- 
notypes. This latter group is designated hfa (high frequency of aneuploid). For 
ten of the 1 1 mutants temperature sensitivity and aneuploid production cosegre- 
gated, indicating a single mutation in each. These mutations were recessive and 
nonallelic. Analysis was concentrated on the hfaB3 mutation which is mapped to 
chromosome VI tightly linked to the methB and tsB loci. The disruptive influence 
of hfaB3 on mitosis at 37" was shown by ( 1 )  ploidy and whole chromosome-type 
segregation of markers in the breakdown sectors of phenotypically aneuploid 
colonies obtained from multiply marked homozygous hfaB3 disploids; (2) a high 
frequency of haploid and nondisjunctional diploid segregants among spontaneous 
yellow-spored parasexual recombinants taken from green-spored homozygous 
hfaB3 diploids. The mutation had no effect on meiotic chromosome segregation 
at 37". The single interphase nucleus in germlings at 42", coupled with changes 
in the mitotic index in temperature exchange experiments, showed hfaB3 to 
arrest the cell cycle in interphase at restrictive temperature. A conclusion drawn 
is that the hfaB gene product is required both for entry into mitosis and for 
normal chromosome segregation in dividing nuclei. 

HE mitotic cell cycle is a complex array of processes, some temporally T dependent, some temporally independent (NURSE 1981; NASMYTH 1983), 
which interact to generate two daughter cells from the single parent. The key to 
the genetic fidelity of the daughter cells lies in the accurate polar segregation of 
the two sister chromatids produced by duplication of each chromosome in S 
phase. In genetic studies of the mitotic cell cycle considerable use has been made 
of conditional lethal mutations of microbial eukaryotes (see MORRIS 1980; NURSE 
1981 for reviews), and some of the mutants isolated have been shown to be 
blocked in mitosis (ORR and ROSENBERCER 1976b; MORRIS 1976; ROY and 
FANTFS 1982). These mutants are potentially abnormal in chromosome segre- 
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gation, but despite their occurrence little is known concerning the mechanisms 
controlling the events of mitotic chromosome segregation. Some insight has been 
gained from work employing mutants altered in their response to microtubule- 
interacting drugs in which the mutations are the result of changes in the genes 
responsible for the production of tubulin proteins, essential components of the 
spindle (SHEIR-NEISS, LAI and MORRIS 1978; MORRIS, LAI and OAKLEY 1979; 
ROY and FANTES 1982; NEFF et al. 1983). Mutations in genes involved in the 
control of chromosome segregation would be expected to disrupt mitosis and 
produce daughter cells with abnormal chromosome numbers. Cytological proof 
of aneuploidy in microbes is not practicable due to the small chromosome size, 
and a problem in a mutational study of chromosome segregation lies in the 
recognition and genetic proof of the aneuploid product. 

Aspergillus nidulans has a unique property that makes it valuable in a mutational 
study of mitosis. This fungus has eight chromosomes (KAFER 1958), and each 
aneuploid can be visually identified on the basis of a specific abnormal phenotype 
(KAFER 196 1 ; KAFER and UPSHALL 1973). Disomics occur with a characteristically 
low frequency among haploid spore segregants (UPSHALL 1966; UPSHALL and 
KAFER 1974). These two observations present a method for inducing, in haploid 
strains, mutations affecting chromosome segregation using an inflated produc- 
tion of aneuploid segregants in spore samples as an assay. There is a complication 
in the application of the assay. Mitotic breakdown generates multiply disomic 
strains, and the more extra chromosomes present the more abnormal and 
unrecognizable are the abnormal colonies (KAFER 196 1) .  However, whole chro- 
mosome aneuploids are somatically unstable due to the loss of the extra chro- 
mosome in mitosis. This loss occurs randomly in a stepwise manner to produce 
genotypes of different intermediate abnormal chromosome numbers (KAFER 
196 1) .  An abnormal colony can, therefore, be identified as multiply aneuploid 
by observing different disomic phenotypes among the breakdown products of 
the original parental colony (KAFER 1961; UPSHALL and JOHNSON 1981). This 
pattern of behavior is important for distinguishing whole chromosome aneu- 
ploidy from other genetic situations that also show somatic instability, e.g., 
chromosomal duplications (NGA and ROPER 1968). In practice the problem of 
directly identifying multiple aneuploidy is not difficult. Mitotic breakdown pro- 
duces so many aneuploid colonies that a proportion are usually disomic for a 
sufficiently small number of chromosomes and are thus recognizable (UPSHALL 
and JOHNSON 198 1 ; ASSINDER and UPSHALL 1982). 

We report in this paper the isolation of conditional lethal, heat-sensitive (42 ") 
mutants that generate aneuploid phenotypes when grown at the subrestrictive 
temperature of 37 O . Additionally, we describe in detail the phenotype of strains 
carrying one of the mutations and show this mutation to arrest cell cycle in 
interphase when grown at restrictive temperature. 

MATERIALS AND METHODS 

Strains: The genotypes of the major strains used are given in Table 1 .  The tsB5 mutant strains 
were obtained from the Glasgow stock collection (CLUTTERBUCK 1981). Mutations induced in this 
work were designated according to the system proposed by CLUTTERBUCK (1973). 
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ANEUPLOID-PRODUCING MUTANTS 

TABLE 1 

Main strains of A. nidulans used in experiments 

Lancaster 
code Genotype 

1 (356) 
2 (187) 

10 (26) 
48 
91 
184 
185 
253 
426 
439 
447 
472 
477 
502 
504 
505 

9 (375) 

riboAl biAl 
pabaA1 yA2 
SUA 1 adEZO adE2O biAl;AcrAl;sA4;pyroA4;pA2;lacA;nicB8;riboB2 
biAI 
riboA1 anAl  luAl  biAl 
biAl;hfaB3 
ade;wA 10 
wA1I;methBlOO 
pabaA1 yA2;hfaB3 
riboA1 anAl  PabaAl yA2 
biA1;lacAl sB3 sbA3 nicClO 
adE2O biAl;AcrAl;sA4;pyroA4;pA2;hfaB3;nicB8;riboB2 
biA l;wA3;pyroA4;tsBS 1acAl;riboBZ 
biA1;lacAl sB3 sbA3 nicClO hfaB3 
riboA1 anAl  PabaAl yA2;hfaB3 
biA 1;acrA l;sA4;pyroA4;pA2;hfaB3;nicB8 
biA 1;AcrA I;sA4;pyroA4;pAZ;nicB8 

109 

~ 

Numbers in parentheses cross-refer to Fungal Genetics Stock Center, strains (Hum- 
boldt College, Arcata, California). For details of abbreviations and locus assignments 
see CLUTTERBUCK (1981) except for hfaB3 which is described in this paper. Strain 
numbers L91 and L253 to L505 were generated during the course of this work. For 
L184 and L185 see TEOW and UPSHALL (1983). 

Media and general techniques: Standard complete (CM) and minimal (MM) media (BARRATT, 
JOHNSON and OGATA, 1965) were used together with routine Aspergillus techniques (PONTECORVO 
et al. 1953). All spore suspensions were made into Tween 80 (0.02% in water) and plated on CM 
supplemented with 0.01 % sodium deoxycholate (CMSD) to restrict colony size (MACKINTOSH and 
PRITCHARD 1963). This concentration is well below that which induces mitotic aneuploidy (ASSINDER 
and UPSHALL 1982). Appropriately supplemented MM or CM were used to identify alleles of 
auxotrophic or drug-resistant loci. 

Induction and isolation of mutant phenotypes: Two mutagenic experiments were performed. In the 
first, spores of L10 (FGSC 26) were exposed to ultraviolet (UV) irradiation from Hanovia portable 
UV lamp 4716 (mean emission 254 nm), 24 cm from the suspension. Samples were taken every 
minute, diluted, plated on the CMSD and incubated at 37". Fifty of the conidiating colonies from 
each of the 50, 20, 10 and 5% survival levels were purified and incubated at 30" and then tested for 
temperature sensitivity at 42". The second experiment employed the mutagenic system of ALDERSEN 
and SCOTT (1970). Spore suspensions of L2 (FGSC 187) and L184 were mixed, filtered through 
sterile gauze, centrifuged and resuspended in phosphate buffer (3 g of KH2P04, 6 g of NaZHPOd in 
100 ml water), pH 7. Five minutes prior to exposure to near UV light (Philips 125 watt mercury 
black discharge lamp, UV peak 365 nm, 24 cm from the suspension) 8-methoxypsoralen (Sigma 
Chemical Company) was added to a final concentration of 0.025%. The irradiation was performed 
under yellow light in a dark room. Samples were diluted and added to cooled, molten MM + p -  
aminobenzoic acid or MM + adenine, poured over MM and incubated at 30". These different agars 
allowed the separate growth of the two genotypes from the mixed suspension. The survivors were 
velvet replicated to fresh CMSD and incubated at 42" for 2 days. Presumptive temperature-sensitive 
(ts) mutants were purified at 30". To identify those that produced euploid reversion sectors, a 
characteristic of aneuploids (KAFER and UPSHALL 1973), conidiospore suspensions were taken from 
colonies growing at 30", diluted to approximately lo3 spores ml-', 0.1 ml of which was plated on 
CMSD and incubated for 3 days at 37". The resultant platings were screened for the presence of 
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110 A. UPSHALL AND I. D. MORTIMORE 

colonies with morphologies characteristic of aneuploids in a frequency greater than 0.2% (UPSHALL 
1966; UPSHALL and KAFER 1974). 

Methods of genetic analysis: Sexual crosses were set up and analyzed by standard procedures 
(PONTECORVO et al. 1953). Heterokaryons were synthesized between complementing auxotrophic 
strains, and vegetative diploids were isolated as prototrophic colonies among the conidiospore platings 
of these heterokaryons onto MM (PONTECORVO and KAFER 1958). Mutations were allocated to 
chromosomes by haploidization analysis of diploids heterozygous for a marker mutation on every 
chromosome (haploid strain L9). Benomyl fungicide (du Pont) in CM at a concentration of 1.5 g/ml 
(HASTIE 1970) was used as the haploidizing agent. 

Although the mutants were isolated on the basis of their production of disomic phenotypes at 37 O ,  

genetic proof of aneuploidy requires the detection of a whole chromosome type segregation of 
marker mutations among the breakdown products of a heterozygous abnormal colony (KAFER 1961). 
For the hfaB3 analysis, morphologically abnormal colonies were obtained by plating spores of a 
homozygous hfaB3 diploid (heterozygous for mutations on seven chromosomes) at 37". At this 
temperature these abnormal colonies were stable, therefore, their genetic status was deduced by an 
analysis of their asexually generated daughter colonies (UPSHALL and JOHNSON 1981; ASSINDER and 
UPSHALL 1982) as follows: the abnormal colonies were propagated by needle plating (KAFER 1961), 
which involved the spreading of a small number of conidia, sampled from the abnormal growth with 
a fine glass needle, onto fresh CM. These plates were incubated at 30". Between ten and 13 euploid 
breakdown sectors were taken from these daughter colonies and their genotypes and ploidy deter- 
mined, the latter by the growth response on CM + Benomyl (UPSHALL, GIDDINCS and MORTIMORE 
1977). The daughter platings were also screened for the presence of disomic phenotypes. The 
presence of such colonies provides supportive evidence for the whole chromosome aneuploid status 
of the parental colony (KAFER 196 1; UPSHALL and JOHNSON 198 1). 

Reverse mutation frequency: Conidiospore suspensions were taken from independent 7- to 1 0-day 
old cultures of each ts mutant growing at 30". A known volume of each was spread over four 
replicate plates of CMSD and incubated at 42". Viable spore counts were obtained from the numbers 
of colonies recovered in platings of dilutions at 30". 

Microscopy: Conidia were inoculated into 10 ml of liquid YG medium (0.5% yeast extract, 2% 
glucose, 0.2% Tween 80 and 0.1% agar) contained in a 25" flask and incubated with vigorous 
shaking. Samples were fixed in an equal volume of 2% aqueous glutaraldehyde for 10 min, washed, 
resuspended in water, stained with either mithramycin or DAPI (2,4-diamino-2-phenylindole) (Sigma) 
and viewed as described in BERCEN and MORRIS (1983). 

RESULTS 

Isolation and characterization of mutant phenotypes 
One isolate, uv-146, from the 200 colonies sampled from the first experiment 

(10% survival level) was ts. From the second experiment, which screened more 
than 10,000 colonies, 93 ts mutants were isolated. Following the second selective 
screen, that of the ability of the ts mutants to produce disomic phenotypes at 
37",  uv-146 and 13 of the 93 mutants from the second experiment, nuv-486 to 
nuv-489 and nuv-543 to nuv-551, were retained for further study. The 14 
mutants could be classified into two groups. 

Group I: Propagation of nuv-486, nuv-488 and nuv-489 at 37 O yielded colonies 
with a single disomic phenotype. Two, nuv-488 and nuv-489 gave an n + VI and 
the other, nuv-486, an n + III  phenotype. These colonies were vegetatively stable 
at 37" but  become unstable to euploid growth when transferred to 30". The 
strains have been designated sod (Stabilization of disomy) and will be the subject 
of a separate paper. 

Group 2: Colonies of uv-146 grown at 37" from mass spore propagation had 
normal conidiation but a growth rate slightly slower than the parent strain. 
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ANEUPLOID-PRODUCING MUTANTS 111 

TABLE 2 

Summary of the genetic characterization of the hfa mutations 

Meiotic Mitotic Reverse mutation 

Lowest % 
recovered 
between Locus/ 

% unlinked Total mutation 
abnor- Linkage chromo- Frequency cols. designa- 

Mutant hfa- : hfa+ mals F O U P "  mmes x 10- x 10' tion 

uv-146 50 52 0.09 V1 (2/51) 35 3.8 5.87 83 

nuv-544 45 56 0.13 VI (2/42) 36 19.6 1.58 K l  

nuv-546 58 45 0 VI11 (2/49) 37 7.1 0.74 DI 
nuv-547 50 52 0.43' I (2/52) 33 7.4 1.22 E l  
nuv-548 51 53 0 I11 (0/44) 34 0 1.32 F I  
nuv-549 38 62' 0 VI (0/46) 33 5.4 1.12 GI 
nuv-550 56 47 0.12 111 (0/44) 32 0 0.60 HI 

nuv-543 72 83 0 I (4/51) 41 3.9 0.77 LI 

nuv-545 35 69* 0.11 I11 (2/50) 39 10.9 1.74 CI  

nuv-55 1 54 50 0 VI11 (7/45) 38 5.6 1.08 11 

a Numbers in parentheses are numbers of recombinants per total haploids analyzed. 
' Significantly different from 1 : 1 segregation. 
' Not aneuploid phenotypes. 

When conidia were taken from normal colonies growing at 30" and plated on 
CMSD at 37", approximately 5% of the segregants were phenotypically abnor- 
mal, some showing disomic characteristics. For nuv-487 and nuv-543 to nuv- 
551, mass spore propagation to the center of an agar plate and incubation at 
37 " gave colonies mosaic for abnormal growth, with patches of disomic pheno- 
type. Spores produced at 30" and plated at 37" generated colonies abnormal 
for a variety of phenotypes, many of which were recognizable as disomics. These 
strains have been designated hfu (high frequency of aneuploids). 

The results of a basic genetic characterization of ten of the hfu mutants are 
summarized in Table 2 which also presents the gene locus/mutation designations. 
Genetic analysis of nuv-487 was complex. Aberrant meiotic segregations were 
observed both for a nonparental compact and an extreme ts phenotype. For 
these reasons, this mutant was not investigated further. Sexual crosses between 
the remaining ten hfu mutants and the translocation-free tester strain L1 were 
set up and analyzed at 25 " . For each, the hfa and ts traits cosegregated among 
the progeny and are, therefore, the result of the same mutational event; hfa- 
and hfa+ phenotypes segregated equally except in the crosses involving nuv-545 
(hfuC1) and nuv-549 (hfuGl), both of which gave an excess of hfa+ types. The 
zero of low frequency of aneuploid phenotypes among the sexual progeny 
coupled with the results of the haploidization analyses of heterozygous diploids, 
in which mutations known to be located on separate chromosomes segregated 
independently, showed that the mutant strains were translocation free. Hetero- 
zygous hfa-/hfa+ diploids grew at 42 ", indicating recessivity of each hfu mutation. 
Allelism tests between hfu mutations assigned to the same chromosome used 
diploids synthesized from complementary auxotrophic haploid recombinants 
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TABLE 3 

Percent frequency of abnormal colonies among conidiospore progeny of haploid and 
diploid strains at dafferent temperatures 

Temperature of spore production 30" 37" 

Temperature of spore Kernination 30" 37" 30" 37" 

Hap Io i d s 
hfaB3 0.22 -C 0.06 5.94 f 0.28 1 . 1  f 0.14 5.6 f 0.43 

hfaB+ 0.16 -C 0.07 0.29 f 0.1 0.19 * 0.09 0.12 k 0.07 
(6808) (6948) (5841) (5713) 

(3048) (3070) (2575) (2501) 
Diploids 

Homozygous hfaB3 f fhfaB3 3.1 f 0.3 11.6 f 0.7 7.5 f 0.7 12.9 f 0.9 

Heterozygous hfaB3 f fhfaB+ 2.6 f 0.4 1.7 f 0.4 2.8 f 0.3 1.2 f 0.2 

Homozygous hfaB+f fhfaB+ 1.7 f 0.3 1.4 f 0.4 2.2 f 0.3 1.7 f 0.3 

Results are mean percents of abnormal colonies f SE for three replicate suspensions. Figures in 

(2651) (2385) (1633) (1317) 

(1 370) ( 1  047) (2450) (2035) 

(1929) (1601) (2006) (1 640) 

parentheses represent total numbers of colonies screened for that temperature combination. 

isolated from the haploidization analyses. Selfed hfa combinations were used as 
controls. When samples of vigorous growth at 30" were incubated at 42" all 
heterozygous combinations continued to grow, whereas selfed combinations did 
not. Thus, the hfu mutations assigned to the same chromosome are not allelic. 
The reverse mutation frequencies are also shown in Table 2. Two of the mutants, 
nuv-548 (hfuF1) and nuv-550 (hfaf l l )  gave no wild-type revertants and may, 
therefore, carry deletion mutations. 

Analysis of the hfaB3 mutation 

Production of abnormal colonies in mitosis: Mass conidiospore samples of haploid 
hfuB? and hfuB+ strains and of diploids D439 (L502//L504; hfuB?//hfuB?), D443 
(L502//L505; hfuB?//hfuB+) and D440 (L426//L505; hfuB+//hfuB+), taken from 
colonies growing at 30 " , were inoculated on the CMSD and incubated at both 
30" and 37" for 4-6 days. Spore suspensions were then taken from three 
independent colonies of each strain growing at each temperature and diluted, 
and approximately 150 spores were plated on replicate plates of CMSD. Half of 
these were randomly selected and incubated at 30", the other half at 37 " . After 
5 days the total number of colonies was counted and the percent morphologically 
abnormal determined. The data presented in Table 3 are pooled over replicate 
suspensions for each temperature combination. The similar low frequencies of 
aneuploids in the heterozygous and homozygous hfuB3 diploids when germinated 
at 37" confirms the recessive nature of the hfuB3 mutation, determined by the 
analysis using the ts trait. For the hfuB? haploids and homozygous hfuB3 diploids, 
a high frequency of abnormal segregants was observed when either the temper- 
ature of spore production or germination was 37". This temperature is, there- 
fore, responsible for the generation of abnormal colonies from normal spores 
and for the production of "abnormal" spores during growth. 
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ANEUPLOID-PRODUCING MUTANTS 113 

TABLE 4 

Percent frequency of haploid, nondisjunctional and crossover diploid segregants selected as 
spontaneous yellow-spored recombinants from homozygous hfaB3 and control diploids, grown at 

37" 

Nondis- 
junctional Crossover Total 

Hadoid didoid didoid recombinants 

D439 (hfaB3//hfaB3) 32.6 60.6 6.8 98 
D443 (hfaB3//hfaB3+) 1 .o 1 .0 98 98 
D440 (hfaB3+//hfaB3+) 2.1 1 . 1  96.8 95 

Proof of mitotic breakdown: analysis of the abnormal colonies: In spore platings 
of a homozygous hfuB3 diploid (L253//L447) at 37", 15% of the colonies were 
morphologically abnormal. Spores from 20 of these abnormals were needle 
plated to fresh CMSD at 30" and euploid breakdown sectors from the daughter 
colonies sampled. Both haploid and diploid sectors, many of which showed a 
simultaneous segregation for several unlinked genetic markers, were recovered 
from 17 of the platings. As an example, one colony yielded haploid sectors 
exhibiting segregations for linkage groups I, 11, IV, V, VI1 and VI11 and diploid 
sectors homozygous for markers on linkage groups I, I1 and IV. The original 17 
abnormal colonies were thus classified as mixed aneuploids containing both 
hyperdiploid and hyperhaploid nuclei. Of the remaining three platings, two gave 
nonparental haploid sectors and one diploid sectors. Although classified as 
hyperhaploid and hyperdiploid, respectively, the original parents may well have 
been of mixed nuclear constitutions, but on needle plating only nuclei of one 
type were sampled. These patterns of segregation coupled with the presence of 
disomic phenotypes in all of the daughter platings is convincing evidence that 
the abnormal colonies were whole chromosome aneuploids. 

Analysis of recombinant conidiospores: From within the body of green diploids 
heterozygous for the recessive mutation to yellow spore color, yA2, one can often 
recover yellow conidial heads expressing the mutant pigment. Such recombinants 
are either haploid, nondisjunctional diploid or crossover diploid, the latter usually 
the most prevalent (PONTECORVO and KAFER 1958). If the hfuB3 mutation 
disrupts mitosis at 37" an increased frequency of both haploid and nondisjunc- 
tional diploid segregants should be observed in samples from homozygous hfuB3 
diploids when compared with control strain samples. To distinguish between 
nondisjunctional and crossover diploid recombinants mutations on both arms of 
the test chromosome are required. From this situation nondisjunctional segre- 
gants are homozygous for the mutations on both arms, whereas crossover diploids 
are homozygous only for markers on the same arm as the selected mutation. 
Diploids D439 (L502//L504; hfuB3//hfaB3), D443 (L502//L505; hfuB3//hfuB+ 
and D440 L426//L505; hfuB+//hfuB+), which have two markers in coupling on 
both arms of linkage group I, were inoculated onto CMSD and incubated at 37" 
for 5 days. Visual inspection showed D439 to have a greater number of yellow 
conidial heads than the two other diploids. To avoid clones only one yellow head 
was sampled from any one colony. The results (Table 4) show a greater frequency 
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TABLE 5 

Percent frequency of aneuploid colonies among ascospore samples of homozygous hfaB3 
and control crosses 

Temperature of meiosis 30" 37" 

Temperature of germination 30" 37" 30" 37" 

C431 (hfaE3//hfaE3) 0.09 f 0.07 4.45 f 0.51 0.09 f 0.07 3.21 f 0.36 
(2113) (1 639) (2 120) (2430) 

C432 (hfaE3 X hfaE+) 0.25 * 0.11 1.80 * 0.3 0.27 f 0.09 1.82 f 0.25 
(1984) (2003) (3320) (2195) 

hfa allele ratio (+:-) 52:50 72:38 52:50 75:28 
C433 (hfaB+ X hfaE+) 0.17 f 0.10 0.13 f 0.08 0.23 f 0.16 0.12 f 0.12 

(1815) (2257) (872) (844) 

Results are mean percents of abnormal colonies * SE for replicate cleistothecia. Numbers in 
parentheses represent the total colonies scored for that temperature combination. 

of both haploid and nondisjunctional diploid segregants in the sample from D439 
when compared with the two control diploids. 

Production of aneuploids in meiosis: Crosses C43 1 (L253 X L477; hfuB3//hfuB3), 
C432 (L2 X L477; hfuB3/hfuB+) and C433 (L2 X L439; hfuB+/hfaB+) were set 
up at both 30" and 37" and ascospores from mature hybrid cleisothecia plated 
at both temperatures. The results are summarized in Table 5. In C432, the 
equal segregation of alleles of the hfuB locus in the 37-30 (temperature of meiosis- 
temperature of ascospore germination) platings when compared to the significant 
bias toward the wild-type allele in the 37-37 platings indicates a measure of 
lethality of hfuB3-bearing ascospores at germination. From the homozygous and 
heterozygous hfuB3 crosses (C43 1 and C432, respectively) inflated levels of 
aneuploids were observed only when the temperature of germination was 37 " . 
The inflation was less in the heterozygous cross than in the homozygous cross, a 
reflection of the 50% reduction in segregants carrying the hfuB3 mutation. A 
control frequency was obtained for D43 1 when the ascospores were germinated 
at 30 " irrespective of the temperature of meiosis. None of 2 1 aneuploids sampled 
from the 37-37 platings of C431 showed a segregation of markers among the 
breakdown sectors. As nondisjunction during meiosis would be expected to 
produce a proportion of heterozygous aneuploids we conclude that the aneu- 
ploids observed were generated by errors in chromosome segregation during the 
early nuclear divisions of germination at 37 " . 

Genetic locution of hfaB: Haploidization analysis allocated the hfuB locus to 
chromosome VI. As a first step in the construction of strains with suitably 
positioned markers for meiotic mapping, strain L253 was crossed with strain 
L185 at 30" and the ascospores plated at 30". A segregation of 133 hfa+:ll3 
hfa, was observed; only two of 246 progeny were recombinant (both nonmutant 
meth+ hfa+), giving 0.8-cM linkage between the methB and hfuB loci. As the ts 
mutation tsB5 (FORBES and SINHA 1966) has 0.4-cM linkage to methB (CLUTTER- 
BUCK 198 l), the relationship of hfuB3 to tsB5 was determined. Both heterokar- 
yons and diploids formed at 30" between L253 and L472 grew vigorously when 
transferred to 42 O . Ascospore samples from mature cleistothecia taken off this 
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ANEUPLOID-PRODUCING MUTANTS 115 

same heterokaryon growing at 30" were plated at 30". Alleles of all gene loci 
segregated equally among the progeny, and only one aneuploid phenotype was 
observed in 1 175 colonies scored. From approximately 16,000 ascospores incu- 
bated on CMSD at 42 ", 15 temperature-nonsensitive recombinants were re- 
covered. As double-mutant recombinants could not be detected linkage was 
calculated as 2 X 15 + 16,000% = 0.2 cM. These data suggest that the hfuB and 
tsB loci are tightly linked, adjacent to the methB locus on chromosome VI, 
although the possibility that hfuB3 and tsB5 are complementing alleles cannot be 
excluded. 

Microscopy of germinating hyphae: For each temperature, conidia of strain L2 
(hfuB+) and L253 (hfuB3) were germinated in liquid culture and sampled every 
hour and the numbers of nuclei in at least 100 hyphae were determined. 

30": Identical patterns of nuclear doubling were observed in both strains, 50% 
of the hyphae having two nuclei after 5 hr of incubation. The morphology of 
the nuclei in the hyphae of the two strains was indistinguishable. 

37": The results are summarized in Figure 1 with examples in Figure 2a, b 
and c. The data from samples taken at 1 ,  2 and 3 hr are omitted as all hyphae 
contained only one nucleus. Strain L2 showed a normal pattern of synchronous 
nuclear doubling. By contrast, in strain L253 the nuclear division took longer; 
only 25% of the hyphae were binucleate in the 5-hr sample. With increasing 
time, division became asynchronous and a wide range of nuclear constitutions 
was seen after 7 hr. Coupled with this numerical variation, nuclei within hyphae 
varied in size. Trinucleate germlings usually contained two normal-sized (by 
comparison with L2) and one large nucleus. 

44" (Figure 2d, e and f): After 7 hr all germlings of L253 contained only a 
single interphase nucleus, whereas those of L2 had between two and eight nuclei, 
some in mitosis. After prolonged incubation, hyphae of L253 contained a single 
very large intensely fluorescing nucleus. 

Determination of mitotic indices (MI): The MI measures the proportion of 
hyphae containing dividing nuclei. In a temperature shift experiment, changes 
in the MI can distinguish a mutation that blocks cell cycle progression in 
interphase from one that blocks in mitosis (ORR and ROSENBERGER 1976b; 
MORRIS 1976). If a mutation arrests the cycle in mitosis, then on shifting 
germlings from 30 " to 44" condensed mitotic figures should accumulate, result- 
ing in an increased MI. On shifting back to 30" division would be released with 
a concomitant reduction in the MI as the nuclei pass out of mitosis. On the other 
hand, if the arrest were in interphase, shifting from permissive to restrictive 
temperature would cause an accumulation of interphase nuclei and a decline in 
the MI. This would rapidly increase on shifting back to permissive temperature 
due to the release of the arrested nuclei into division. 

Spores of L2 and L253 were germinated in liquid YG at 30" for 4 hr, shifted 
to 44" for 4 hr and then shifted back to 30". Samples, taken 10, 20 and 30 min 
after the final shift and at the two other shift points, were examined for hyphae 
containing interphase nuclei or condensed mitotic figures. At least 100 hyphae 
were scored for each sample. The results are shown in Table 6 and for L253 
follow the pattern expected of an interphase mutation. 
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NUMBER OF NUCLEI 
FIGURE 1.-The percent frequency distribution of hyphae with different numbers of nuclei in 

strains L2 and L253, germinated at 37". A minimum of 100 germlings were scored for each sample. 
Note the scale difference for numbers of nuclei. 

DISCUSSION 

Mutations that generate aneuploids by disruption of mitosis are expected to 
be in genes controlling the production, assembly and function of the spindle and 
its components including the centromere and spindle pole bodies. As mitosis is 
vital, its genetic study must involve conditional lethal mutations. However, this 
type of mutation is not directly suitable for the investigation of chromosome 
segregation, a process that depends on a degree of function to enable the 
identification of mitotic breakdown. We overcame this constraint by assaying 
conditional lethal strains at the subrestrictive temperature of 37 '. We reasoned 
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~ . I ( A ~ F .  'L.-Siic-lc;ir inorphologics in wild-type hfaH' (1.2) aiid mutant hfnH3 (1.253) gc'rnilirip ;It  

37" ;ind 44". (a) 1.2. 37".  .5 hr. X'LO.50; (b) 1.259. 37".  5 hr. X:1000; (c) L253. 37". 7 hr. X3000; (d) 
L2.53. 44". 4 hr, X2050; (e) 1.253. 44'. 7 hr. X2050; (f) L2 and 1.253. 44". 12 hr, X20.50. At 37". 
mutant hyphae display abnormalities in both nuclear number and morphology. At 44". division is 
arrested in 1.253 but following prolonged incubation the size o f  the nucleus suggests continued DNA 
synthesis. 

that partial failure of a mitotic component a t  this temperature would upset only 
a proportion of nuclear divisions to allow some growth within which the normally 
disadvantaged aneuploid nuclei could be harbored. T h e  assay is not exclusive to 
mitotic mutations. A conditional lethal mutation may affect some basal metabolic 
process which can be partially restored by growth a t  37". From within this, 
aneuploidy may be selected as a result of a compensation effect of double-copy 
number. For example, in A. niduluns strains carrying the adE20 mutation show 
leaky growth on adeninedeficient medium. With continued incubation conidiat- 
ing growth emerges as faster growing sectors and some of these a re  duplicated 
for the terminal segment of chromosome I, including the udE2O mutation (NGA 
and ROPER 1968). In ou r  screen such mutations would be expected to generate 
and stabilize disomics and may account for the isolation of the mutations that we 
have designated sod. Mutations that generate a phenotype of multiple disomic 
production, on the other hand, a re  more likely to  be in gene loci involved in the 
normal chromosome segregation process. 

O u r  selection strategy yielded 1 1  strains with the required mutant phenotype. 
T h e  genetic characteriiation of ten of these was uncomplicated; the ts and hfa 
traits cosegregated as single gene mutations, which proved recessive in hetero- 
zygous diploids. Parasexual analysis showed that the hfu mutations map to  several 
chromosomes and are  nonallelic. Two  (nuv-548 and nuv-550) showed no  spon- 
taneous reversion to temperature insensitivity and may carry deletion mutations. 

When germinated for 7 h r  a t  44' hyphae of hfuB3 mutants contained only a 
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TABLE 6 

MI of strains L2 and L253 in a temperature sh$ experiment 

L253 L2 

No. of nuclei 

Treatment lntemhase Mitosis MI Intemhase Mitosis MI 

No. of nuclei 

30°, 7 hr 184 9 4.7 123 1 0.8 
30°, 7 hr; 44", 3 hr 100 3 2.9 116 3 2.5 
30", 7 hr; 44", 3 hr; 30", 10 min 114 15 11.6 104 7 6.3 
30", 7 hr; 44", 3 hr; 30°, 20 min 137 29 7.8 116 7 5.7 
30°, 7 hr; 44", 3 hr, 30", 30 min 100 19 16.0 104 6 5.4 

single interphase nucleus. Evidence in support of interphase arrest is derived 
from the results of the temperature shift experiments, in which an increase in 
MI was observed on transfer of germlings from 44" to 30". The MI of hfaB3 
cultures shifted from 30" to 44" was not significantly lower than those of either 
the original 30" cultures of the hfaB+ culture shifted from 30" to 44". The 
difference between this result and the zero MI observed when germinated at 
44" may be a reflection of a carry-over of functional product from the initial 
30 " incubation in the temperature shift experiment. 

The observations from two experiments predict that the lesion is in G2. First, 
some nuclei enter mitosis within 10 min of transfer from 44" to 30" in the 
reciprocal shift experiments (Table 6). A rapid and synchronous entry into 
mitosis was observed in strains carrying the ts nimA5 mutation, which blocks the 
cell cycle in G2, when transferred from permissive to restrictive temperature 
(OAKLEY and MORRIS 1983). The slower, less synchronous entry into mitosis of 
hfuB3 mutants might indicate that hfuB3 blocks earlier in G2 than nimA5. Second, 
the size and intensity of fluorescence of the single nucleus in hyphae germinated 
for 14 hr at 44" strongly suggests endopolypoidy and that in the absence of a 
functional hfuB product, mitosis is bypassed, the nuclei proceeding through 
rounds of amitotic cell cycles. '4 conclusion from these results is that the product 
of hfuB is required for entry into mitosis. Furthermore, however, as the spore- 
plating experiments carried out at 37" illustrate, the product of the hfuB locus 
is also required for normal mitotic chromosome segregation. Many of the 
abnormal colonies recovered in the 37" platings had morphologies similar to 
disomics or trisomics (KAFER and UPSHALL 1973). Proof of the whole chromo- 
some aneuploid status of these colonies was obtained from the marker and ploidy 
segregations in the breakdown sector analysis of the abnormals obtained from 
the homozygous hfuB3 diploid (D426), which carried a marker mutation on 
seven of the eight chromosomes. We deduce that a germination temperature of 
37 " causes disruption of the first mitosis in a proportion of spores giving rise to 
hyphae containing aneuploid nuclei and, hence, abnormal colonies. Those germ- 
lings that escape the effect of the hfuB3 mutation at the first nuclear division 
contain some normal nuclei and produce phenotypically normal colonies. The 
effect of the hfuB3 mutation on a proportion of nuclei during the growth of 
these colonies should result in the production of aneuploid conidia. These were 
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identified by the recovery of a high frequency of aneuploids among the platings 
at 30°, of spores produced at 37" (Table 4). The increased incidence of mitotic 
breakdown was also shown by the large proportion of haploid and nondisjunc- 
tional diploid segregants among the yellow-spored recombinants selected from 
the homozygous hfuB3 diploid (D439) which had mutations in coupling on both 
arms of chromosome I ,  when compared with appropriate controls (Table 5). 

The hfuB? mutation has no effect on either meiosis I or 11. Aneuploids were 
present among the segregants of homozygous hfuB? crosses undertaken at 37 O 

only when the ascospores were plated at 37 O . All aneuploids analyzed were fully 
homozygous. Aneuploid ascospores produced by chromosomal malsegregation 
in meiosis I or meiosis I1 would give rise to aneuploid colonies at 30" and some 
would be expected to be heterozygous (UPSHALL 1971; UPSHALL and KAFER 
1974). A conclusion is that those aneuploids recovered at 37 O were the outcome 
of chromosomal malsegregation at germination. It could be argued that the 
failure to recover aneuploids from the 37-30 temperature combination was a 
consequence of inviability of all aneuploid ascospores. However, as the occur- 
rence of specific aneuploids among ascospore progeny has been used as diagnostic 
for chromosomal translocations (UPSHALL and KAFER 1974), this would seem 
unlikely. 

When germinated for 7 hr at restrictive temperature the terminal phenotype 
of hfuB3 mutants is the same as that displayed by the nim mutants (MORRIS 1976) 
and some of the cell cycle mutants isolated by ORR and ROSENBERGER (1 976a). 
In a preliminary screen, some of the nim mutants, including alleles of nimA which 
blocks the cell cycle in G2 (OAKLEY and MORRIS 1983), generated aneuploids at 
a subrestrictive temperature (A. UPSHALL, unpublished observations). In addi- 
tion, ORR and ROSENBERGER (1 976a) indicate that one of their mutants produced 
conidia of different sizes and presumed these to represent different aneuploids 
when grown at subrestrictive temperature. These observations suggest that entry 
into mitosis and normal chromosome segregation is dependent on the interaction 
of the products of several gene loci. 

Recent experiments have confirmed our prediction that hfuB3 mutants are 
arrested in G2 at restrictive temperature (L. G. BERGEN, A. UPSHALL and N. R. 
MORRIS, unpublished results). However, detailed discussion as to the nature and 
mode of action of the product of the hfuB locus is premature and must await the 
outcome of experiments designed to temporally order the blocks imposed by the 
various cell cycle mutations and the elucidation of interactions at both the genetic 
and biochemical levels. 

The microscopy studies were carried out in the laboratory of N. R. MORRIS during a period of 
sabbatical leave by A. U. This aspect of the work was supported in part by National Institutes of 
Health grant GM 2922803 to N. R. MORRIS. I.  D. M. acknowledges receipt of Science and 
Engineering Research Council studentship. 
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