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ABSTRACT 

Bernice G. Shanfield McGill University 

M.Sc. Department of Genetics 

INDUCED MITOTIC RECOMBINATION IN ASPERGILLUS STRAINS 

DIFFEAING IN SENSITIVITY TO ULTRAVIOLET LIGHT 

1 
N-methyl-N -nitro-N-nitrosoguanidine (NTG) and 5-fluorodeoxy-

uridine (FUDR) have been used to induce mitotic segregation in 

germinating conidia of Aspergillus nidulans. Since a significant 

increase of visible twin spots could be detected after these 

treatments, it was concluded that reciprocal mitotic crossing-over 

had been induced. It seems like1y that these agents increase mitotic 

crossing-over by inducing damages in the DNA which can be corrected 

by a system of repair enzymes, SJffie of which are inv01ved in 

recombination. 

Two racessive UV sensitive mutants have baen isolated, but 

tasting showed that both ware a11e1es of the same gene. The effect 

of this gene on mitotic and meiotic recombination has baen studied. 

In dip10id strains homozygous for~, both the spontaneous and 

induced frequencies of mitotic crossing-over are increased. There 

was no observsd effect of this gens in meiotic crosses. The best 

interpretation of these pre1iminary results seems ta be that ~ 

possesses excess exonuc1ease activity. 
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Introduc·tion 

The mechanism of intergenic recombination in fungi has baen 

widely studied from two points of view. These include an examina tian 

of spontaneous and induced mitotic crossing-over in heterozygous 

diploid strains, and an analysis of the effect of recombination-

negative mutants on mitotic and/or meiotic crossing-over. 

Spontaneous mitotic crossing-over (which can be easily detected by 
.. 

homozygasis of a colour marker) is a rare event, but numerous physical 

and chemical agents have been shawn to increase this frequency many-

fold. In general, these agents may be subdivided into two classes: 

1. Agents which are mutagenic as well as recombinogenic (e.g. 
, 

ultraviolet light and N-methyl-N -nitro-N-nitrosoguanidine, James, 1954, 

1955; James and Lee-Whiting, 1955; Holliday, 1961, 1962, 1965b, 1967; 

Hurst and Fogel, 1964; K!fer and Chen, 1964; Wood, 1967; Wood and K!fer, 

1968; Zimmerman, Schwaier and von Laer, 1966). 

2. Agents which Holliday (19~4) labels:~~ecombinogens" because 

they increase the frequency of mitotic ero'ssing-over at concentrations 

at which they are not mutagenic (e.g. 5-fluorodeoxyuridine and ffiitomycin 

c, Esposito and Holliday, 1964; Holliday, 1964). 

In Aspergillus nidulans, two systems of paired visible markers located 
- -

on the same chromosome arm have been isolated (Wood, 1967; Wood and K!fer, 

1967) • When these markers are placed into diploid strains in repulsion 

to one another,. a mi totic cross-over event between the centromere and the 

more proximal marker produces "twin spDtS" ef mutant colour. This 

terminology was first used by Stern in Drosophila malanogaster (1936) in his 



elegant analysis of yellow body/singed. -bris tle twin spots on the 

abdomen of heterozygous flies. The ter"! "twin spot" is expanded in 

Aspergillus to describe reciproca1 paired co1our sectors in a single 

colony. These sectors are usual1y sma11 if of spontane~us origin, 

but may each represent a quarter or half of a cOlony if ocdurr.i:ng; .. düIl;ng 

the first or second mitotic division (K8fer, 1961). 

The three visible markers of these two selective systems are 

~ncorporated intoone diploid for this .study, together with severa1 

biochemical markers on the same chromosome arme This permits an 

examination of the frequency and distribution of mitotic crossing-over 

induced by different agents. Several types of twin spots can be 

visually identified, and, in addition, the mutagenic effects of 

different agents can be examined by comparing percentage survivai and 

abnormal colonies produced (Kl!fer, 1963, 196B).· Theseabnormal colonies 

are main1y mutations and deletions which have baen concurrent1y induced 

by the agent used to indu ce the recombination event (K8fer, 1968). 

UV sensitive mutants have also been used to gain insight into 

recombination mecha!1isms, since the discovery that recombination­

negative mutants are UV light sensitive (Clark and Margu1ie~, 1965), 

and uy light sensitive mutants may be recombination-negative (van de 

Putte, Zwenk and RHrsch, 1966; Howard-Flanders and Theriot, 1966; 

Ho11iday, 1967; Lani~r, Tuveson and Lennox, 1968). Thus, it has 

been suggested that the enzymes involved in the degradation and repair 

of recornbining DNA might a1so be active in the excision and repair of 

UV-induced lesions (Howard-Flanders and Boyce, 1964). As recombination-



, 

3. 

negative mutants are difficult ta isolate, the effect of UV sensitive 

mutants on recombination (conjugation or transformation in bacteria, 

van de Putte, Zwenk and Rürsch,1966; Howard",Flanders and Theriot, 1966; 

Okubo apd Romig, 1966; and mitotic or meiotic crossing-over in fungi, 

Holliday, 1967; Lanier, Tuveson and Lennox, 1968) has been examined Jn 

many micro-organisms. In addition, the sensitivity of these mutants 

to other mutagens has been tested, since the existence of a 

generalized repair mechanism, capable ofcorrecting different types 

of DNA damage, has been postulated (review, Hanawalt and Hayes, 1967). 

The types of damage produced by these agents can often be inferred 

from their cross-sensitivities. 

In the present study, two UV se.nsi tive mutants have been induced, 

and their effl?'ct on recombination has been examined on mitotic crosaing­

"' over in heterozygous diploid atrains using the, above selective system 

o! paired visible markers. Meiotic crosses have also been examined. 

Finally, the UV sensitive m~tants have been tested te determine wb ether 

or not the y were NTG sensitive. 
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literature Review 
. ': .. -

The effect of ultraviolet light on DNA: light and dark repair mechanisms 
.. 

The lethal and mutagenic effects of ultraviolet light (UV) on 

micro-organisms has long been known. These effects were presumed to be 

the result of direct action of the UV on DNA since it has baen reported 

that DNA strongly absorbsUV light. In part~cular, the absorption 

spectrum of DNA and the action spectrum of UV onmicro-organisms have 

baen observed to be similar. Wavelengths of approximately 2600 ft are 

found to be moet effective (Deering, 1962). 

Early studieson solutions of each of thefournitrngenous bases 

commonly found in,DNA gave no clue to the possible distortions produced 

by theUU· light. The first major breakthrough came with the discovery 

that in UV-irradiated frozen solutions - unlike in .1iquià'Jonee -

thymine is converted ioto a substance with a characteristic absorption 

at lowerwavelengths than the original thymine (Beukers, Ijlstra and 

Berends, 1960) • This led tothe hypothesis that 1a~, the 

arrangement of the four.nitrogenous bases within the double-stranded 

DNA helix might juxtapose near-by thymidines so that the UV light weuld 

exert its effect in the sarne manner as in frozen solutions of thymine. 

Further work by this group, including crystallographic studies and 

molecular weight determination jn vitro led to a proposed structure: 

the:,thymine dimer (Beukers and Berends, 1960). Its presence. in DNA 

weald be expected ta produce distortion of the phosphodiester backbone 

and interfere with normal hydrogen-bonding of bases (Howard-Flanders, 

196.). Since this time, other pyrimidine photoproducts of UV-irradiated 



DNA have been recognized (SE!t~ow, ,1~Q6) ..rhese include homodimers 
. . . . 

of c~tosine .and ,heterod~me~sqf thymine and cytosine. ffiore.recently. 

Varghese and Wang, (1967) have identified 'another thymine pho.toproduct 

by the use of different chromatographicprocedures than had previously 

been used. 

Numerous ~~ and jg vitro studies on pyrimidine dimers 

followed the early studies of Beukers and colleagues. Wacker (1963) 

was .the first to extract thymidine dimers from DNA of UV-irradiated 

bacteria. Setlow andco-workers obtained thymidine dimers using 

poly-T 1s vitro (Oeering, 1962). As single-stranded DNA was used, 

this experiment demonstrated the presence of intrastrand dimers. Inter-

strand dimers were recognized by ffiarmur and Grossman (1961) in 

Diplococcus pneumococci ONA. 

!n~ pyrimidine dimers produced by irradiation caused reduc~d 

biological activity of transforming DNA of Hemophilus influenzae 

(Setlow and Setlow, 1962). As well, the ability ofheat denatured 

DNA to act as a primer in a calf thymus polymerase system was sharply 

reduced after irradiation with UV light (Bollum and Setlow, 1963). 

Repair of the damage produced by UV light irradiation is now 

understood to follow one of two distinct enzymatic proc.esses: 

1. In the light, a repair system is activated whereby pyrimidine 

dimers are brolllen. This "photoreactivatwon" phenomenon was first noted 

by Kelner (1951). An enzymatic fraction capable of photoreactivating 

UV-damaged tran~forming DNA of Hemophilus influenzae in the presence 

of visible light has been isolated in e~tr~~ts' of !. ~ B (Rupert 
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Goodgal and Herriot, 1958), and 8akers yeast (Rupert, 1960). Wulff 

and Rupert (1962) have used this fractionsuccessfully la vitro te 

break pyr~midine dimers of irradiated Dr~A extractad from'f. S!l!. 

Essentially the same results were abtained by Marmur and Grossman (1961)" 

in transforming DNA of Diplococcus pneumococci and Bacillus subtilise 
. ~ ~ . .. . 

2. The mechanism of darkrepair (pyrimidine dimer excision and 

repait replication without light) has received much attention since 

1964. In a now classical experiment, Setlow and Carrier (1964) 

observed that radioactively-labelled thymidine dimers praduced in 

bacterial DNA by exposure ta UV light became acid-soluble when incubated 

in the dark. Thus, a process different fromphotoreactivation .(which 

has been shawn ta just split dimers in the DNA) must be involved 

(Setlow, Swenson and Carrier, 1963). Essentially the same results 

were obtained in f. ~ K-12 (Boyce and Howard-Flanders, 1964a). In 
, -

an equally elegant experiment, Pettitjohn and Hanawalt (1964), used density 

centrifugation ta show'that after UV irradiation, feeding bacterial cells 

the heavy thymine analogue S-bromauracil (S-BU) resulted in non-

conservative incorporation of this heavy label into the DNA. This was 

followed by a normal semi-conservative round of replication. Thus, 

early DNA synthesis following irradiation must involve IIshort single-

stranded segments distributed at random throughout the genome". 

These results implied that at least four enzymatic steps are 

invol~ed in t;he dark repair process (Holliday, 1967): 

1. Excision of pyrimidine djmers From the DNA. 

2. Degradation along a single strand at the point of excision. 



3. Re-synthesis ofdegraded segments of DNA by complementary 

base pairing with ·theopposite strand. 

40 Rejoining of the phosphodiester bond ta produce.an intact DNA 

molecule. 

The enzymatic nature. of this process has been. examined, in, vitro-_ ............ -
in extractsof ffiicrococcus.lysodeikticus. . (This 'micro-organis~'i~-

remarkably resistant ta UVlight,and is, therefore, thought tQ"havea 

highly efficient dark r,epair process - Setlow,: 1966). . These extracts 

have been used to re-activate UV-irradiated replj,cating-form DNA of 

bacteriaphage11X174 '(RfSrsch, van der Kampand Adema) 1964) 'and'­

transforming DNA of UV inactivated Hemephilus.influellzae- (Elder and 

Beers, 1965). 

other researchers have ·isolated enzymes capable- of perfà-rming a 

specificstep in the_ excision-repair mechanism .!!:l' vitro. - strauss, 

Searashi and Rabbins (1966) have identified a nuclease. specifie for·· 

excising UV induced photoproducts in DNA. An exonuclease'has besn 
,. 

1 
purified which can'degrade'double-stranded DNA at the 3 end' but stops 

before breaking the molecule into two pieces (Richardson, Lehmanand 
.. -

7. 

Kornberg, 1964). Mead (1964) obtained cond~nsation of oligonucleotides 

with polydeoxyribonucleotides with his oligodeoxyribonucleotide·transferase. 

Finally, working with T4 infected 1-. ~, Weiss and, Richardson (1967) 

haveidentified a ligase capable of catalyzingcovalent joining of two 

segments of an interrupted strand of DNA. 

Ultraviolet light sensitive-mutants 

The first mutant shawing a changed rssponse ta the lethal action 
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of UV light was a resistant derivative. of f . .E2!! B (.ealled .f • .59.!! B/R) 

isolated byWitkin (1946). The mutant was observed to be Qstable and 
-

heritable" (Witkin, 1947). 

Over a deeade later, an ultraviolet light sensitive mutant was 

isolated, again in.f. ~ B, and was labelled BS_~· (ftiil, 19~8) ~ ... 

Different UV sen~iti,!e'~~ta~t6 U!ere later reported by tAe s~me group 

(Hill and Simson, 1961; Hill. and Feiner, 1964). Ellison, feiner and 
.. 

Hill (1960) noted that UV-irradiated phage T1 were "reaetivated." to a 

mueh smaller extent tuhen plated on the mutant UV sensiti.ve str.ain than 

was observed on the normal wild-type.f. ~ .B. This phenomenon of 
. -. . 

"host. eell reaetivation" - hcr - (Sauerbiex:, 196.2) ~~s fi~st noted by 
,-.. .. 

Garen.and Zinder (1955) with SalmQnella typhimurium and phage P22. 

Originally, phage reaetivation.was interpreted to imply partial homology 

between phage and b~eterial genomes. Howe.ver, .more. t:ecent .work. on this 

tapie, partieularly the observations that UV sensitive m~tantsean.also 

be her mutants as well (Ellison et al •. , 1960)., have shawn it ta. be., --
enzymatie in nature (Sauerbier, 1961; Stahl, Crasemann, Okun, Fox,ànd 

Laird, 1961; Harm, 1963) • 

. In 1964, when the first insight into .the dark repair process was 

gained, mueh attention was focussed on these mutants in an attempt .to 

d.etermine for which enzymatic step . th~y might be mutant. Setlow.and 

Carrier (1964) found the ability of .f. ~ BS_1 ta .exeisethymidine 

dimers was sharply. redueed. The same was found for uvrA, the UV 

sensitive mutant isolated .by Boyce ,and Howard-Flanders (1964a) in 

.f. coli K~12. 
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These reaults wera followad by isolation .and detailed anal y.s i,s. of 

UV sensitive mutants in many organisms. In f • .E.2!.! they have been 

isolated and niapped bytwo groups of researehers. Bath groups have 

used f. coli K-12, sinee strain 8 (into which the, ,o.riginal mutants 'were 

induced) is self-sterile .• Howard-Flanders devised a selectiD~,mathod 

fer hcr~ mutants. He plated irradiated f. ~ K-12 on media containing 

UV-irradiated phage T1• Any bacteria capable of growingmust be either 

hcr- or phageresistant •. Indeed, 14 of the 26 bacteria forming 

colonies on this medium' were found ta be UV sensitive (Howard-Flanders 

and Theriot, 1962). A 'detailed analysis, ,of 23 mutants followed .. 

Conjugation and transduction mapping showed,that all mutants fell,into 

one of three positions on the map- labelled~".§ and.f (Howard-

Flanders" Boyce, Simson and Theriot, 1962; Howard-Flanders', ~oyce and 

Theriot,·1966). Similar conclusions have baen reached by van de Putte 

and co-workers. Their UV sensitive mutants (called ~1-dar6 '- ~k 

repair mutants) have been isolated by a nan-selective technique.' 

Their six mutants fall into the same three discrete map position~ found 

by Howard-Flanders and colleague5 (van de Putte, van Sluis, van Dillewijn, 
" 

and R6rsch, 1965;ffiattern, van Winden and R6rsch, 1965). 

ln fungi, the best analyzed system is the one studied by·Holliday 

inUstilago maydis(Holliday, 1965, 1967). Three differentmutants have 

besn isolated, and called uvs-1, ~ and .uvs-3. All are recessive 

when in the heterozygous statein diploids, 'and all are strongly photo­

reactivable.The mutants ar,e distinguishable by their survival ability 

te x-rays: '~ is x-ray resistant; the other two mutants are x-ray 

sensitive, but ~ is more sensitive than uvs-1. 
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UV sensitive mutants have a1so been isolated in numerous other 

micro~organisms .• In.' bacteria these include 8acil!us ,subtilis (mahler, 
, '. . -

1965; Reitter. and Strauss, 1965; Okuba and Remig, 1965); micro coccus 

lysodeikticus (feiner, 1967); Pseudomonas aeruginesa (Hello~~y, '19(6); 

Hemophilus influenzae (Setl~w, 'B~~~~, 86iing~'matti~gly and Gordon, 
- . . 

1968); and Salmonella tvphimurium (Wing, Levi~e and Smith, 1968). In 

fungi, Jansen has isolated a UV sensitive mutant in Aspergillus nidulans 
• w •••••• 

(Dorn, 1967). In the same organism, Lanier and Tuveson (1965) have 

reported a nitrous acid sensitive mutant that is also UV sensi·tive. 

In Aspergillus .rugulosus, four UV sensitive mutants have baen .identified 

(Lennox and Tuveson, 1967) of which at least one has baen shownto 

behave lik~ a single gens. They also noted that the colou~ of the 

strain ,influenced the expression ofsensitivity to UV light. Chang and 

Tuveson (1967) .have isola~ed UV· sensitive mutaAts in Neurospora crassa., 
... - .. - ... - . - . - - -

One of them segregates in crosses as a single gene; another is considerably 

more complicated. Similar. results have been obtained in. SchizDsaccharomyces 

pombe (Haefner and Howry, 1967). Of four mutants isolat~d, two behave. 

as single genes, while two others appear more complicated and await 

further s tudy. In Saccharomyces cerevissiae, UV sensitive mutants have 

also been isolated (Snow, 1967; Nakai and m~tsumoto, 1967). All of 

Snow's six mutants are recessive, and al! .cembinations complement in 

diploids. Nakai and matsumoto obtained three, recessive mutants, two of 

which are highly UV-sensitive. A third mutant is only slightly UV 

sensitive but highly x-ray sensitive. 

Thus, in all thewell analyzed bacterial and fungal. systems, at 

least three different loci for UV sensitivi~y existe All the bacterial 
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UV sensitive mutants behave as single recessive genes~ Howev~r, in 

fungi, ~ome are more complex and are thought,to be cytoplasmically 

inherited. Mutants can fu:;:ther ba characterized and often distinguished 

from one another by the~r ability to repairx-r,â.y damag~, UV-d~aged 

phage, or by their' abi~ity te excise thymidi~e dimers. !his type of 

çlassification can suggest for which step(s) the s~rain m~ght; be 

mutant. 

Recombination deficient mutants 

Insight into the physical mechanism gf phage recombination was 

first gained from crosses between density-labelled À bacteriophage 
• , ,1: 

(meselso:;n and Weigle, 1961; Kellenberger, Zichichi and~eigle" 1961). 

80th have demonstrated that parental ONA can be present among recombinant 
, , 

phage progeny, and thus that breakage of parental ONA was inv131ved in, 
. , . . '. '." ~ ~ .;. . 

the recombination pro cess. A more detailed examination of the same 

system followed (Meselso;n, 1964). Analysis of the distribution of 
, .. ' 

isotopic label arnong recombinant phage showed thatgenetic recombination 
, .' 

must have occurred by breakage and rejoining of the double-~trandè~, 

phage ONA. Asusll, the appearance of light shoulders Qn ~ully and 

three-quarter labelled recombinants implied that a small amount of the 

ONA (of the order of 5-10%) is degraded and re-synthesiz,ed, duringthe 

course of recombination. 

Thus it has been suggested that enzymes involved in degrad~tion and 
" 

repair of r~cDmb1ming ONA mmg~t be the sarne as those involved in excision 

and repair of UV induced lesions (Howard-Flanders and Boyce, 1964). 

This has baen strongly supported by the discovery in~. ~ K-12 of 

.... -, 
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recombination deficient mutants (rec-) that are also UV s·ensitive, 

(Clark and ffiargulies, 1965). Reversion studies implied a single .. gene 

was responsible for reduced recombinatian ability and UV sensitivitye 

One of these mutants has been analyzed in detail and it was observed to 

degrade its" DNA excessively (Clark, Chamberlin, Boyce and Howard-Flanders, 
. -

1965), and has therefore been called "wreckless". A different rec-
- -

mutant (Ilcautious"> shows less than normal degradation of its DNA 

(Howard-Flanders, Theri~:~ and Stedeford, 1966). Van de Putte et al. -_. 
(van de· Putte, Zwe~k and R6rsch, 1966; van de"" Putte and R6rsch, -1966) 

obtained recombination mutants in,g • .5.2ll CR34 by isolating x-ray and 

UV sensitive mutants. Of seven such mutants, four were classedas 

recombination deficient by their reduced ability to conjugate with 

suitable strains. The position of the mutant on the E. coli map was --
determined by checking for the appearance of stable recombinants in a 

cross of Hfr rec+ x F- rec-. These stable recombinants could not appear 
+ . 

until the allelic rec marker of the doner strain has entered the recipient. 

Howard-Flanders and Theriot (1966) have isolated five x-ray 

sensi tive . mutant s in ,g • .ES!!! K-12 that appear ta be able ta accept 

genetic mate rial from a suitable donor strain, but are unable ta 

incorporate it into the recipient chromosome. The mutants were also 

found to be 13.ensitive ta UV light. 

Working with his three UV sensitive mutants in Ustilago maXdis, 

Holliday (1967) has examined their" influence on spontaneous and UV-

induced mitotic and meiotic recombination in diploids either heterozygous 

or homozygous·for each of those mutants. Uvs-1, an x-ray sensitive -



mutant, is not recombination deficient: on the contrary its effect, 

when present in a homozygous condition'in diploids, is to increase 

spontaneous and UV-induced mitotic segregation. This is thoughtto 

arise as a rssult of excessive exonucleaseactivity following.pyrimidine 

dimer excision. However, uvs-2 is recombination deficient since it . -
completely blocks meiosis and decreases the frequency of mitotic crossing-

over. Holliday suggests that such results mightbe expected from a 

mutant unable to accomplish the final rejoining of the phosphodiester 

backbone. finally, uvs-3, appears to have little influence on -
recambination. 5ince it is not x-ray sensitive, it may be defitlieRt 

in its ability ta excise pyrimidine dimers which are not produced .by 

x-irradiation. 

ln AsperQillus nidulans, a nitrous acid sensitive mut.ant (which is 
. ." . . . - - ~ .' ." .. - . . ... . .. 

also UV sensitive) has been found which rssultsin· an aborted. meiosis 

when this gene is present in a homozygous condition (Lanier, Tuveson and 

Lennox,. 1968). However, a UV sensitive ·gene .in Aspergillus rUQulosus. 

appears to have no effect on recombination (Tuveson and Lennox,.1968). 

These types of analyses have therefore supported the hypothesis 

that recombination involves breakage and rejoining of the ONA by one or 

more of the enzymes involved in the repair of UV-damaged ONA· 

(a) Somatic segrsQation and 
. . - . - ~ . 

(b) lnduced mi totic. crossinQ-over . 
. '. ~ - - . '. . ~ . - . .' . . 

(a) spontaneous segregation in most organisms was firstthought 

to be restricted to germ cells undergoing a meiotic division. The first 

instance of somatic or mitotic crossing-over was ·the ,::elegant demonstration 



in Drosophila melanogaeter: of yellow,body/singèd bristletwin spots et 

low . freq~~~ciae in" h~t~r~~ygous flies of ·gencitypei:!::. (Stern, 1936). 
. ,+~n . 

,.... .." 
The sarne process 'was o"bserved in Aspergillus nidulanssoon after 

the discovery that heterozygousdiploid'~t~~n~'~ay 'b~ 'p~~du~ed by the 

rare event of fusion of twogenotypically different haploid nuc~ei in 

a' heterocaryotic mycelium~(Roper, 1952, Pontecorvo and 'Roper', 1953)_ 

These diploids May be easi1y selectad by" their vigorous,' growth; on ::. 

minimal 'media on which. neither haploid strainalone could survive. 

Analysis showed that these diploide are :stable, but do gi'verise to 

rare mitotic segregants of several types (Pontecorvo .!Ü:.!1-, 1953,;- . 
-. ," -

Pontecorvo, TarI.' Gloor and forbas, 1~54) •. The process'producingthe 

majority of diploid segregants is mitotic crossing-over of the type 

described .by Starn for .Drosophila melanogaster. . This results in a 

diploid segregant which' i~ h~~~~yg~~~' f~~' t~ ~ mark~rs on one (or more) 

chromosome armes). All markers'on other chromosome.arms rem~in . . 

14. 

heterozygous !Pontecorvo !llJ!!-, 1953; Pontecorvo, .Tarr .G1Dor, land .Fœrbes, 
. , 

1954; Pontecorvo and K!fer, 1958)_ mitotic crossing-overis understood 
. 

to teke place at the four-strand stage, followed by normal segregation of 

the cantromeres. Products of the type of segregation in which both 

reciprocal cross-over strands go ta the sarne nucleus have been j.solated 

and identifiedreeulting both from inter-allelic and inter-genic mitotic 

crossing-over (Roper,and.P.ritchard, 1955; K!fer, 1961). K!fer (1961) 

has also identified two twin spots. These are formed as a result of 

the second type of centromere segregation in which reciprocal cross-over 

strands go to different nuclei. Wood and K!fer (1967) have nom worked 
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out two systems of paired visible markers located on the same chromosome 

arm. When placed in repulsion to oneanother, mitotic crossing-over 

produces twin spots which are easily visually identified. 

Diploids, also spontaneously, give rise to a variety of segregants 

(haploids, aneuploids, and non-disjunctionaldiploids) resulting from 

a secondprocess - chromosoma1 segregation (K!fer, 1961). Since 

coincidence with mitotic crossing-over is rare, hap10id segregants 

show free recombination between markers, on the eight different 

chromosomes, and complete linkage for markers located on the same 

chromosome. They have thus been used te locate new markers and to 

establish the eight iinkage g:roups (K!fer, 1958). 

(b) As spont!!rleous mitotic arossing-over occurs with low frequency, 

methods of increasing this frequency wauld,be usefu1, if these segregants 

are ta be used for genetic ana1ysis. Many phyeica1 and chemica1 agents 

have been found ta increase this frequency many-fold. 

In fungi, u1t~avie1et light has been used successfully. In 

,Saccharomyces cerevissiae, both inter- and intragenic recombinat1on 

frequencies increase with treatment with UV light (James, 1954; 1955; 

James and Lee-Whiting, 1955; Roman and Jacob, 1958; Sherman and Raman, 

1963; Hurst and Fogel, 1964). The same has been obs.erved in Ustilago 

maydis (Ho1liday, 1961; 1962; 1965b; 1966; 1967) and in germinating 

conidia of Aspergillus nidulans (K!fer and Chen, 1964; Jansen, 1966; 

Wood, 1967). 

Hol1iday has observed that certain chem~tal agents are useful for 

increasing mitotic crossing-over without increasing mutation rates, and 
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proposed that such chemicals be called recombinogens (Holliday, 1964). 

These agents would be very useful for studying induced mitotic crossing-

over as there would be a minimum of mutation-prôduced homozygasis in 

the heterozygous diploid. Bath 5-fluorodeoxyuridine (FUDR) and 

Mitomycin C (Mt) areclassed as recambinogens because they:increasa the 

frequency of mi totic segregation in heterozygous diploids·. of Ustilago maydis 

without increasing the mutation frequency in haploidstrains treated 

under the same conditions (Holliday, 1964; Esposit.o and HOlliday, 1964). 

FUDR is thought to exert its effect via thymidylate starvation of 

cells. Its phosphorylated derivative, 5-fluorodeaxyu~~ts inhibits the 

en~yme thymidylate synthetase (Cohen, Flaks, Barner, Loeb and Lichtenstein, 
'. . 

1958) which converts deoxyuridylate to thymidylate in extracts of normal 

and phage-infected .f • .E2ll (Flaks and Cohen, 1959). Cells of Vicia faba ..... ;,;;,;;;;;--
roots forGed to synthesize DNA in the presence of FUDR show lesions at 

anaphas!,!. These disappear if thymidine is supplied at least an hour 

before anaphase (Taylor, Haut and Tung, 1961). Beccari, Modigliani and 

Morpurgo (1967) have increased the fr~quency of intergenic, but not intra­

genic, crossing-over wi th bath FUDR and fluorocu.-:racil (FU) using hetero-

zygous and heteroallelic diploids of Aspergillus nidulans. Gallant and 

Spottswood (1965) found FUDR stimulated recombination between chromosome 

and episome in.f. ~. 

Mitomycin C also inhibits DNA synthesis in ~. ~ (Shiba, Tirawaki, 

Taguchi, and Kawamata, 1959) and is thought to act by cross-lin king DNA 
'. 

strands (Szybalski and Iyer, 1964; Matsumoto and Lark, 1964; Shaw and 

Cohen, 1965). However, in bacteria, MC has been observed to be mutagenic 

as weIl as recombinogenic (Iijima and Hagiwara, 1960). 



Increased frequenpy ,o,f mitotic crossing-over has also baen 

observed with nitrous acid treatment (NA) in Saccharomyces cerevissiae 

(Zimmarman, SchlUaier and von Laer, 1966) under cond.itio~s· whare itis', 
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mutagenic as well (Zimmerman.!!! ~., 1966; Siddiqi, 1962). Alkylating 

agents hav~ also proved to be effective in Aspergillus nidulans,(Fratello, 
, , 

Morpurgo and Sermonti, 1960; Morpurga, 1963) and i~ Saccharomyces 
, , 

cerevissiae (Zimmerman ~~., 1966; Zimmerman and Laer, 1967). 

Finally, x-rays have al sa been abserved to slightly increase the frequency 

of mitotic crossing-over in Aspergillus nidulans (Morpur'go, 1962). 

However, aberrations and lethals are induced much more ,frequently (Tector 

and K!fer, 1962; Klifer, 1963), and the effect on recombination ia 

therefore difficult ta measure. 

It would therefore appear that two types of agents are c~pable of 

inducing mitotic crossing-over: 

1. Thase'agents which are powerful mutagens (~~g. UV, NTG, NA). 

Presumably, these agents act via the,induction of errors in the ONA, 

which are repaired by an enzymatic repair,mechanism. As sorne of these 

enzymes are involved in recombination as well, crossing-over is induced 

at high frequencies. 

2. Those agents which inhibit DNA synthesis, but are not strongly 

mutagenic (e.g. FUDR, mc). Perhaps these agents act by increasing the 

chance of occurrence of spontaneous events (Putrament, 1967). 

Cross-sensitivity of UV sensitive mutants ta various chemical damages: 

A generalized repair machanism 

Many researchers have ilypothesized a generalized repair mechanism 
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as an efficient 'method, of correctingdamage te DNA (Hanawalt and Hayes, 

1967).' Analysis has' showncrass-sensitivity of. sp~c~fiç:. UV. ~eJ:ls;j.~ive. 

mutants to numerausphysical and chemical agents. . This, has bothlent 

support· to a generalized repair mechanism and given insignt inta the 

nature of the·enzymatic steps involved. 

Cross-sensitivity of UV sensitive mutants to x-rays tt~~ !J!3~~.noted 

in. many. o;J:'ganisms (e.g·. Hill" 1958 in ~. ~. BS_1i Howard-flande.rs.2J: 

~ • .,1966in ! . .E9l! K-12, ~, . .§ and~; van de .Putt~,. Zwenk and, R6rsc~, 
. " 

1966 in J; • ..52!! K-12' rec-; . Halliday, 1964 in Ustilago maYdisuys-(and 'yys-2; 
, ; - ..... S' 

Nakai and ·ffiatsumato, 1967 in Saccharomyces cerevissiae . .wL:) ~. HQwElvar, 

UV sensitive mutant's have alsa been found ·which are x-ray. resistant 

(Holliday, 1967jNakai andffiatsumoto, 1967; Snow, 1967). Presumably, 

the latter mutants are unable tm.excise pyrimidine dimers, as this. step 

would not ba needed ta repair damage produced by x-irradiation. This 

idea has ·therefore been successfullyused in the isolation of recombination 

deficient.mutants, since such mutants would also,not naed an BAzyme. 

excising pyrimidine dimer. Thus a mutant which is ·both. x-ray.2!!9.UV 

sensitive has a graater chance of being recombination deficient than ane 

wh-ich isUV·àenaitive alone (Howard-flandera and Theriot, 1966; van de 
-

putte, 'Zwenk and R6rsch,· 1966; Holliday, 1·967). 

The mutant B l' isolated by Hill has been· found sensitiveto ,various 
s-

alkylating agents· (Haynes, P,atrick and Baptist, 1964; .. Lawley.and Brookes, 

1.965.;.'Kohn", S,taigbige.l .and SP.ea,r,s." 1965; Bri,dges a~.d ffiu~s~n:,1~66; 

Papirmeistar ,and Davj.9son,.19~,4). In general, it has been shown that 

the crGss-links producad by, these ·alkylating ,agents disappearwith. 
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incubation in the l'asistant strain sf ~ • .E21! (B/R), whel'eas they will 

nat in the sensitive strain (8s _1).' Hanawalt ,and Hayes (1965) used a 
- -

heavy 5-bromour.acil pulse to detect repail' replication (by thernethod 

Df Pettijohn and Hanawalt, 1964) in wild-'type !. ~ aftel'treating 

with the alkylating~ent.nitl'mgan mustal'd. No such repair raplication 

was foundin a UV sensitive derivative. E •. coli TAU-bar. , ,- -- . 

Bridges and munso,n (1966) alsD compal'ed the action of, .methyl~methane 

sulfonate-mmS (which pl'oduees single-stranded breaks in DNA) and 

nitrogen must~rd- HNZ-0n an x-ray .l'esistant hcr- strain and on 'Bs_1 

(which is 'x-ray .and UV sensitive). The her- x-ray resistant strain 

was mms resistant andHN 2 sensitive; BS_1 was sensitive to. bQth agents. 

Essentially the same data wereobtained withuvr- and mms- strains of 

Bacillus subtilis (Reitter and strauss, 1.965;. Searashi and strauss" 1965). 

Bayce .and. Howard-Flandel's (1964b) have foundall thl'ee UV. 

sensitive mutants were also sensitive ta the antibiotic mitomycin c(me) 

which also cross-links DNA. A MC. sensi tive mutan.t that ia also. UV . 

sensitive has been isolated in Bacillussubtilis(Okuboand Rom~g~ 1966). 
',' . ,. - . 

However, Otsuji (1968) has isclated a mitomycin C sensitive. mutant .of 

~. ~ K-12which is notUV sensitive. 

Chang and Tuveson (1967) found tha'!; their_ tWQ UV sensitive mutants 
l ' 

in Neurospora crassawere both nitrous. acid. sensitive as well. However, 
1 

only one mutant was sensitive to N-methy*-N -nitro-N-nitros,oguanidine 

(NTG) • R.epait' replication ,following NTG damagewas. recegnized by 

density labelling in.!_ ..E2!! B, but not in.f. ~ .Bs_1.(cerd~-olm8d.a 

and Hanawalt,. 1967). In yeast, Snow (1967) found. four of his six UV 
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sensitive mutants were alsD nitro us acid·,sensitive to different degrees. 

However, he did not find a parallel ranking of UV and nitrous acid 

sensitivity. finally, Lanier and TuvasQn (1965) hava isolated a 
.. . . ..~ .... 

nitrous acid.l:sens.itive mutant in Aspergillus nidulans (NAS-1) which is 

also UV sensitive and recombinatio~' ~~gati.~~ (l.m;i~~ '.!!i .2!'.'. "1968)'. 

The existence of a highly effici,ent generaliz~d ,r~pair mechanism 

has thus been supportad by isolating strains mutant for s.ensi~ivity to 

one agent and testing them for sensitivity to other agents which are 
, . . . ' 

thought to have s;milareffects on th~ DNA. Inter-relating the 
! .; .• 

ability of a specifie mutant to repair damage induced by different 
• 0' • • •••• • • 

agents can give information on the kind of damage induced and t~e 

enz~mes needed to repair it. 



Materials and methods 

strains 

All strains used were descendents of the same wild-type haploid 

strain used by Pontecorvo and c.o-workers in Glasgow (Pontecorvo, 

Roper, Hemmons, MacDonald and Bufton, 1953). Table l lists the 

haploid strains taken From montreal stock, and gives their origin and 

stock number.Care wastaken ta use only translocation-free strains 

(K!fer, 1965). Figure 1 gives the pedigree explaining the origin.of 

the new UV sensitive mutants and the crosses performed with these. 

The genotypes of the diploids used in these experiments are given in 

Figu~e 2 •. 

media 

standarq Aspergillus media ui~re used (Pontecorvo ~ al., 1953, 
: ~ ',. 

modified by K!fer, 1958; details published in Barratt et al., 1965). 
. --

minimal media (mm) were supplemented with the appropriate solutions 

of single growth factors for the testingof biochemical markers. 

21. 

Resistance to acriflavin was identified on complete media (cm) supplemented 

with stock solution of acriflavin (Roper and K!fer, 1957). To identify 

alkaline phosphatase mutants, KH2P04 was omitted From the mm, DL~­

glycerophosphate was added at a concentration of 12 gm./l. and the pH 

was adjusted to 8.2 (p.rglycerophosphate media, ~GP; Dorn, 1965). 

Acetate mutants were identified on mm in which dextrose was replaced 

with sodium acetate (8 gm./l.) and the pH was adjusted to pH 6.1 

(Acetate m~dia, AM; Apiron, 1965). 

In replication experiments using velvet pads, sodium desoxycholate 

was added to the media at a concentration of 0.8 gm./l. as a growth 
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TABLE 1: Genotypes and origin of stock strains used for crosses 

montreal 
stock number 

1265 

Genotype* 

ribo y 

• 

Origin 

C 630 (figure 1, Barratt, Johnson 
, and Ogata, 1965) 

1231 pabaj w2 

1314 suad20 lu lys88 paba y ad20; s3; cha 

C 639 (figure 1, Barratt.!!!:..2!., 1965) 

C 842"" 

1344 ribo ad20 bij Acrj fw2 C 795" 

1449 ad20 bi; Acr; fw2 C 795" 

1426 ad20j Acrj fw2 palB7 C 814" 

suad20 paba y ad20 bij w2j ni21 facB101 ribo2 cha 
.!, 

C 908' 1427 

1428 suad20 paba y ad20j fw2 ribo2j cha C 816" 

1409 ribo ad20j Acr w2; ni21 palB7 C 815" 

* Unless otherwise stated, mutant isolation number is 1. map position and explanat10n of markers 
is given in Dorn (1967) with the fol1owing exceptions: 

lys88 - alle1e of lys51 (pees, unpublished) 
fw2 - a11e1e of fw1 (C1utterbuck, unpub1ished) 
ni21 - a11ele of ni50 (Dorn, persona1 communbation) 

" These crosses have been done by S. Wood, and are unpublished. All can be traced back through a 
few crosses, UV induced and spontaneous mutants of stock strains to published datao 

1\) 
1\) 

• 



Figure 1: pedigree explainwng the Drigin of new UV 
sensitive mutants and the subsequent crosses 
performed in these expeËtments. 
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pabal.3 x l'ibo, YI uva1 ritil YI 

C 925 
pabal uva1 x 

C 927 
pabal uva2 x 

C 9" 
auBd20 lu lyaBB paba. Y ad201 a 31 cha x 0' ft 

C 913 
Bd20 bl,' Acr; f.2 x Il , 
'Jva 1, Bd20 bl, Acr, .fw2 

ulla1, ~uBd20 paba Y ad201 a31 cha 

'\ 

.. 

Il 

C 916' 
ulla2 x pBbBI.3 

C 926 

. \ 

x PBba' ulla1 
C 92B 

x pabal uva2 
C 912 

x aUBd20 lu lyaBB pabB Y ad201 
C_ 914 

x Bd20 bl, Acr, fw2 , 
ulla2, Bd20 bl, Acrl 1'.2 

_ - _ .lIutant iBBlatad after, tralltment .!th UV 

------+, raca.b1nant iBalatBd froll craaa 

.. Standard cra .... , eanatt,. Ollata and Jahnaan, 1905 

a31 cha 

N 
tN .. 



Figure-2: Genotypes sf diploid strains 
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retardant (Mackintosh and Pritch~rd, 1963). Parafluorophenylalanine 

(pfp) mas added ta completed media at a c~ncentration of 0.07 g~l. t~ 

induce haploidisation of diploids (Lhoas, 1961, 1967; Morpurgo, 1961; 

McCully ~nd fàrbes, 1965). 

Techniques 

Crasses 

. Mixed inocula crosseswere carried out as described by Pontecorvo 

!1~. (1953). "Perit~ecium" analysis was used in all cases (Hemmons 

Diploids 

A heterocaryotic mycelium was obtained by incubating conidia of two 

different haploid strains toget~r in liquid complete media. Spont-

aneously occurring diploid sectors were selected by transferring small 

pieces of this mycelium onto minimal media (supplemented when necess~ry 

for markers present in a homozygous condition) :Roper, 1952; Pontecorvo 

and Roper, 1953). 

Location of naw uvs mutants into linkage groups 

Diploids were syrithesized as above between mutant strain, and a 

tester strainwhich had markers on all elght linkage groups. Haploid 

segregants were isola;ed on complete media supplemented with para-

fluorophenylalanine, and were tested for recombination between the new 

mutant and the markers located in the different linkage groups. Absence 

of recombination between the mutant and the marker of a specifie linkage 

group, and free recombination between the new mutant and markers on all 

seven other groups was ta ken as evidence that the mutant was located on 

that chromosome (Kafer, 1958). 



Ultraviolet light irradiation 

(a) Survival curves 

In these' and most of the following experiments, conidia were 

treated in suspension in saline with Tween 80 added, unless otherwise 

stated. These suspensions were prepared at concentrations of 3 x 10 5 

conidia/ml. from streaks which were three days old (two days of 

incubation at 37° C, followed by one day at room temperature). This 

26. 

was consistently followed to obtain conidia with minimum differences in 

age and physiological condition (mishra and Nandi, 1962). 

Irradiations were carried out in a clmsed, windowless room with 

constant Dverheadillumination. A General Electric 15 watt bulb, 

emitting 9~ of its radiant energy in the region of 2537 ft, was used 

at a distance of 50 cm. After equilibration time was allowed,· the 

intensity of the UV light at the point of irradiation was 16 'ergs/mm~/sec, 

as raad on a Blakray UV intensity meter. . , 

Ten ml. samples of the original suspension were irradiated for 

different time inter.vals in glass pet~ie .disnes. A control was similarly 

treated, excep t the irradiation s tep was omit ted. 0 ne hour of rep air 

was allowed under the lighting conditiDns described above. Dilutions 

were performed in saline, and the appropriate \ualumes were pipetted 

into warm complete media (40
0 

C) which was then poured into petrie dishes • 
.. 

After incubation for 1-1/2 ta 2 days at 37
0 

C, total counts were made for 

sach set of plates. The percentage survival of the experimental series 

was calculated using the value from the set of control plates as a base 

line. 
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(b), Induction and:,identification of uvs mutants 

For the isolation of mutants, collilnies were used From UV treatments 

giving lessthan 10% survival(irradiation of 5 or more minutes)~ 

Master plates' were'prepared by'transferring up to 26 of these colonies 

onto minimal media contaifling desoxycholate and supplements satisfying 

aIl the requirements of t fa strain used.Aftertwo deys of inciJbatiEln 

, at 37
0 

C ,the plateswere ~left at rODm temperature ta conidiate. Each 

plate was then replicated anto two plates of the S8me media as described 

above, usingsterile damp velvet (Lederberg and'Lederberg,1952). This 

was repeated far each mas ter plàte,using a fresh piace of velvet, so 

that two pairs of plates were obtained, and could I;le used as experi-

mental plates each with its own control. Four, to six hours incubation 

was allowed before irradiation to increase the differential bet'ween wild­

type and mutant colonies (Jansen, 1967).' One of the tw6 experimental . 

plates was irradiated for ane minute, the ot~er for three minutes as 

described abave. The two control plates weretreated identicallyexcept 

the irradiation step was omitted. After sixtesn hours of further 

incubation at 37D C, the two experimental plates were comparedto tneir 

own contraIs. Any colony showing reduced growth onboth experimental 

plates, or ~istinct reduced growth after three minutes of irradiation, 

was rechecked by repeating the same replicatioritechnique. Such 

colonies were found with a frequency Gf about 1%. If redu6~d growth 

after irradiation w'as consistent, the possible mutant colony was tested.; 

for reducedsurvival after irradiation in suspension as previously 

described (Haefner and Howry, 1967; Nakaland Matsumoto, 1967; Lanier, 

Tuveson and Lennox, 1968). 



, 
Treatment of haploid conidia withN-meth)Ü.-N -nitro-N-nitrosoguanidine 

.' ~ .. . . ~ ~:.. -' . 

(NTG) 

Samples of conidial suspensions ·were.added ta tris-maleic buffer 

( .• 05 M, pH ,.~; Clutterbuck and Sinh~, 196~) containing 0.5 m~NTG 

·28. 

(final concentration of NTG wasO.05 mg/ml.)~ At specifi~ time ~ntervals, 

a hundred-fold dilution was carried out .into .phospha.t~ buffer (0.1 M, 

pH 7.0; Chan~ and Tuveson, 1967) •. This was followed by plating, . .. ., 

incubation and survival counts of experimental and control sa.mp~es· of. 

coni.dia. 

Treatment of germinating diploid conidie with NTG 

Germinating . conidia were obtained by incubating qui es cent co'nidia 

for a period of 4 ta 4-1/2 hours in liquid minimal media (supplemented 
.. . a 

when necessary for markers present in a homozygous condition) at 37 C 

on a shaker. NTG was dissolved in a t~is-maleic buffer~ and conidiaï 

suspensions were added, togive a final concentI'a~ion of NTG ·of 0.5 mg./ml. 

(When the hamozygous UV sensitive diploid was used, theNTG ~oncentration 

was lowered ta 0 .05 mg ./ml. in order ta obtain comparable. survival levels, 

as this diploid was also NTG sensitive). After approptiate treatment, 

a hundred-fold dilution into phosphate buffer was carried out, followed 

by plating, incubation, survival counts and examination of coloured 

sectors of treated and control samples. 

Treatmentof germinating conidia with 5-fluorodeoxyuridine (rUDR) 

Conidial suspensions were added to liquid minimal media (supplemented 

when necessary for homozygous markers) c~ntaining rUDR and uridine. The 

uridinewas added ta compete against any5-fluorouracil which may be 
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.' - -
whi~e that for uridine was 20 f9./m1. (Esposito and HOlliday, 1964). 

Conidia were treated throughout .germination time since TUOR probably 

exerts its <sffeetvia DNA synthesis inhibition. In addition, a lower. 

temperature was used ta increase the effective time of exposure of the 

eonidia to the FUDR, without increasingthe number of nuclear divisions. 

A shaking waterbath, holding a constant temperature of 280~,was used. 

Under theseconditions, control suspensions (containing.neither FUDR nor 

uridine) germinated after 8-10 hours, while experimental suspensions 

get:minated after 11-14 hours,! 

At the end Df this treatment, a thousand-fold dilution wascarried 

out, and followed by plating, incubation, survival counts, and examination 

Qf coloured sectors of treated and cantrol samples •. 

Recording.and analysis of coloured·sectors from control and treatèd 

diploids 

Coloured sectors originating from the centres of normal colonies in· 

control and experimental plates were purified by streaking out on 

complete media. Needle replication onto supplementedminimal media·was 

used to test for the presence of biochemical markers. Haploids'were 

eliminated by visuel identification (conidiation is denser and conidial 

headsare more regularly shaped in haploid strains) and by testing for· 

the pr.es~nce ofm.arker.s .whiqhcoul,d be de.tecte.d .intheheter.ozygous state 

(8,E:/+, andsu1ad20/+ in ad20 homozygote~Fawnand chartreuse non­

disjunctionaldiploids.could not be distinguished from diploids·produced 

by mi totic crossing-over· sinee no markers were present on the 11ft atJU!îi 



of linkage gr.oup VIII. How~ver,an estimate of the frequency of , the 

occurrence of non-disjunction could be obtained from an examination 
. .. .. . .' . 

of yellaw diplQids which could be tastad for the prassnca of the marker 

su1ad20 in the homozygous condition. 

A classification dividing sactors inta "large" ~r "small" ·was , 
." 

used (where any sectar smaller than an eighth of acolony. was ca.nsidered 

'''small tl ), as there app.eared ta be a large gap between these two.. It 

wa~ therefore felt that the majority Df large sectors had be~n chemically 

induced, while most of thesmall sectars were due to spontaneous 

events. 



Experiments . and ResUlts 

Chemical induction of mitotic crossirig-over 

The purpose of these experiments was ·two-fold. 
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Firstly, an 

attempt wasmade to induee mitotic crossing-over in heterozygous diploid 

strains of Aspergillus with various chemical agents which have been 

shownto be effective in other fungi. These frequencies of coloured 

sectors could then serve as controls against the frequencies obtained 

from homozygous UV sensitive diplàids to de termine the effect of this 

mutant on spontaneous and induced mitotic recombination • 

. To obtain these values, the fawn/chartreuse diploid (uvs+/uvs+, 

Figure 2) was used because the reciprocal products of mitotic crossing­

over - fawn/chartreuse twin spots - are visually easily identifiable. 

Also, no biochemical markers ·are located in linkage group VIII and so 

both products are equally viable, barring mutational events induced 

concurrently by the chemical used. Photographs of some of the twin 

spots and .coloured sectors obtained by chemical treatment are given in 

Figure 3. Table II gives the frequencies of fawn/chartreuse, chartreuse, 

and fawn segregants for this diploid after three minutes treatment with 

0.5 mg. NTG/ml. Corresponding values for FUDR-treated conidia (12 hours 

at 100 ~g./ml.) are given in Table III. 

In order to follow thé. distribution of cross-over events along a 

chromosome arm and to analyze the coincidence of several events, NTG and 

FUDR treatments were also performed on two diploids with more markers on 

the right arm of linkage group VIII (coupling and repulsion diploids, 

Figure 2). In addition to fawn and chartreuse, these diploids 



figure 5: Photographs of several NTG-induced twin spots in the 
fawn/chartreuse diploid •. 

Upper photograph: A whole colony fawn/chartreuse 
twin spot can be observed on the 
right side; whi1e a half-co1ony 
twin spot appears on the 1eft. 

Lower photograph: A half-co1ony twin spot can be 
seen at the bottom centre. 
fawn and chartreuse half­
colonies can be observed on 
the left and right, respectively. 
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TABLE II: Effect of NTG on mitotic.crossing-over in fawnjchartreuse diploid 

Colour of segregant Size 
Control 

fawnjchàrtreuse large --
small . 0.15 

chartreuse large 0.20 

small 0.40 

fawn large 0.15 

small 0.25 

% abnormal colonies 0.10 

Total number of colonies examined 1984 

% survival 100* 

* set at 100% 

rfequency (%) 

Éxperimental Difference 
, 
2.24 

.0.28 

4.96 

1.12 

2.10 

0.84 

13.07 

1431 

. 72.4 (average) 
71-76_(rangeL 

2.24 

il ~13 

4.76 

0.72 

1.95 

.0.59 

12.97 

., 

': 
-\1 

-8.' 

'(,,:1 
(,,:1 '. 
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TABLE III: - Effect of FUDR on mitotic crossing-over in fa.wn/chartreuse diploid 

Total- number of colonies examined 415 425 

% survival 100* 102.4 

* set at 100% 

e 

tH 
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incorporats a third visible marksr, palS7, also located in linkage 

group \III 1 • Homoz~gous pa18 sectorsare verydarkitl appèarance 
. " .. 

on complete medium and show ,reduced viability~ Therefore,thepais 

part of these twin spots are ai ways small and presumably sorne 

palS/chartreuse twin spots are producedin which onlythe chartreuse 

sector is detected. However, using these di~loids, several different 

types of twin, spots can be identifiéd; ,and, th'~s~ that are, detected 

can be futther examined for segregation of the biochemical markers 

also located in linkage ~roup VII 1. ' 'In additiori, ye,llow and white 
" .. '. , ..' , ; . 

sectors were isolated'and examined. ,Photo,graphs of a .. ,few, cases of 

twin spots induced in these dip~oids are give~in FigureZ(I.. 
, " 

Platings of control and experimental suspensions afterNTG treatment 

are shawn in Figure 5 ta show the difference in,the frequency of 

colour~d sectors between these two. 

,', , 



Figure ,,!:, Twinspots obtained fi'om coupling andrepulsion diploids. 
. . . 

. Upper teft photograph:.I\· fawn/palB~twinspot obtained 
by Œa'(jJDRt~~~tment of the coupling 
dipl~j,d. 

Upper right photograph: 

Lower photograph: 

A .E!.!!.§lchartreils.etwin spot' 
~bt~~n.ed by NTG:treatment of the'· 
couplingdiplr>id,. . .• ·.Such twin 
spots could,'alsobe observed 
from platings of treated 
conidia .. of . the repulsion diploid. 

1. . "',.' , 

A :fawn-palB/chartreusetwin 
spot obtaif.1ed by NTGtreatment 
of the repulsiondiploid. . 
Because the fawn sector also 
carries th~ marker palB,it is 
relatively inviable •. 
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Figure ..§:Compariso"of p1atingsof treatedand, untreCited 
, '" ", conidia of ooUpii~g~ndreptJ1silJn diploids. 

Upper 1eft photograph: 'Control'platingof 
. coupl.1ng diploid. 

upp~r'right photogrClPh:Expsrimeintar'pla.tl"g 
(afterNTGtr~atment) of 

" couplihg;diploid~:~':· 
, , 

Lower1eft photog:rClPh:, 'Contrgl,platingof 
, repcilsion'diploid."" 

Lower right photograph: Experimental' pl~tÜ19 ," 
(afterNTG' ~rea~ment) of ,', ' 
repulsioo diploid., ' 

·l.·.·, "":',_.": 

. ..... 
'" ~' 

-' , '.' 
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. Ta.bles IV to XI gi\le the results that were obtained from control 

and treated conidia ofboth of these diploids. The fOllowing 

conventions are used.to represent these phenotypes: 

1. Colour selected: This indicates how the colony is visually 

identified (i.e. the phenotypic appearance of the cOlony). 

2. Marker: Only mutant phenotypes are given (-). Allothers 

appeared wild-type and are either heterozygous as in the parental 

diploid, or homozygous wild-type. In the cases of suad20 and ~, 

where heterozygotes could be distinguished ·from either homozygote, 

homozygotes are reported as either (+) or(~), while the unchanged 

heterozygous parental-type is left blank. 

3. Size: Sectors are divided into "large,j and IIsmallll , where a 

small colour sector constitutes less than ·an eighth of that colony. 

4. Twin spots: Wherever paired reciprocml sectors are isolated 

together, they are reported together and brackets are placed around 

them. 

5. Single versus multiple events: Sectors placed under "single 

events" are due to a single mitotic cross-over event, whilethose. 

classed under "multiple events" are probably caused by more than one 

cross-over event. In some cases these are not distinguishable from 

non-disjunctional events. 

6. Epistasis of fawn over chartreuse: Assuming a minimum number of 

exchanges compatible with the observed phenotypes, all fawn segregants 

from coupling diploids are classified as homozygous~, which is . 

indicated as (-?). 

38~ 
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TABLE IV: COUPLING DIPLOID: Phenotypes of segregants ,analyzed from control platings of 
NTG-treated conidia. 

(a) Single events 
~ 

ft 

Colour 
selected 

Linkage 
group: 1 

Numbel' observed 
II VIII 

Large Small 

marker: suad20 ribo1 paba y; Acr w2; . fw2 ni21 ribo2 palB7 cha 

y ~ 2 1 
:..~~.; ;~;~:.~ 

w + 1 

pal 1 

cha 1 2 

(b) Multiple events 

none 

Total number of colonies examl.ned: 1198 

~ 
\0 

.;e 



-
TABLE V: 

-
COUPLING"DIPLOID: Phenotypes of segregants analyzed From experimental platings of 

NTG-treated conidia. 

(a) Single events 

• 

Colour 
selected 

Linkage 
group: l 

Number observed 
II VIII 

Large Small 

Marker: suad20 ribo1 paba y; Acr w2; fw2 ni21 ribo2 pal:B7 cha 

Y (i) 9 8 
(ii) 6 

w + - 13 3 

fw -? 16 2 

fw/pal ~ -? ~" 5 

pal (i) 5 
(ii) 4 

pal/cha (i) ~ ~ 1 -
(ii) ~ - ~ 2 

cha (i) 5 4 
(ii) 15 

+=>­
I!J 
o 
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TABLE V: (continued) 

(b) Multiple events 

Colour 
selected 

Linkage 
group:' 1 

-

Marker: suad20 ribo1 paba Yi 

Y (i) + 
(i1) -

w + 

fw + 

fw/cha ~ 

II 

Acr w2; 

+ 

Number observed 
VIn 

Large 5mall 

fw2 ni21 ribo2 palB7 cha 

1 
1 

1 

-? 1 , 1 -

Total number of colonies examined: 786 

~ 
~ 
• 
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TABLE VI: REPULSION DIPLOID; Phenotypes of segregants analyzed from control platings of 

NTG-treated conidia. 

(a) Single events 

Colour 
selected 

Linkage 
group: l Il VIII 

Marker: suad20 paba y bi; Acr w2; fw2 ni21 fac8101 ribo2 palB7 cha 

y (i) 
(ii) 

w 

fw~pal 

cha (i) 
(ii) 

(b) Multiple events 

cha (i) 
(ii) 

. - .. 
-

+ 
+ 

Number observad 

Large 

'+ 
1 

1 

Small 

1 
1 

4 

1 

1 

1 

Total number of colonies examinedt 1078 . 

~ 
'N 
• 
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TABLE VII: 

te 

REPULSION DIPLOID: Phenotypes of segregants analyzed fromexperimentalplatings of 
NTG-treated conidia. 

(a) Singleevents 

-

Colour 
selected 

Linkage 
group: I 

Number.observed 
II VIII 

Marker: suad20 paba y bi; Acr w2; fw2 ni21 facB101 ribo2 palB7 cha 

y (i) 
(ii) 

w 

fw-pal 

fw-pal/cha ~ 
pal 

pal/cha (i) ~ 
.. 

(ii) ~ 
cha (i) 

(ii) 
(iii) 

Large. 

10 
2 

B 

3 

~ 7 

1 

~. 3 

~ 1 

13 
4 

17 

5mall 

10 
4 

~ 
tH 
• 

1 

1 

2 

5 
2 
1 
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TABLE VII; (continued) 

(b) Multiple events 

Colour 
selected 

Linkage 
groups: 1 

Marker: suad20 paba y bi; 

y + 

w 

fw 

fw/cha (i) ~ 
(ii) ~. 
(iii) ~ 

e 

Il 

Acr w2; 

e 

Number observed 
VIn 

Large Small 

fw2 ni21 facB101 ribo2 palS? cha 

2 

1 

1 

~ 1 

~ 1 

<~ -- . '1 1 

Total number of coloni~s examined: 634 

.s:>­
.s:>-
• 
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ltA8LE VIn: COUPLING DIPLOID: Phenotypes of segregants analyzed from control platings of 

.. . .. FUDR-treated conidia. 

(a) Single events 

Colour Linkage Number observëid 
selected group: l II VIII 

._~_._.--.-_._---

Large Small 

Marker: suad20 rib01 paba y; Acr w2; fw2 ni21 rib02 palB? cha 

y 2 

w + 2 

fw -? 1 

cha 1 

(b) Multiple events 

none 

Total number of colonies examined: 315 

~ 
en 
• 
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TABLE IX: COUPLING DIPLOID: Phenotypes of segregants analyzed from experimental platings cf 

rUDR-treated conidia. 

(a) Single evants 

Colour Linkage 
selected group: l 

Marker: suad20 ribo1 paba Yi 

y (i) 
(ii) 

w 

fw 

fw/pal ~ 
cha (i) 

(ij.) 

(b) Multiple avents 

none 

II 

Acr w2; 

+ 

VIII 

fw2 ni21 ribo2 palS7 cha 

-? 

-? 

Number obsarvad 
- ... - ... -- .. -------- ... 
Large 

3 
1 

5 

~ 2 

3 
2 

Small 

3 
2 

2 

5 

1 
2 

Total number of colonies examined: 273 

~ 
C'I 
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TABLE X: REPULSION DIPLOID: Phenotypes of segregants analyzed from control platings of 

FUDR-treated conidia. 

(a) Single events 

Colour Linkage 
selected groups: I Il 

Marker: suad20 pabay bi; . Acr w2; 

y 

w 

fw-pal 

cha (i) 
(ii) 
(iii) 

(b) Multiple events 

none 

. ." - .- - . -

Number observed 
VIU 

Large 

.fw2 ni21 facB101 ribs2 pale? cha 

4 

~ 

2 

1 
1 
2 

Total number of colonies examined: 1550 

Small 

5 

1 

2 

1 
:3 

~ 
-.J 
• 



TABLE Xl: 

(1 
..... 

. :\ 

REPULSION DIPLOID: Phenotypes of segregants analyzed from experimental platings of 
'. . .. fUDR-treated cori:lia •. " 

~ .. ;" "; 

6) 

(a) Single events 
.. ; ;~. 

Colour 
selected 

y (i) 
(ii) 

w 

fw-pal/cha 

pal 

pal/cha 

cha (i) 
(ii) 
(iii) 

~ 

~ 

Linkage 
group: l 

ffiarker: suad20 pabay bi~ 

il. 

,: .... 

.• Il . VIII 
\ ...... 

Acr w2; fw2 ni21 fac8101 ribo2 pa187 cha 

'. 

- _ . 

. ' 

.... 

...• 

~ 

~ 

Number observed 

Large 

2 
1 

4 

5 

1 

7 
1 

11 

Small 

2 
3 

2 

1 

1 

1 
2 
1 

~ 
(Xl 

• 
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TABLE XI: (continued) 

(b) Multiple events 

Colour 
selected 

Linkage 
groups: l 

-

II 
Number observed 

VIII 
Large Small 

Marker: suad20 paba y bi; Acr w2; fw2 ni21 facS101 riba2 palS? cha 

y 

fw/cha 

cha 

f 

+ 

+ 

+ . 

1 

~ 1 

1 

Total number of colonies examined: 419 

~ 
\0 
• 
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Controls 

Large spontaneous twin spots are rarely observed. None ware found 

among the 6140 colonies examined in the control platings run concurrently 

with these experiments on non~UV sensitive diploids. ,It is estimated 

that this occurs with a frequency of about 1/10,000 for the t1ght arm 

of linkage group VIII (K!fer, personal communication). However, three 

small twin spots were·found (Table Il). All wereextremely tiny, and 

consisted of single lines of coloured conidial heads which could only 

be identified as twin spots under the dissection microscope. Also, 

all three were fawn/chartreuse twin spots. This is an expected 

result since tiny twin spots in which one of the reciprocal segregants 

carried the marker palS should be very difficult to identify. 

A comparison of the frequencies of the various coloured sectors 

in controls of NTG- and FUDR-treated conidia from coupling and 

repulsion diploids is given in Table XII. The only difference in 

experimental procedure between the two sets with different treatments 

was that the NTG controls were allowed 4-1/2 hours of germination time 

in liquid minimal media at 370 C, while the FUDR controls required 

approximately 12 hours to germinate in the same media at 28
0 

C. If 

the extension in germination time had an effect on mitatic crossing­

over, it would be expected to express itself as significant difference 

between the number of large colonies in NTG and FUDR controls. Of the 

eight values compared in this table, none show significant deviation at 

the 5% level from the tested equality of these numbers. However, in 

general, the comparisons among large sectors give probabilities closer 



TABLE XII: Comparison of frequencies of coloured sectors from 
_. controls of NTG and FUDR treated conidia of coupling 

and _ repulsion _ diploids •. 

Treatment: 

5ize: 

Colour of 
segregant 

yellow 

white 

fawn 

chartreùse 

Total number of 
colonies examined: 

NTG 

Large 

0.09 

0.04 

0.13 

2276 

FUDR 

.5mall Large 5mall 

0.22 0.16 0.16 --

0.09 0.16 0.05 

0.09 0.05 0.05 

0.22 0.21 - 0-.11 

1865 



52. 

t0 1 the'5% level than those comparisons among smaller sectors. Thus, 

a larger sample size would be preferable, but .this is unfeasable at 

this time because of the large number of colonies that would have ta 

be handled. 

The effect of NTGand FUDR on mitotic crossing-over 

The effects of these two agents on mitotic c~ossing-over in 

non-UV sensitive strains can best be observed fromTables II and III 

which give the experimental and net frequencies of coloured,sectors 

after NTG and FUDR treatment of the fawn/chartreuse diploid. In this 

diploid, both the reciprocal products of the cross-over event have an 

equal probability ta be picked up (barring lethal evente} since they 

are equally viable. From the net frequencies of large twin spots and 

coloured sectors, it is obvious that both agents caR effectively 

induce mitotic crossing-over. A significantly larger frequency of 

coloured sectors have been induced by the NTG (p < .01) but ~ 

significantly larg8r frequeRcy of·abnormal colonies have also been 

induced concurrently (P < .01). 

Double crossing-over versus non-disjunction 

Linkage group l has the colour marker ~ OR the right arm of this 

chromosome, and suad20 on the left arm and can therefore be used ta 

determine whether or not non-disjunction is occurring in these 

experiments. Table XIII gives the number of ~ colonies observedthat 
, .. .,",.... . 

were homozygous for the presente (+~ or absence (-) of suad20, and 

compares these values with the number of single events observed. 

Colonies homozygous for yellow and the presence of the suppressor could 



TABLE XIII: Coincident homozygosis for both arms of linkage 
group I among selected y/y segregants. 

Number observed F'reguency (%) 
. . . "' ,- ~ ~ - . - "'. 

marker: su1ad20 
.. 

+/+ 4 0.21 

-/- . 1 0.05 

+/- 66 3.45 

Total number of colonies examined: 1912 

53. 
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either be produced by a single non-disJunctional event or by two 

mitotic cross-over aueats, one an each side of the centromere. 

However, colonies homozygous for yellow and the absence. of the 

suppressor could only be produced by a mitotic cross-over event on 

each side of the centromare. The observed numbers in these two 

classes do not differ significantly From one another at the 5% level 

of significance (.10 < p <. .30). Although the sample size is small, 

the frequency of single events i9 so mu ch larger than either of these 

two values thatit may be concluded that non-disjunctional avents are 

not frequently induoed by the agents used here. 

Types of events induoed. by NTG and. FUDR 
1 

Table XIV gives the frequencies of single and multiple events 

induced by NTG and FU DR on the coupling and repulsion diploids 

(summarized From Tables IV to XI). Control values From both diploids 

are summed together since they do not differ significantly From one 

another. The observed frequency of single evants induoed by NTG is 

significantly higher than the frequenoy induced by FUDR (p 4. 0.01), 

while the values obtained for multiple events do not differ significantly 

From one another at the S% level of signifioance (0.1;0 <. p < 0.30). In 

addition, multiple events are even less Frequent than would be expected 

From the coinoidence of two single events. (For NTG, the probability 
. . 2 

of two independent single events together is 1.85% (0.1359 ) which ls 

greater than the observed frequenoy of 0.85%~ For FUDR, the probability 

of two independent single events oocuring together is 0.92% which is 

also graatar than the observed frequency of 0.38%). Thus, the 'results 



-
TA8LE XIV: frequencies of single and multiple events from Controls, NTG- and fUDR-treated 

conidia of coupling and repulsion diploids. 

Treatment: ~ ... (;. 

Single events 

Mul tiple events 

Total number of 
colonies observed 

Controle 

Number frequency (%) 

45 1.09 

2 0.05 

4141 

NTG fUDR 

Number frequenoy.(%) Number frequency (%) 

193 13.59 76 9.60 

12 0.85 3 0.3~ 

1420 792 

ce 

t.n 
t.n 
• 



obtained from these diploids are in agreement with those obtained 

from the fawn/chartreuse diploid since bath indicàte that NTG induces 

a higher frequency of mitotic crossing-over than FUDR. In addition, 

the data obtained from these bettarmarked coupling and rapulsion 

diploids indicata that all tha sectors produced by both agents can 

ba explained by'the induction of indepandent single evants. 

UV sensitive mutants 

Two UV sensitive mutants ware obtainad from among 1500 UV 

irradiated conidia which were' tested for marked sensitivity to UV 

light by the irradiation of velvet replicas. Mapping by me ans of 

para-fluorophenylalanine-induced haploidisation of a diploid strain 

synthasiz~d between the mutant ~ strain and a tester strain marked 

on all eight linkage groups, showed that ~'was located on linkage 

group IV. An analysis of 104 ascospores from crosses of ~ x ~ 

(Crosses 927 and 928 of figure 1) yielded no wild-type recombinants. 

56. , 

Thus uvs1 and uvs2 were assumed ta be mutants of the same gene. - - Also, 

both were determined to be recessive ganes since diploid strains which 

were heterozygous for ~ aœd ~ wera not more sensitive to UV light 
, ' 

than was the wild-type homozygous diploid. At the sama time, the 

diploid homozygous for ~ was markedly more sensitive. 

Survival curves 

UV survival curves for different times of exposure of suspensions 

of the parent strain (ribo1 z) and its UV sensitive derivatives (ribo11; 
, , ' 

~ and ribo1 z; ~) are given in figure 6. After threa minutes 
, " 2 

of irradiation at a dosage of 16 ergs/mm ./sec. at the laval of the 



Figure §: 

Figure ~: 

Survival curves of parental strain (!!.22.1l.' -.) 
and its UV sensitive derivatives (ribo1 . .l; ~ -à 
and ribo1~; uvs2 - 0) following UVJ .. rradiat.iQn 
at 16. ergs/mm?7$ec. ,,, 

Survival curves of parental strain and its 
UV sensitive derivatives following treatment' 
with 0.05 mg./ml. of NTG. (Symbols same asabove). 
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suspension, the UV sensitive strains are about thirty times more 

sensitive to the UV light than the wild-type. This dosage was used 

to identify UV sensitive ascospores in all subsequent crosses 

involving these strains. 

Figure~. gives the survival curves fDr the same strains when 

exposed to NTG. Results clearly show that both UV sensitive strains 

are also NTG sensitive to a similar degree. 

The effect D6 uvs1 on mitotic crossing-over 

'Table XV gives the frequencies of the various types of coloured 

sectors in control andNTG-treated (4 minutes of 0.05 mg./ml. of NTG) 
, . . 

conidia of the homozygous UV sensitiva diploid (Figure 2). The 

spontaneous frequencies observed in these controls are relatively high 

and are well above the values that bave been obtained from the controls 

of all the othernon-UV sensitive diploids in the previous experiments. 

In addition, a large number of sectors which do not originate From the 

centre of the colony are observed in control as well as in experimental 

platings. These are excluded from this table, but several can be 

.seen in Figures 8 and 9. Also, abnormal colonies are observed more 

frequently in these controls and experimental platings th an in those of 

experiments with non-UV sensitive diploids. 

A~ong the colour sectors, one large twin spot wes observed in the 

control plating. Therefore, it appeared as if these high frequencies 

of coloured sectors mightbe due to increased mitotic crossing-over. 

To confirm this, a larger sample was plated and examined. However, 

only a ,qualitative analysis is possible at this time. In tJhis case, 



~
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TABLE XV: Frequencies of coloured sectors in control and experimental platings of 
the homozygous UV sensitive diploid. 

Colour of segregant 5ize Control Experimental 

fawn/chartreuse Large 0.21 

5mall 0.50 

chartreuse Large 2.70 3.47 

5mall 0.42 0.50 

fawn Large 0.42 0.50 

5mall 0.62 

% abnormal colonies 2.29 37.62 

Total number of colonies analyzed 481 202 

% survival 100* 42.0 

* set at 100% 

e 

U1 
\0 
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figure S: Control platings of the homozygous UV sensitive diploid 
showing large numbers of spontaneDu~ .. colour sectors. 

e. 
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figure' 9: 
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a few additional twin spots have been found and an attempt was made 

to determine whether thenumber of observed twin spots could be 

explained by the coincidence of two independent events in the same 

part of a colony. Out of 770 in this control platin9j 8 large fawn 

sèctcirs weœe observed, ·while 30 large chartreuse sectors were found •. 

Thèrefore the probability of producing a fawn/chartreuse twin sector 

by two s~parate events is less th an 1/770. However, in this same 

experiment, 5 spontaneous cases of large fawn/chartreuse twin sectors 

were observed. Thus, it appears likely that these have been 

produced by a single event - one reciprocal exchange between the 

centromeI:e of linkage group VIII and the more proximal marker ll!!. 

The effect of uvs1 on meiotic crossing-over 
. 

Crosoes homozygous for both ~or ~ and heterozygous for 

~ and ~ wera examined together with a control c~mss (homozygous 

. wild-type) ta determine whether or not the UV sensitive genes had any 

effect on meiotic crossing-over. The results ara given in Table XVI. 

~-tests were performed to determine whether any of the observed values 

for the distance between paba and ~ differed from the expected value 

of 15 map units. None showed significant deviation at the 5% level 

of significance. In addition, the sample was fa und ta be homogeneous 

at this level of significance. 
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TABLE XVI: The effect of ~ and ~ on meiotic crossing-over. 

Cross Crosses Number of ascospores Calculated map distance between 
number* analyzed· paba and ::L ':.: .') 

924 + + 104 21.2 uvs x uvs 

925 uvs1 x uvs1 104 . 18.3 

926 uvs2 x uvs2 103 . 11.7 

927 uvs1 x uvs2 104 9.6 

928 uvs2 x uvs1 104 13.5 

* details in Figure 1. 
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Discussion 

Spontaneous and induced mitot~c crossing-aver 

Analysis of somatic segregants has been used as a major genetic 

technique in Aspergillus nidulans since the disco very by Pooper in 

1952 that rare fusions of genotypically different haploid nuclei can 

occur to produce stable diploid strains. Spontaneously, these 

diploids will give rise ta somatic. segregants which may be picked up 

as coloured sectors. Thesesegregants are produced by two distinc~ 

processes: Firstly, chromosomal segregation can produce haploids, .;:=. 

non-disjunctional diploids, and aneuploids (K!fer, 1961). A second 

and independent process of mitotic crossing-over can produce diploids 

homozygous for the markers distal to t~e exchange on one chromosome 

arm (Pontecorvo and Roper, 1953; Pontecorvo, Tarr Gloor and forbes, 
.. 

1954; Pontecorvo and K!ferj 1958). 

The ultimate proof of the occurence of crossing-over at the four-

strand stage of mitosis rests on the ability to recover together '" . ~ . 
...... " .• 1 

the reciprocal products of the cr08s-over event. Stern was the first 

to obtain these in Drosophila melanoQaster, and he termed the yellow 
' .. 

body/singed br.istle paired reciprocal products on the abdomen of 

heterozygous flies "twin spots" (Stern, 1936). He interpreted the 

occurrence of such twin spots to mean that crossing-over had taken 
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place at the four-strand stage of mitosis and was followed by one of the 

two types of normal segregation of the chromatids. Figure 10 explains 

this mechanism using, as an example, the most significant part of 

linkage .group VIII of the repulsion diploid (given in figure 2). A 



cross-over event in the interval between ..t:!!! (fawn) and palS 

(alkaline phosphatase) can.lead ta one of two possible results 

following equational .mitotic segregation. In case A, the two cross-
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over'strands segregate i~to,different nuclei, producing two reciprocal 

segregants, eabh one homozygous distal ta the point of the exchange. 

That is, a ~chartreuse twin spot will be observed. In case 8, 

one nucleus remains parental while the other receives both cross~over 

strands and appears phenotypically like 'the parental type. This 

latter type of segregation 'was identiti'~d in Aspergillus nidulans by 

Roper and Pritchard (1955), while the former typ~'was first id~ntified 

with different markers by K!fer (1961),and by Wood (1967) with this 

system of visible markers. 

Wholecolony twin' spots will be observed when reciprocal cross-

over events, 'such as that representediin figure 10, take' place during 

the first nuclear division. However, if crossing-over is induced in 

a conidium undergoing its second (or third) nuclear division, the 

resultant colony willconsist of one-quarter (or one-eightil one 

segregant, one-quarter (or one-eighth) ,its reciprocal, while the rest 

remains heterozygous parental.,.,I~ ,all these experiments, NTG and fUDR 

treatments were performed on germinating conidia. These suspensions 

are not synchranous, and it has been estimated that from~ one ta three 

nuclear divisions have taken place by germination time (Weijer and 

Weisberg, 1966; Wood, 1967). Thus it is expected'that the majority of 

the segregants consisting of an eighth or more of a colony have been 

induced by the chemical agent used,' while many of the smaller sectors 



figura 10: Schamatic representation of the mechanism of 
mitotic crossing-over. 
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might be due ta sppntaneous events. The observed data support this: 

In control platings of non-UV sensitive diploids, few large coloured 

sectors are seen, while in experimental platings the majority of 

colour sectors are large, although the frequency of smaller sectors 

rises as welle This rise in frequency of smaller sectors in 

experimental platings is thought ta be due to the problem of clumped 

conidia encountered in these experiments: Conidia tendto start 

sticking ta one another the longer they are held in suspension, and 

also soon after they begin germinating. In these experiments, clumped 

conidia was a greater problem with fUDR treated conidia than with 

those treated with NTG, since.inthe former case germination time was 

/
00 extended from the normal 4-1 2 hours at 37 C to 12 hours at 28 c. 

Thus, presumably sorne of the smaller sectors may have been induced 

during the first three nuclear divisions, but appear smaller because 

they have clumped with heterozygous conidia. In agreement with this 

assumption, a higher proportion of smaller colour sectors are observed 

in fUDR treated conidia than intthose treated with NTG. 

The schematic representation of mitotic crossing-over in figure 10 

implies that mitotic cros.sing-over is always of a reciprocal type. 

The reciprocal nature of spontaneous and UV induced mitotic recombination 

has been conclusively shown by Haefner (1966) in Saccharomyces 

cerevissiae where a pedigree analysis is possible. In experiments 

presented here, it was possible to isolate visible twin spots in many 

case~ after NTG and fUDR treatments of germinating conidia. There are 

several possible reasons why the reciprocal products would not be 
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isolated in every case: ~ chartreuse sector might be observed 

if crossing-over took place' between the marker palS and ..E.!J! in 

Figure 10, since the marker palS would remain heterozygous just as 

the marker ~ remains heterozygous in the example shown. fawn 

sectors might arise as a result of two cross-over exchanges, one 

between the centromere and the marker~, followed be another in the 

region between ~ and palS. In addition, only one segregant (either 

fawn or chartreuse) may be recoversd if a lethal avent has bssn con-

currently induced by the chemical used to induce the cross-over svent. 

Finally, either segregant may have been tao small to detect visually. 

The mechanism mf NTG and FUDR induced mitotic crossing-over 

Two classes of agents have proved effective in inducing mitotic 

crossing-over. These include the mutagenic agents, such as UV and 

NTG, and "recombinogens" (Holliday, 1964), such as FUDR and ffiitomycin C 

which induce crossing~over at concentrations at which they are not 

mutagenie. 

Among the most popular mutagenie agents which are capable of 

indueing recombination is UV light which has been shown to be effective 

in germinating conidia of Aspergill~ nidulans (K~fer and Chen, 1964; 

Jansen, 1966; and Wood, 1967), as weIl as in other fungi (James, 1955; 

James and L~e-Whiting, 1955; Holliday, 1961, 1962, 1965b"1966, 1967; 
.J 

Hurst and Fogel, 1964; and Sherman and Roman, 1963). In these 

experiment~, an attempt was made to indues mitotic crossing-over with 
! 
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another mut§genic agent, NTG,which Zimmerman ~~. (1966) have shown te be 



effecti.\ie::. in inducing recombination in diploid strains of yeast. 

As expected from Zimmerman's results, a large number of coloured 

sectors were observed after treatment of germinatingconidia with 

this mutagen. These frequencies were close to thoseobtained by 

Wood (1967) who used UV light to induce mitotic crossin~-over on the 

same fawn/chartreuse diploid used for part of this analysis. :Just as 

was observed for UV light, a large number of abnormal colonies ware 

induced concurrently. Howevar, it appears that abnormaJs (which are 

probably mainly deletions and .other mutations which reduce viability, 

K~far, 1963) and mitotic cross-ovar avants are aither produced by 

two different processes, or by the induction of two types of damage 

to the DNA, only one of which can ba rapaireà enzymatically (K~fer, 

personal communication). This is supported by these experiments 

since all the segregants which have bean analyzed arase from centres 

of normally growing colonies. Also, it has been observed that 

treatment of quiescent conidia, which are not unàergoing DNA synthesis, 

with UV ~ight or NTG results in survival levels and frequency of 
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abnormal colonies comparable to those found after treatment of germinating 

conidia, but a greatly reduced amount of mitotic crossing-over (Wood, 

1967). Like UV light, NTG i9 thought ta increase mitotic crossing-over 

by inducing a type of damage in the DNA which can be corrected by a 

system of repair enzymes, sorne of which have been shawn ta be active 

in recombination as well (Holliday, 1967). 

FUDR has been used by Esposito and Holliday (1964) ta increase 

recombination frequencies in diploid strains of Ustilago maydis. In 
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these experiments, FUOR treatmentsof germinating conidia resulted in 

increased frequencies of various coloured segregants, and these were 

shown to be due ta mitotic crossing-over. FUOR i6 known to inhibit 

thymidylate synthesis (Cohen!Û:~., 1958; Flaks .ll 21. 1959). 'Thus 
" . 

its recombinogenic.properties are thought ta be a result of thymidylate 

starvation of cells (Esposito and Holliday, 1964), since a direct 

deprivation of:,thymine in bacteria has been observed ta increase the 

frequency of recombination (Gallant and spottswood, 1965). Putrament 

(1967) has shown that aminopterin (which also leads to thymine 

starvation) and adenine starvation induce intragenic recombination 

in diploid strains of Aspergillus nidulan6. She also shows that a 

more indirect method of thymine starvation - via para-aminobenzoic 

acid starvation in paba-requiring strains - also induces mitotic 

recombination. Finally, Rolfe (1966) has shawn that thymidine 

starvation i8 inhibited by concurrent inhibition of RNA and protein 

synthesis in bacteria. 

Putrament suggests that ~ agents which are capable of inducing 

recombination, have one thingin common: all are capable of. inhibiting 

DNA synthesis (either by damage to the ONA necessitating repair, or 

by direct inhibition of ONA synthesis by starvation) without concurrently 

affeoting RNA and protein synthesis to the same major degree. Thus, 

although UV light damages ONA, RNA, and protein synthesis, she notes 

that the ability to synthesiza RNA and protein is recovered first by 

the oell. The sama has baan observed for alkylating agents. Thus, 

" it is expected that an averall depression of the metabolic rate (ONA, 
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RNA, and protein eynthesis) by a lowering of temperature should have 

little effect on mitotic ~ecombination. This was confirmed by a 

comparisen of controls of NTG and FUDR treated conidis) in these 

experiments,where the coly difference in experimentalprocedure 

between these two sets of values was that in the case of the FUDR 

treated controls, germination time was extended 7'to 8 hours above 

the NTG control by lowering the temperature. As no significant 

difference was observed, it was concluded that an overall depression 

of the metabolic rate has little or no effect on mitotic crossing-over. 

She therefore suggests that one pro cess is responsible for 

inducing recombination in all thsse cases, namely, an inhibition of 

e DNA synthesis without concurrent interference with RNA or protein 

synthesis. However, it also appears that the repair of a certain 

type of damage to DNA is involved in all these cases. It has already 

been mentioned that UV light is thought te induce recombmnation a~ an 
'.'" . 

activation of repair enzymes to correct these damages, at least one 

of which is involved in recombination as welle It seems reasonable to 

assume that NTG acts in a similar manner. Support of this theory is 

also obtained from the observation of non-conservative repair replication 

following NTG treatment similar to that observed for UV irradiated 

cells (Cerd~!Olmeda and Hanawalt, 1967). Other researchers have found 

UV sensitive mutants which are ffiitomycin C sensitive, and vice versa 

(Boyce and Howard-Flanders, 1964b; Okubo and Romig, 1966), suggesting 

that Mitomycin also acts in a similar manner. Finally, Taylor, Haut 

and Tung (1961) have found gaps in FUDR-treateo DNA of root tips of 
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Vicia~, implying that dis crete breaks needing repair have been 

induced, while Pauling and Hanawalt (1965) have observed non-conservative 
., 

repair replication following thymine starvatien in bac~erial cells. 

Thus, it seems likely that all these agents dO,act in one basic 

way. Rather than just an inhibition of DNA synthesis, this involves 

the induction of an enzymatically repairable type of damage in the DNA 

by these agents, since at least one of these enzymes has been postulated 

to be involvedin recombination. 

Generalized repair mechanisms 

Many researchers have postulated a generalized repair mechanism 

(review, Hanmwalt and Hayes, 1967) which is capable of enzymatically 

correcting many types of damage in the DNA. Thus it would be expected 

that UV sensitive mutants would show cross-sensitivity to a variety of 

chemica~ and physical agents depending on their mode of action. Indeed, 

this has been observed by many. In addition, both UV sen~ive mutants 

isolated in these experiments were observed to be NTG sensitive as luell. 

Thus, if the r~pair of UV- and NTG-damaged DNA have enzymatic steps in 

common, and, if UV is postulated te inducs recombination via sorne of 

these sarne enzymes, then it might be expected that N','G could also be 

used to ihduce recombination. This, too, has been observed in these 

experiments. 

The affect of uvs1 on recombination 

It has been postulated that repair of the damage induced by UV 

light and recombination have at least one enzymatic step in common, 

sinee UV sensitive mutants have been isolated which are recombination-
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negative, and recombination-negative mutants have baen isolated which 

are UV sensitive (Clark and Margulies, 1964; van de Putte, Zwenk and 

Rt3rsch, 1966; Howard-Flanders and Theriot, 1966; Howard-Flanders, 

Theriot and Stedeford, 1966; Holliday, 1967; Lanier, Tuveson and Lennox, 

1968). However, the UV sensitive mutant isolated in these experiments 

is not recombination-negative in this original s~nse. Rather, an 

increase of spontaneous and ïnduced mitotic crossing-over is observed 

in diploid strains which are homozygous for ~. No effect on 

meiotic crossing-over could be detected. 

A similar mutant has been isolated by Holliday in Ustilago mardis 

(Holliday, 1967). As in the present case, spontaneous and induced 

mitotic crossing-over are iccreased when the marker ~ is present 

in a homozygous condition in diploids, but meiotic crossing-over 

appears to remain unaffected. He suggests that the observed effect 

of this gene might be due to excessive exonuclease activity. This, 

he argues, might lead to terminal deletions which, in a diploid, might 

be expressed as "homozygosis" of terminal markars due to the uncovering 

of recessive genes. This type of result might follow if a repair 

synthesis enzyme was inactive, or if there was enhanced degradation 

of the DNA. Holliday prefers the latter since the mutant strain 

appears to be capable to digest DNA incorporated into the growth medium. 

ln our experiments with ~ of Aspergillus a largernumber of 

twin spots were observed than could be explained by the occurrence of 

two concurrent, but independent, events. Thus it is condluded that 

some of these cases are due to a single mitotic exchange. In addition 
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it appears that mitotic. and meiotic recomblhnation might be due ta 

different mechanism5, sincemeiotic reccmbination was withinthe 

normal range for non-UV sensitive crosses. 

At present. these preliminary experiments suggest that the most 

feasible step that might be affected in this mutant of theproposed four 

step mechanism (excision, degradation, repair replication, and joining 

of phosphodiester bond) is the degradation step..However,. the enhanced 

.:. degradation must lead to recombinational events, and not just deletions, 

as Holliday proposes for his mutant. However, it is abvious that 

further study of this mutant is needed, both through a more.d~tailad 

analysis of the types of avents induced ·by this gene in homozygous 

UV sensitive diplaid strains, and through an anzymatic analysis of 
~ .' 

theLhaploid strain. 
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Conclusions and Summary 

NTG and FUDR have been used to induce colour sectors resulting 

from mitotic segregation in four differen.t heterozygous diploid 

strains of Aspergillus nidulans. All diploids were marked in 

repulsion with visible markers of linkage group VIII. This 
.. 

permitted the detection of paired reciprocal colour sectors (twin 

spots) whœch provide conclusiua evidence for the induction of reciprocal 

mitotic cressing-over. 

Results from the fawn/chartreuse diploid, which had the advantage 

of few additional biochemical markers to reduce the viability of the 

products, indicate that the frequency of the various types of colour 

sectors is increasedconsiderably by NTG or FUDR. Data from better 

marked coupling and repulsion diploids gave insight into the 

coincidence and distribution of evants along one chromosome arme It 

was concluded that NTG had a somewhat greater recombinogenic effect 

than FUDR at the expense of the concurrent induction of a larger 

number of abnormal aionies. The majority of coloured sectors induced 

by both agents appeared to be due to single mitotic cross-over events. 

Several cases of multiple events were observed as welle All of these 

could be explained by multiple· crossing-over, and wure found no more 

frequently than was expected from the coincidence of two single 

independent events. 

From this work, and from related work in this and other organisms, 

it seems likely that NTG and FUDR induce recombination by producing a 

type of damage in the DNA which can be repaired by a system of repair 
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enzymes, some of which have been shown to be active in 

recombination. 

Two UV sensitive mutants have been isolated, but testing showed 

they were mutants at the same locus. The effect of these mutants 

on mitotic and meiotic recombination was studied. In diploid 

strains homozygous for~, both the spontaneous and induced frequency 

of coloured sectors resulting from somatic segregation are increased. 

Since twin spots could be identified with high frequency, it was 

concluded that reciprocal mitotic crossing-over was increased in the 

presence of this gene. In meiotic crosses homozygous for these 

mutants, no effect on recombination could be abserved. Fram these 

preliminary results, ~ is best assumed ta cause excess exonuclease 

activity, hawever additional experiments are needed ta test this 

hypothesis. 
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