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ABSTRACT
Bernice G. Shanfield . MeGill University

M.Sc. Department of Genetics

INDUCED MITOTIC RECOMBINATION IN ASPERGILLUS STRAINS

- DIFFERING IN SENSITIVITY TO ULTRAVIOLET LIGHT

]
N-methyl-N -nitro-N-nitrosoguanidine (NTG) and 5-fluorodsoxy-
uridine (FUDR) have been used to induce mitotic segregation in

germinating conidia of Aspergillus nidulans. Since a significant

increase of visible twin spbts could be detected after these
treatments, it was concluded that reciprocal mitotic crossing-over

had been induced. It seems likely that these agents increase mitotic
crossing-over by inducing damages in the DNA which can be corrected

by a system of repair enzymes, some of which are involved in
recombination.

Two recessive UV sensitive mutants have been isolated, but
testing showed that both were alleles of the same gsne. The effect
of this geme on mitotic and meiotic recombination has been studied.
In diploid strains homozygous for uvsi, both the spontaneous and
induced freguencies of mitotic crossing-over are increased. There
was no observed effect of this gene in meiotic crosses. The best
interpretation of these preliminary results seems to be that uvs1i

possesses excess exonuclease activity.
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Introduction

The mechanism of inferéeﬁié“féééﬁbihation in fungi»haé been
widely studied from two points of view. These include an examination
of spontanecus and induced mitotic,crossiné-ove: in hétgrozygous
diploid strains, and an analysis of the eff'ect of recombinatibn-A
negative mutants on mitotic and/or meiotic crossing-over.

Spontaneous mitotic crossihg-ovér (which caﬁ'be easily detected by
homozygosis of a colour marker) is a rare svent, but numsrous physicai
and chemical agents haﬁelbeen shown to increase this frequency many-
fold. In generai, these agents may be subdivided into two classes:

1. Agents which are mutagenic as well as recombinagenic (e.g.
ultraviolet light and N—meﬁhyl-N'-nitro-N-nitrosoguanidina,‘Jémes, 1954,
1955; Jamaes and Lee-Whiting, 1955; Hollidgy, 1961, 1962, 1965b, 19673
Hurst énd Fogel,.1964; K#&fer and Chén, 1964; Wood, 1967; Woed and K4fer,

-1968; Zimmefman, Schwaier and von Laer, 1966) . a

2. Agents which Helliday (1964)'labelsj“;ecombinogens" because
they increase the frequency of mitotic crd;sing-ovar at coﬁcentrations.
at which they are not mutagenic (e.g. 5-fluorodeoxyuridine and Mitomycin
C; Esposito and Holliday, 1964; Holliday, 1964).

In Aspergillus nidulans, two systems of péired visible markers located

on the same chromosome arm have been isolated (Wood, 1967; Wood and K4fer,
19619. Uhen these markers are placed into diploid strains in repulsion
to ons another, a mitotic cross-over event between the centromere and the

more proximal marker produces "twin 8pets" ef mutant colour. This

terminology was first used by Stern in Drosophila melanogaster (1936) in his
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elegant analysis of yellqw body/singed. -bristle twin spots on the
abdomen eof heterozygous flises. The ﬁerm Ytwin spot" is expandéd in
Asgérgillus to describe reqiprobai paired éolodr sectors in a single
colony. Theés sectors are usually small if of spontanesus érigin,v

but may each represent a quarter or half of a colony if 6cdurring§ddning
the first or second mitdtic'diviéion:(xﬁfer, 1961).

The thrge visible markers of'theée‘twokselecfive systems are
incorporated into one diploid for this.stﬁdy, together with several
biochemical markers on tﬁe same chromosome arme  This permits an
ekaminatioh of“the Frequénéy and distribution of mitotic crossing-aver
inducedka‘difFeréht agents.. ngéral types of twin spots can bé[
visually identified, amd, in addition, the mutagenic affects of -
different agents can be examined by comparing percentage survival and’
abnormal colonies produced (K&fer,f1963, 1968) s  These abnormal colénies
are mainly mutations and deletions which have been concurrently induced
by the agent used to induce the recombination‘evenﬁ'(Kﬂfer, 1968) .

uv éensitivé mutanfs have also been used to gaih insight info
recombination mechanisms, since the discovery that recombination-
negative mutants are UV light semsitive (Clark and Margulies, 1968),
and UV light sensitive mutants may be recombination-pegative (van de
Putte, Zwenk and R8rsch, 1966; Howard-flanders and Theriot, 1966;
Holliday, 1967; Lanier, Tuveson and Lennox, 1968), Thus, it has
been suggested that the enzymes involved in the degradation and repair
of recombining DNA might also be active in the excision and repair of

UY-induced lesions (Howard-Flanders and Boyce, 1964). As recombination-
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negative mutants are difficult te isolate, the aFfect of UV sensitive
mutants on recombinatidn (conjugation or transformation ih.bactérié,
van de Putte, Zwenk and RSrsch,‘1966; HowardaFianders and_Theriot;‘1966;
Okubo apd Romig, 19663 and:mi£otic or meietic 6rossing-over in fdngi,
Holliday, 1967; Lanier, fuueson and Lennox, 1968) has been éxaminedAin
many micro#organisms. in addition,'the sensitiﬁity of these mutants
to other mutagens has beén testéd, ;incé the existence of a
generalized repair mecbanism, capable of correcting different types

of DNA damage, has been postulated (review, Hanawalt and Héyes, 1967).
The'types of damage produced by thaéé agents'cén often be‘inFer:ed |
From their cross-sensitivities.

In the present study, tuo UV sensitive mutants have been induced,
and tﬁeir effect on recombination'has been examined on mitotic crossing-
over in hetere;;baus‘diploid sfrains'using the,abova selective system
of paired visible markers. [feiotic crosses have also been examined.

. Finally,vthe UV sensitive mutants have besn tested to determine whether

or not they were NTG sensitive.
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Literature Review

The effect of ultraviolet 1ighﬁﬁ6n'bNA:'Light’and dark repair mechanisms

Tha lethal and. mutagenzc ‘effacts of ultravxolet light (UU) on

mzcro-organ;sms has long been known. These effects wers presumed to be
the result of direct action of the UV on DNA since it has been reported
that DNA strongly absorbsluv light. In particular,~the absorption

- spectrum of DNA and the actidn_spectruﬁ of UV on,micro-brganisms have
baen_absarved to be siﬁilar. Wavelengths of - approxlmately 2600 R are
found to be most effectmve (Deerlng, 1962).

Early studies on solut;uns of each of the four nitragenous bases
commonly found in DNA gave no clus to the pOSSible 6iStortibns produced
by the-UV~ligh£. The firsf ﬁajor‘breakth:ough cams with tbe'discovery
that in UV-irradiated frozen solutions - unlike in;liquidﬁonaa -
thymine is converted into a substance withba characteristic absorption
at lower wavelsngths than the'driginal thymine (Beukers, Ijlstra and
Berends, 1960). This led to the hypothesis that in vivo, the
érrangament of the'fourAnitrogennus bases within thé double-stranded
DNA helix might juxtapose near-by thymidines so that the UV light would
exert its effect in the same manner as in frozen solutions of thymine.
Further work by this group, including crystallographic studies and
molecular weight determination in vitro led to a proposed structure:
the thymine dimer (Beukers and Berends, 1960). Its presence in DNA
would be expected to produce distortion of the phésphodiester backbone
and interfere with normal hydregen-bonding of bases (Howard-Flanders,

196%). Since this time, other pyrimidine photoproddcts of UV-irradiated
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DNA have bsen recognized (Sqt;qw,‘1366),, These include homodimers‘
of cxtosine~and‘hate:odiméquqf fhyminé andiqytosine. . More recently, .
Varghese and Wang .(1967) have identified another thymine-photoproduct
by the uss of différent‘chromatographicvprocedures than hed breviously
~ been used. |

Numerous in vivo and in vitro studies on pyrimidine dimers -
followed the early studies of Beuksrs end colleagues. Wacker (1963)
was the first to éxtract thymidine dimers from DNA of Uv-irradiéted-v
bacteria. Setlow and co-workers obtained thymidine dimers using
poly-T ir vitro (Deering, 1962)s As single-stranded DNA was used,
this.éxperiﬁent-demonstrated the'pfaeence of intrégtraﬁd dimers. fnter-
strand dimers were recognized by Marmur and Grossman (1961)-in
Diplococcus pnsumococci DNA. | .

};g.g;gg pyriﬁidiﬁé dimers produced by irradiation caused reduced
biological activity of transforming DNA of Hemophilus influenzae
(Setlow and Setlow, 1962). = As well, the ability of heat denatured
bNA 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 vaiight irradiation is nph
understood to follow one of two distinct enzymatic processes:

1. In the light; a repair system is activated whereby py:imidiné

dimers aie broken. This "photoreactivatdion" phenomenon was first noted

by Kelner (1951). An anzyﬁéiié'fréétibh'éaéable of photoreactivating
UU-damagadAtranéforming DNA of Hemophilus influenzae in the presence

of visible light has been isolated in extracts of E. coli B (Rupert
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Goodgal and Herriot, 1958), and Bakers yeast (Rupert, 1968).  Wulff
and Rupert (i962) have used this.fraction_sucéessfully iﬂigiggg_to’
break pyrimidine‘dimars of irradiatéd DNA extracted from E. Eggi.
Essentially the same.rnsults wére ebtained by Marmur and Groséhan (1961) -
in transforming DNA of Diplococcus Eneumacmcci and Bacillus subtilis.

2. The me¢panism oF:égégiggééi£4(ﬁ§fimidine dihéilékéiéidﬁﬂéhd
repair réplication withoufhiigﬁéj“bésmraceiued much attentien since
1964, In a now classical experiment, Setlow and Carrier (1964)
observed'that radioactively-labelled thymidine dimeré pradaced in
bacterial DNA by exposure te UV light became acid-soluble when incubated
in the dark. Thus, a process different from.photoreactivation (which
has been shoun to just split dimers in the DNA) must be involved
(Setlow, Swenson and Carrier, 1963). Essentially the same results
were obtained in E. coli K-12 (Boyce and Howard-Flanders, 1964a). In
an equally slegant expéfihent,lpettiﬁohn and Hanéwalt (1964).uséd deﬁsity
centrifugation to show that after UV irradiation, Feading bécterial cells
the heavy thymine analegue S-bromeufaqil (5-BU) resulted in non-
conservative incorporation of this heavy label into ths DNA.  This was
followed by a nermal semi-conservative round of replication. ThUS,
early DNA synthesis following irradiation must involve "short single-
stranded segments distributed at ramdom throughout the Qenoma".

Theée results implied that at least four enzymatic stepsiare
involved in the dark repair process (Holliday, 1967):

1. Excision of pyrimidine Qimerélfrom the DNA,

2, Degradation along a single strand at the point of excilsion.
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3. Re-synthesis of degraded segments of DNA by cnmpiemantary'
base pairing with the oppesite strand. '

4. Rejoining of the phosphodiester bond to produce an intact DNA
molecule, | | |

The enzymatic nature.of this process has been.examined in. vitro
in exiractS'oF Micrococcus.lzsodgikticus. -(This-micro-orggﬁish-ié'
remarkably resisféﬁflfd'ﬁv-iiéﬁf;iéhﬂ"ié, théfefore, thought to-have a
highly efficient dark repair process - Setlow,;1966); - These extracts
have besen used to re-activate UV~-irradiated replibafiﬁg-fdrm DNA of
bacteriophage X174 ‘(R8rsch, van der Kamp -and Ademaj 1964) ‘and- - - -

‘transferming DNA of ﬁvminactivated Hehqphilus.influenzae~(Eldér and:

Beers, 1965)5'

Other researchers have isolated enzymes capable of performing a
specific step in the. excision-repair mechanism in vitre. - Strauss, -

excising UV induced phqtqpfoducts in DNA. An exonuclease has been
purified which can-degrada-doublo-stggndéa DNA at the-3’~end-but stops
befaore breaking the molscule into two pieceé (Richardson, -Lehman ‘and
Kornberg, 1964). - NMead (1964) obtained condensation of oligonucleotides
with polydeaxyfibonuclaoiidesmwith his oligodsoxyribonucleotide -transferase.
Finally, working with T4 infected E. celi, Weiss and Richardson (1967)

have ‘identified a ligaée'capable‘of caﬁélyzing-covalent joining of tw6
segments of an interrupted strand of DNA.

Ultraviclet light sensitive mutants
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of UV light was a resistant derivative of E. coli B (called E. coli B/R)
isolated by Witkin (1946). The mutant was observed to be “stable and
heritable® (Witkin, 1947). o
Uver“a“decade later; an ultraviolet light senéitive mutant was

isolated, again in E. coli B, and was labelled.Bs_;“(ﬁiil, 1958),
Different UV seqsi#iyei@ﬁﬁaﬁts-wgre later reported b}ltha same érobp
(Hill and Simson, 1961; Hill and Feiner, 1964). Ellison, Feiner and
Hill (1960) noted that-UV-irradiafed phage T1.mere Vreactivéted" to.a
much smaller extent when plated on the mutant UV sensitive strain than
was observed on the normal wild-type'g.;égig‘B.‘ This phenomenon of
"host. cell reactivation" - hor - (Sauq:biéf;_ﬁQﬁZ)iqas‘first noted by
Garen and Zinder (1955)“with Salmonella txghimuriﬁm and phagevPZZ.
Originally, phage reacéivatiaﬁ,ﬁéé'iﬁtérpféféd—ﬁd'imply partial homology
bstween phage and bacterial genomes; . However, more recent .work on this
topic, particularly the observations that UV sensitive mutante .can,also
be hcr mutants as well (Ellison st al., 1960), have shown it to be.
enzymatic in nature (Sauerbier, 1961; Stahl,.Crasemann,‘Okuﬁ, Fox .and
Laird, 1961; Harm, 1963).

~In 1964,‘when the first insight into the dark repair process was
gained, much attention was focussed on these mutants in an attempt to
determine for which enzymatic step they might be mutant., : Setlom“and
Carrier (1964) found the ability of E. coli BS_1Ato.excise‘thymidine

dimers was sharply reduceds The same was found for uvrA, the UV

sensitive mutant iso;atad.byuaéxpa_and Howard-Flanders (1964a) in

E._coli K=12,
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These results were followed by iselation .and detailed analysis of
UV sensitive mutants in many organisms. - In E. coli they have been
isolated and mapped by two gfoupS'oF reseafchérs.'—'Both,grcups have
used E. coli K-12, since strain B (into which thq.Qniginal-mutantsfwere
induced) is self-sterile. Howard-Flanders devised a selection.method
fer hcré mutants. He plated‘irradiated.g.lgggi K=12 on media containing
UV-irradiated phags f1. Any bacteria caﬁabieiéflgrowing-must»be either
hcr or phage resistant. - Indeed, 14 of the 26 bacteria forming
colonies on this medium were found to be UV sensitive (Howard-Flanders
and Theriot, 1962). - A detailed analysis of 23 mutants folloued.
Canjugatinn and~t£ansductiun mapping showe&.that all mutants fell into
one of three positions on the map - labelled uvrA, B and C (Howard-
Flandérs,-Boyce, Simson and Theriot, 1962; Howard-Fianders,kﬁoyce-and
Theriot, 1966). = Similar conclusions have baen reéched-by’vén de Putte

aﬁd co—morkers; ‘Their UV sensitive mutants (called-darﬁ—dars~--dark

o -

repair mutants) héve been isolated by a nnn-éelectivediechhiqua.=
Their six mutants fall into the same three discrete map positions found
by Howard~Flanders and colleagues: (van de Putte, van Sluis, van Dillew;jn,
" and RBrsch, 1965; Mattern, van Winden and R8rsch, 1965). ‘
in fungi, the best amalyzed system isuihe one studied by :Holliday

in Ustilago maydis (Holliday, 1965, 1967). " Three different mutants have

been-isoiaied-and'céiled uvs=1, uvs=2 ana.uvs;z. ‘All are recessive

wvhen in the heterozygous state in diploids, and all are strongly photo-

reactivable. The mutants are distinguishable by their survival ability

to.x—rays:»uvs-ﬁ is x-ray resistant; the other two mutants are x-ray

. N . ‘s -
sensitive, but uvs=2 is more sensitive than uvs-i.
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UV sensitive mutants have also been isolated in numeroﬁs other

micro-organisms. In. bacteria these include Bacillus .subtilis (Mahler,

lysodeikticus (Feiner, 1967); Pseudomonas aeruginosa (éolidﬁéy;.iééé);

Hemophilus ihflﬁehzae (Setlow,'éféﬁﬁ;'éﬁiiné;—Méftihgiy.and Gordon, —

1968); and Salmonella typhimurium (Wing, Levine and Smith, 1968). In
fungi, Janseﬁ'Haé isalétééAé'UU‘éeﬁsitiue-mutant in,AsEergillusiniduians
(Dorn, 1967). In the same organism, Lanier and Tuvéééﬁ-(igés) héﬁé'"'.
ieported a ﬁitrods acid sensitivé'mutaﬁt that is élso Uv‘éensiéiue.

In Aspergillus rugulosus, four UV sensitive mutants have been identified

‘(Leﬁnék-énd'Tuvééén;‘i967) of which at least one has been shown.to. .

béhave like.é single gena; They also noted that the coleour of the

strain influenced the axprsssion of sepsitivity to UV light. Chang and

Tuveson (1967) have isolated UV sensitive mutants in Neurospera crassa..

‘Similar results have been obtained in Schizosaccharomyces

more complicated,
pombe (Haefner and Howry, 1967). Of four mutants isolated, two behave.
aé.éinéie genes, while two othérs appear more complicated and await ..

further study. In Saccharomyces cerevissiae, UV sensitive mutants have

also bsen isolated (Snow, 1967; Nakai and Matsumoto, 1967). All of
Snow's six mutants ére recessive, and all cembinations coﬁplament in
dipléids. 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 the well analyzed bacterial and fungal. systems, at

least'three different leoci for UV sensitivity exist. All the bacterial
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uv senéitiue mutants>beﬁave as singie recessive genes. However, in
Fungi; some are more complex and are thodght‘to be cytoplésmically
inherited. ﬂutanté can further bes characterized and often d;stlngu=shad
from one annther by their ablllty to repalr x-ray damaga, UU-damaged
phage, or by thelr ab;lxty to excise thymidine dlmers. This type of

qlass;Flpatlon can suggest for which step(s) the strain might_be

mutant.

Recombination deficient mutants v ; o _

Ins;ght inte the phys;cal mechan;sm of phage recomblnatlon was
first gained from crosses betmeen'density—labal;ed % bacteriophage
(meselso:n and Weigle, 1961; Kellenberger, Zichichi and Weigle, 1961) »
Eoth‘have demonstrated that pérental DNA can be present among ;ecombinaht
phaga progeny, and thus that breakage of parental DNA was invmlued in -
the recombination process. A more detailed examlnatlon of the same
system followed (Meselso.n, 1964). Analysis of the'dlstrlput;opiéfn
isotopic label ahong recombinantuphagé shomad that genetic recombination
must have occurred by breakage and rejoining of the double-?tfaﬁa;a ’l‘L R
phage DNA. Asuell, the appearance of light shoulders on fully and
threeedua:ter labelled recombinants impliad that a small amount of the
DNA (of the order of 5-10%) is degraded and re-synthesized during the
course of recombination.

Thus it has been suggested that enzymes inyolved in degradgéiqn and
repaif of rqcombiﬁing DNA might be the same as those involved iﬁ excision
and repair of UV induced lesions (Howard-Flanders and Boyce, 1964).

This has besn sﬁrongly supported éy the discova:y in}g; coli K—1200F
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recombination deficient mutants (rec”) that are also UV sensitive,
(Clark and Margulies, 1965). R;vérsien studies implied a single. gene
was rasponsible for reduced recombination ability and UV sensitivitya
One a% these mutants has bsen analyzed in Qetail and it was ebserﬁed to-
degrade its DNA excessively (Clark, Chamberlin, Boyce and Howard-Flénders,
1965), and hés therefore beeg called "wrecklass“; A différent réc-
mutant (vcautious") shows less than normal degréﬁation of its DNA
(.Howard;? landars,ffherib;g and Stedafo‘rd, 1966), Van de Putte et al,
(Van de'ﬁutte, Zwenk and R8rsch, 1966; van de"Putte and Rdrsch,-igéé)
obtained recombination mutants in E. coli CR34 by isolatiﬁg X-ray and
UV sensitive mutaﬁts. Of seven suchAmﬁﬁantS, four were classed as’
recombination deficient by their reduced ability to conjugate withl
suitable strains. The position of the mutant on the E. coli map was

determined by checkiﬁg for the appearance of stable reéomﬁiﬁénts in a

cross of Hfr rec’ x F~ rec s These stable recombinants could not appear

until the allelic rec’ marker of the donor strain has entered the recipient.
Howard-Flanders and Theriot (1966) have isolated five x=-ray

sensitive mutants in E. ggii K~12ﬂthat”appear to be able to accept

genstic material from'a édiiable donor strain, but are unable to

incorporate it into the recipient chromesome. The mutants were also

found to be sensitive to UV light.

Working with his three UV sensitive mutants in Ustilage maydis,

induced mitotié and meiotic recombination in diploids either heterozygous

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



13.

mutant,.ié not recombination deficient: on the contbéry*its effect,
“when present in a homozygous condition'in diploids, is to increase
spontaneous and UV-induced mitotic segregation. This is thought to
ariss as a result of e*cessiva axonuclease.activity following~pyrimidine
dimer excisiqn; . However, uvs-2 is recombination deficient.since it~
completely blocks meiosis and decreases the frequency of mitotic crossing~
over, Ho;liday suggests that such results might . be expected from.a
mutant uhable to accompligh the final rejoining of the'phosphodiqsféf
backbone. Finally, E¥§:§’ appears to have little influence on
recombination. Since it is not x-ray sensitive, it may be'defigibgt

in its ability te excise pyrimidine dimers wﬁich are not preduced.b§
x=-irradiation,

In Aspergillus nidulans, a nitrous acid sensitive mutant (which is

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

Lennox,  1968). However, a UV sensitive gens .in Asp;%gi;lus fugulosus,'

These types of analyses have therefare.éupported thé hypothesis~
that iacombination involves breakage and rejoining of the DNA by one or

more of the enzymes involved in the repair of UV~damaged DNAe

(a) Somatic segregation and

(b) induéé& ﬁiibtiéibrbssing-over,

o .(é)usbénfahédﬁé>éégrééétibhvin most organisms was first thought
to be'réstrictad to germ cells undergoing a meiotic division.  The first

instance of somatic or mitotic crossinmg-over was .-the slegant demonstration
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in Drosophila melanogaster of yéilbw;bbdy/singed bristie.twiﬁ spots at
low-fféqﬁéﬁéieé'iﬁ"ﬁéééfdéygous flies af-éehétype*%i%»(Stern,‘1936).

The same process was observed in Aspergillus ni&uians-soqn.aféér
the diséovery that hetarozyg@ps~diploiﬁ-ééiéiﬁé.ﬁai.ﬁé-ﬁiéduéad by the
rare event of fusion of two genotypically different haploi& nuclei in
a'heterocaryotic'myceliumﬁ(Rbper,-1952, Pontecorvo-and'ﬁopef; 1;53).
These diploids may be eésilyfsaleCtéH by their vigorous growth on -
minimal ‘media un.mhich.neither haploid strain alone could survive.
Analysis showed that these diploids areasﬁabla, but do give rise to
rars mitotic segregants of several types (Pontecerﬁo‘ggggi;,~1953;7
.. Pontecorvo, Tari Glob-r and Forbas,' 19,544)."" The prnéeéé ﬁi:oducin‘g the
majority of diploid segregaﬁts is mitotic crbssing-over of the type
described by Stern.for,oroaﬁghila melanogaster. - This results in a
diploid segregant which~i§'ﬁﬁééi§gédé‘ééfnéﬁéimarkérs on one (or muie)
chromosome arm(s). A1l markers on other chromosome. arms rehéin , «
heterozygous gﬁohtaco;vo_gg;g;., 1953; Pontecoruo,,Tar:‘Glﬁor,iand,Forbes,

1954; Pontacoivo and K&Faf; 1958). Mitotic crosaibg-over-is underétood
tb take place at the four-strand étage,'fqllomed by normal segregation of
the ceﬁtromeres. Products of the type of segregation in which both
reciprocal cross-over strands go to the same nucleus have been jisolated
and identified resulting both from inter-allelic and inter-gentc mitotic
crossing-over (Roper .and Pritchard, 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. Uood and K&fer (1967) have now worked
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out two systems of paired visible markers located on the same chromosome
arﬁ.- 'When placed ih.iepulsion to one another, mitotic crossing-scver |
produces twin spots which are esasily visually,identified.

Diploids,alsovspontaneously,give_rise to a variety of segregants
(hapluids, aneuploids, and non-disjunctianal;diploidé)_resulting from
a second process = chromqsomal segregaﬁion-(KaFe;, 1961). Since
coincidence with mitotic croséing-over.is‘réfé, haploid segregants
show free recombination between markers, on the>eight different =
chromosomes, and complete linkage for markers lecated on the same
bhromnsome. They have thus been used te locate new markers and to
establish the sight iiﬁkage groups (K#fer, 1958).

(b) As spondaneous mitotic E;o;éing-aver o&curs with low Fpequancy,
methoas of increasing this'frequeﬁcy wauldfpa useful, if these segregants
are to be used for gehetic anélysis. Nany physical and chemical agents
have been found to increase this freguency many-fold, |

 'In fungi, uitgaviolet light has peen used sqccessfully. In

Saccharomyces cerevissiae, both inter- and intragenic recombination

Frequanciés increase with treatment with UU'lighﬂ‘(James, 195845 1955;
James and Lee-Whiting, 1955; Roman and Jacob, 1958; Sherman and Reoman,
1963; Hurst and Fogel, 1964). The samé has been- observed ianstilago

maydis (Holliday, 1961; 1962; 1965b; 1966; 1967) and in germinaﬁing

conidia of Aspergillus nidulans (kafer and Chen, 1964; Jansen, 1966;

Wood, 1967).

Holliday has observed that certain chemital agents are useful for

increasing mitotic crossing-sver without increasing mutation rates, and
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proposed that such chemicals be calied recombinogens (Holliday, 1964).
These agents would bs very useful for studying inducad.mitotic érossing-
over as there would be a miniﬁum of mutation-praduced homozygesis in

the heterozygous diploid. = Both 5-fluorodeoxyuridine (FUDR) and

Mitemycin C (MC) are'classed'as-recambinogens,because éﬁeifincraase the

frequency of mitotic segregation in heterozygous diploids.of Ustilago maydis
- without increasing the mutation frequency in haplﬁid‘5£rains treated
under the same conditions (Holliday, 1964; Esposito and Holliday, 1964).
FUDR is thought to.exert its effect via thymidylate starvation of‘
cells. Its phosphorylated derivative, S5-flucrodeoxyuridylate inhibité the
enzyme thymidylate synthetase (Cohen, Flaks, Barner, Loeb and Lichtenstein,

1958) which converts deoxyuridylate to.thymidylate in extracts of normal

and phage-infected E. coli (Flaks and Cohen, 1959), Cells of Vicia faba
roots forced to synthesize DNA in the presence ofﬂFUDR show lesinhs at"
anaphase, These disappeér if thymidine is supplied at least an hour
before anaphase (Taylor, Haut and Tung, 1961). Beccari, modigliani and
Morpurgo (1967) have increased the‘f:gquency.of intergenic, but not intra-

genic, crossing-over with both FUDR and’ fluorow:racil (FU) using hetero-

zygous and heteroallelic diploids of Aspergillus niduléhs; Gallant and
Spottsuwood (1965) found FUDR stimulated recombination between chromosome
and spisome in E. coli.

Mitomycin C also inhibits DNA synthesis in E, coli (Shiba, Tirawaki,
Taguchi, and Kawamata, 1959) and is thought to act byiérbss-linking DNA
strands (Szybalski and Iyer, 1964; mafsumot; and Lark, 1964; Shauw énd

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

as well as recombinogenic (Iijima and Hagiwara, 1960).
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Increased frequenpy:of mitetic cressing-over has also been
observed with nitrous acid treatmént (NR) invSabcha¥omzces cerevissiae
(Zimmerman, Schwaier aﬁd von Laer, 1966)'undar condiﬁiohéjﬁhereAifﬂisi
mutagenic as wsll (Zimm?rman_éi_gi., 1966; Siddigi, 1962). Alkylatihg
agents have also pfoved to be effective in Asgergillﬁs nidulans (Fratello,
Morpurgo and Sermehti, 1960; Morpurgo, 1963) éhd‘ip Sacéhérdhxﬁeé
cerevissiaa.(Zimmerman|g§‘§;;, 1966 Zimmerman and Lééf;.1967);"

Finally, x-réys have also béen observed to slighfly increase fhé frequency
of mitotic crossing-over in Aspergillus nidulans (m&ipurgq, 1962).
However, aberrations and lethaléﬂafe.induééd mﬁéh“more'frequentlQ (Tector
and K4fer, 1962; K#&fer, 1963), and'the effect an'fecombination is N
therefore difficult to measure. |

It would therefarq'appear that two types of agents are capable of
inducing mitotic crossing-over:

1. Those agents which are powerful mutagens (g,g. uv, NTG,.NA).
Presumabiy, these agents act via the induction ofuerrors inliha DNA,
which are repaired by én'enzymatic repair‘machanism. As some of these
enzymes are involved in recombination as well, crossing-over is induced
at high frequencies.

é. Those agents which inhibit DNA synthesis, but are not strongly
mutagenic (e.g. FUQR, MC)s Perhaps thmse agents act by increasing the
ch;nca of 6ccurrence of spontaneocus events (Putrament, 1967).

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

A generalized repair machanism

Many researchers have hypothesized a generalized repair mechanism
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as an efficient-methnd:of correcting damage to DNA . (Hanawalt and Hayes,
1967 ). - vAnalysis-has/shomn~cross-sensitivity ofispécific_uv,senSitiyeu
mutants't0vnumerOUS‘physicalvahd chemical agents. - This has both lemt
support to a generalized repair meohanism and given insight into the

nature of the enzymatic steps imvelved. - . |

in many.organisms (eege. Hill,-1958‘in E. coli. B 1, Howard-Flandars st

al., 1966 in E. goli K-12 gz, B and C; van de Putte,. Zuenk and Rarsch;

1966 in E. coli K=12 rec ;. Holllday, 1964 in Ustxlag_ maydis uys= 1 "and uys g

Nakai and - Matsumata, 1967 ln Saccharnmxces cerevzsslae_uy,). .. Howauer, .-

UV sensitive mutants have also been Faund-which are x-ray.resisfant

(Holliday, 1967; Nakai and Matsumete, 1967; Snow, 1967). Presumably,

the latter mutants are unable te.excise pyrimidiné dimérs, as this. step
would not be needed to repair damage produced by x-irradiatien. This
idea has -therefore been successfully used in the isalatisn of neca@binatimn
deficient mutants, sinqe such mutants uwould also not nesd an emrzyme .
excising pyrimidine dimer. Thus a mutant which is .both. x-ray and UV
sensitive has a greater chancé of being rscombination deficient than one
which is UV densitive alone (Howard-Flanders and Theriot, 1966; van de
Putte, -Zwenk and RBrsch, 1966; Holliday,.1967).

The mutant 88;1‘isolated by Hill has beeh,found sensitive to. various

alkyléting»agents-(Haynes, Patrick and Baptist,~1964;,Lawley.and Brookes,

Papirmeister and Davidson,h19§4). In general, it has been shown that

the cross-links produced byftheseualkylating‘agents disappear with .
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incubation in the resistant strain of E. coli (B/R), whereas they will
not in the sensitive strain (88-1).. Hanéﬁéitiébd<ﬂayes (1965) used a
heavy 5-bromouracil pulse toﬂdefeét rebair replication (b&.theimethed
of Pettijohn and Hapawalt, 1964) in wild-type E. coli after treating
with the alkylétingzgant,nitrogéh mustard. No sdéh'repair replication
was found in a UV sensitive derivative E. coli TAU-bar.. .

Bridges and Munson (1966) also camparéd>£hé éctinn of. methyl-methane
sulfenate~MNS (which produces single~stranded breaks in DNA) and
nitrogen mustgfd-- HNZ-On an x-ray resistant hcr st:ain-and 6n.Bé_1 :
(which is x-ray .and UV sensitiva). The hc:' X-ray resistant stbain
was MMS resistant-and,HNz sensitive; 93_1 was sensitive to both agents.
Essentially the same data wers obtained with uvr~ and mms~ strains of

Bacillus subtilis (Reitter and Strauss, 1965;. Searashi and Strauss, 1965).

._Béycelénd;Hnwérd-Flanders (1964b) have found all three UV.
sensitive mutants werefalss senéitive_tu the antibiotic Mitemycin C (MC)
which alsp crass~links DNA. A MC. sensitive mutant that is also UV )

sensitive has'been isolated in Bacillus subtilis (Okubo and Romig, 1966) .

Howsver, Otsuji (1968) has isolééed.aAMiﬁoﬁYéiﬁ.C'sensitiveAmutant.af

E. cali K-12 which is'nmtuuv'sensitiva.

Chaﬁg and Tuveson (1967) found that their. twe UV semsitive mutants

in Neurospbra crassa_mefe boﬁh nitrous. acid sensitive as well. However,
oniy one mutant'waé sensitive to N—methyl-N'-nitro-N-nitrosoguanidine
(NTG)s = Repair replication following NTG damage was recegnized by
density labelling in E. coli B, but not in'E. goli B__,.(Cerd2-Olmeda

and Hanawalt, 1967). In yeast, Snow (1967) found. four of his six UV
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sensitive mutants wsre alseo nitrous a¢i&~sensitive to different degrees.
Howsver, he did not find a parallel ranking of UV and nitrous acid
éensitivity. Finally, Lanier and Tuveson (1965) have isclated a

nitrous acid%seﬁsitive‘mhtant in Agbergillu; nidulans (NAS=1) which is

The existence of a highly efficient_geneiélized ﬁépéir.machaﬁism
has thus been supported by isolating strains mutant for qenéi;ivity‘to
one agent and testing them for semsitivity to other agents which are
thought to have similar effects on the DNA, 'Iﬁter-re;gting'thg
ability of a specific mutant to ;ebair damaga induped'by different
agents can give information on the kind of damage induced and the

enzymes needed to repair it.
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Materials and Methods

Strains

‘All strains used were descendents of the same wild-type hapleid
strain used by Pontecorve and co-workers in. Glasgow (Pontecoruo,
Roper, Hemmons, MacDonald and Buften, 1953). Table I liéts the -
haploid strains taken from Montreal steck,mand gives ﬁhei: origin and
stock number. - Care was taken te use only translocation-free strains
(Kafer, 1965). Figure 1 gives the.pedigree explaining the erigin of
the new UV sensitive mutants and the crosses performed with these.
The genotypes of the diploids used in these experimenﬁs éfe given in
Figure 2. .
Media

| Standard Aspergillus media were used (Pontecorvo et al., 1953,
modified by Kafer, 1958; details published in Barratt ot al., 1965).

Minimal media (M) were suﬁplemented with the apprbpriate solutions
of single growth factors for the testing of biochemical markers.
Resistance to acriflavin was identified on complete media (CM) supplemented
with stock solution of acriflavin (Roper ahd Kafer, 1957). To identify
alkaline phosphatase mutants, KH2P04 was omitted from thé mm, DL{B-
glycerophosphate was added at a concentration ef 12 gm./1. and the pH
was adjusted to 8.2 (ﬂyglycerophOSphate media,[BGP; Dorn, 1965). |
Acetate mutants were identified on Ml in wﬁich dextrose was reblaced
with soaium acetate (8 gm./l.) and the pH was adjusted to pH 6.1
(Acetate media, AM; Apiron, 1965) .

In replication experiments using velvet pads, sodium desoxycholate

was added to the media at a concentration of 0.8 gm./l. ds a growth



TABLE I : Genotypes and origin of stock strains used for crosses

Montreal - .
stock number Lenotype* . Scigin
| 1265  ribo y C 630 (Flgure 1, Barr;tt, Johnson
‘ .and Ogata, 1965)

1231 paba; w2 ‘ C 639 (Figure 1, Barratt et al., 1965)
1314 suad20 lu lysB8 paba y ad20; s3; cha C s42* | ’
1344 ribo ad20 bi; Acr; fw2 c 795%
1449 ad20 bi; Acr; fu2 - | c 795"
1426 ad20; Acr; fw2 palB? c 814‘
1427 suad20 paba y ad20'bi; w2; ni21 facB101 ribozlcha c 908;
1428v ~ suad20 paba y ad20; fw2 ribo2; cha ‘ . [ 816"

1409 ribo ad20; Acr w2; ni21 palB? c 815%

* Unless otherwise stated, mutant isolation number is 1. Map position and explanation of markers
is given in Dorn (1967) with the following exceptions:
1lys88 - allelse of lys51 (Pees, unpublished)
fu2 =~ allele of fwl (Clutterbuck, unpublished)
ni21 - allele of niS0 (Dorn, personal communiation)

# 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 stra;ns to published data.

*ze



Figure 1: Pedigree explaindng the origin of new UV
S sensitive mutants and. the subseguent crosses
performed in these expekiments.
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Figure -2: Genoatypes of dipleid strains
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retardant (Mackintosh and Pritchard, 1963). Parafluorophenylalanlne

(pfp) was added to completed media at a concentration of 6.07 gm/l. to
induce hap101dlsat10n of diploids (Lhoas, 1961, 1967; MOrpurga, 1961,

MeCully and Férbes, 1965) . '

Technigues

Crasses

. Mixed inocula crosses were carried out as described by Pontecorvo
et al. (1953). “"Perithecium" analysis was used in all cases (Hemmons
Péntécorudand Buften, 1953).

Diploids

A heterocaryotic mycelium was obtainad by incubating conidia of two
different haploid strains tégathar in liquid comﬁlete media. Sﬁonﬁ-
ansously occurring diploid sectors were selected by transferring small
pieces ;F this mycelium onfo minimal media (supplemented when necesséry

Fof ﬁarkers present in a homozygous canditidn} ‘Roper, 1952; Pontecorvo

and Roper, 1953).

Location of new uvs mutants inte linkage groups

Diploids were syﬁthesized as above between mutant strain: and a
tester strain which had markers on all eigﬁt linkaga groups. Haploid
segregants.were isolated on complete media supplemented with para-
fluorophenylalanine, and were tested for recombination between the new
mutant and the markers located in the diFfergnt linkage groups. Absence
of recombination betwsen the ﬁutant and the marker of a specific linkage
group, and free recombination between the new mutant and markers on all

seven other groups was taken as evidence that the mutant was located on

that chromesome (K#fer, 1958).
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Ultraviolet light irradiation

(a) Survival curves

in tﬁésé‘and mest af the Following»experimentS) conidia were
treatéd in suspension in saline with Tween 80 added, unless otherwise
stated. These suspensions were prepéred at concentrations of 3 x 105
éonidia/ml. from streaks which were three days old (two days of
incubation at.37D C, followed by one day at room temperature). This
was consistently fellowed to obtain cenidia with minimum differences in
age and physiological'conditiun (mishra and<Nandi, 1962).

Irradiations were carried odt in a closed, windowless room with

constant overhead . illumination. A General Electric 15 watt bulb,

emitting 95% of its radiant energy in the region of 2537 ﬂ, 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 read on a Blakray UV intensity meter.

Ten ml. samples of the original suspension were irradiated for

different time intervals in glass petrie dishes. A control was similarly

treated, except the irradiation step was omitted. One hour of repair

was allowed under the lighting conditions described above. Dilutions
were performed in saline, and the appropriate :valumes were pipetted

into warm complete media (40o C) uwhich was then poured into petrie dishes.
APter incubation for 1=1/2 to 2 days at 37° C, total counts were made for
each set of plates. The pércentage 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);Induqtion and_identification of uvs mutants

For:the.iéelaﬁion afvﬁﬁféﬁfs, colmnieé.MSre used from UV»ﬁreatments
giving less than 10% survival (irradiation of 5 or more minutés);j
Master platBS‘wefe~prepared by:transfepring up to‘26 of thess colonies
onto minimal media containing desoxycholate and supplements satisfying
all the requirements of the strain used. .After tuo days of incubatien
-at 37° C the plates were left at room tempera£ura to conidiate, Eacﬁ
plate was then replicated onto two plates of the seme media as described
above, using sterile damp‘uelveﬁ (Lederbefg and'Lederbérg;_1952). This
was repeated for  each master platéiusing a fresh piece of velvet,'so'
that two pairs.of platss mere_obtained, and could be used as experi-
mental plates pach with its own control, :Fou; to six hours incubation
was allowed befbre irradiation to increase ﬁhe differential‘betmeen wild-
type and mutant celanies (Jansen, 1957).‘ One of the two experimental
plates was irradiated for Ene minute, the ot@er for three minutes as
described above. The two control plates Qere’treated'identically"except
the irradiation steb was omitted. After sixteen hours of further
incubation at 37° C, the tuwo experimental plates were compared to their
own controls.  Any colony showing reduced growth on both experimental
plates, or distinct reduced growth after three minutes of irradiation,
was rechecked by repeating the same replication technique. Such
colonies were found with a frequency af about 1%. If reduced growth .
after irradiation was consistent, the possible mutant coleny was testadﬁ
for reduced survival after irradiation in suspension as previously |

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

Tuveson and Lennex, 1968).
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Treatmgnt-pf‘hgp;oid conidia with‘N-methyl-N'-nitro-N-nitrosogggnidihe

{NTG

Samples of canldlal suspansxons were. addsa to tris-maleic buffer
(.05 M, pH G.0; Clutterbuck and Slnha, 1966) containing 0.5 mg. NTG
(final concentration of NTG wasuD.US mg/ml,),: At specific time ;ntéruals,'
a hundred-fold dilution was carried oyt into phosphate buffer (0.1 M, |
PH 7.0; Chang and Tuveson, 1967). . This ﬁas‘ﬁpllpwed>by platiég,
incubation and survival counts bF'exberimental and caobtrol samples of
conidia. \ |

Treatment of germinating dipleid conidia with NTG

Germinating conldla were obtalnad by 1ncubat1ng guiescent conldla
for a peried of 4 to 4-1/2 hours in lquld minimal media (supplemented
when necessary for markers present in a hpmdzygous cqnditian);atv$7° c
on a shaker, NTQ was dissolved in a tris-maleic buffer, an&vqonidiai
suspensions were added to give a final concentration of NTG.of D,Svmg./ml.
(When the hemozygous UV sensitive diploid was used,»thanNTG_qoncentfatiqn‘
was lowered to 0.05 mg./ml. in order to obtain qqmparable.sqrvival levels,
as this diploid was also NTG sensitivq). After approptiatg treatment,
a hundred-fold dilution into phosphate‘buffer was carried out, fgllaﬁad

by plating, incubation, survival counts and examination of.coloured

sectors of treated and control samples.

Treatment of germinating conidia with S-Fluorodeoxyuridine.(fUDR)
Conidial suspénéions Mere addedvfé.liquid'ﬁinimal medié'(supplemented
when necessary for homozygous markers) containing FUDR and uridine. The

uridine was added te compete against anylsffluoroufacil which may be
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formed (Taylor st al., 1964). = Final concentration of FUDR was 100 Jra./nle,
while that for uridine was 20 /-Lg:/ml. (Esposito and Holiiday, 1964).

Conidia were treated throughout germination time sinmce FUDR pfcbably
exerts its effect via DNA synthesis.inhibitian. In additien, a lower
tempafature was used td increase the effective timé of exposure of thes
cgnidié to the FUDR, without increasing the number of nuclear divisions.
A shaking water. bath, holding'a<censtant temperature of 280;;was used.
Under'thase'conditions, control suspensiens (containing neither FUDR nor
uridine) germinated after 8-10 hours, while éxperimental suspensiohs
germinated after 11-14 hours,

At the end of this treatment, a thousand-fold—di;utian was carried

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

ef coloured sectors of treated and contrel samples..
Recardinguénd analysis of coloured .sectors from control and treated
" ioids. S o . : S S R
Coloured sectors originating frem the centres of normal colonies in-:
control and e;perimental plates were purified by streaking out on
complete media. Needle replication onto supplemented»minimal-media~was
used to test for the presence of biochemical markers. Hapleids were
eliminated by visual identification (conidiation is denser and conidial
heads. are. more rsgular;y shaped in héploid strains) and by testing for -
the presence of markqts.whiqh,qould be detected in the heterezygous state
(55£/+,.and.su1ad20[+ in ad20 hemozygateéxv--Fawn~and chartreuse non-

dis junctional dipleids.could not be distinguished from dipleids-produced:

by mitotic cressing-over since no markers were present on the left afm:;

P
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of linkage group VIII. Howéve;,.an estimate of the frequency of;theb
occurrence of non-diéjuncﬁian could be abtained_f:om an ekam;naticniz
of yellow dipleids which could be tsstsd for the presence of the marker
sulad20 in the homazygous conditioh,_ |

A classification dividing secteors inte "largeﬁ‘qg."small":was

used (where any secter smaller than an eighth ef afcplahy @as considered

"small"), as there appeared to be a large gap between these two. It

was théiefﬂre felt that the‘majority of large séctors had been qhamically

induced, while most of the small sectaps were due to spontaneous

events.
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Experimenté'and Results

Chemical induction of mitotic crossing-over

The purpose of these éxherimeﬁts waé'twu-fold. Firstly, an
attempt was made to induce mitotic-crossing-over in heterozygous diploid
strains of Aspergillus with various chemical agents which have been
shown to be effective in other fungi. These frequencies of coloured
sectors could then serve as controls against the frequencies obtained
from homdzygous UV sensitive diploids to'determiﬁe the effect of this -
mutant on spontaneous and induced mitotic recombination.

'To obtain these values, the fawn/chartreuse diploid (uvs+/uvs+,
Figure 2) was qsed because the reciprocal products of mitotic crossing-
6ver - Fémn/chartrause twin spots ~ are visually sasily identifiable.
Also, no biochemical markers -are located in linkage group VIII and so
both products are equally viable, barring mutational events induced
concurrentiy 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, chartreuss,
and fauwn segregants‘For this diploid after three minutes treatmenf with
0.5 mg. NTG/ml. Corresponding valuss for FUDR-treated conidia (12 hours
at 100'99;/m1.) are given in Table III.

In order ﬁo follow the 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 markérs on
the right arm of linkage group VIII (coupling and repulsion diploids,

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



Figure 3:

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; while a half-colony
twin spot appears on the left.

Lower photograph: A half-colony twin spot.can be
seen at the bottom centre.
Fawn and chartreuse half-
colonies can be observed on
the left and right, respsctively.







TABLE 1I: Effect of NTG on mitotic.crossing~over in fawn/chartredse diploid

Ffequency (%) R L o
Eolour of segregant Size i . L N T
| Control . Experimental biffargﬁce :v r
fawn/chartrause large ' o .b;-"’ » :é524 o .5;24»
'  small S Gas 028 pas
chartreuse ' laigé . o   3.2§  L ',4;96 - f.f 54;7é:i u 
small Coas 1.2 o2
fawn _ large : .;20;15: : o 2;50' o v i'1,95j-'?‘ E
small o5 X )

% abnormal colonies - '  0.1Uv7 - 13.07 12,97

Total number of colonies examined ' o .1984 -Qf 1431 ’
% survival B - - - 1o0%. L 72:4 (averége)'k

* set at 100%



TABLE I1I: Effect of FUDR on mitotic crossing-dver in f@wn/chartreuse diﬁloid

e v~vFrequehCy'(%5
Colour of segregant © ~ Bize:. . . .
: : Cantrol Experimental Difference
fawn/chartreuse , large .l = | .9 . - W94
chartreuse o 1arge SR D24 . 400 36
o small ,'l'i,»'-‘ 0,72 0.9 _H 'io.22r""
fawn h - lafge‘ ‘f: b_b - .‘ 0.94 ,' V.A 0;94:
amall 7 - om o 0.47

% abnormal colonies . o2 842 5.0

Total number of colonies examined e 415 . 428

#ousvival w024

* set at 100%




incozporate a,third oisihledmarker, alB?,.also locatedurn llnkage v~” g
group VIII. Homozygous,ggig sectors are very dark 1n appearance

on complete medlum and show reduced vrabrlrty. ThereFore, the‘gg;_’.
part of these twrn spots are always small and presumably some fn. |
Eggg/chartreuse twln spots are produced in whroh only the chartreuse
sector is detected. However, usrng these dlplo;ds, several dlfferent
types of twln spote can be 1dent1f1ed, and those that are, deteoted t v
can be. further examlned For segregatlon oF the blOCthlcal markers

also located_;n,llnkage group.VIII,~ nIn addrtron, ye;low and whlte
sectors werevisoiated°and examined.tblﬁhotographsvoF.aﬁfed‘Cases'ot‘e"

‘twin spots lnduced ln these dlplOldS are grven in FrgureLQ

Platings of. control and experlmental suspensrons after NTG treatment'”;fw]fgfp”

are shown in Figure § to show the dlfference 1nvthe frequency of»

coloured sectors betwesn these two.




E Figure &:

Tmln spots obtamned from coupllng and repuls;on dlplOldS.‘y

l‘Upper left photograph.:

A Fawn/galB twln spot obtained

by Hmaﬁtreaﬁment of the coupllng ’

 ”d1pl01d.

Upper right photograph:

A EalB/chartreuse tw1n spot

' obtained by NTG treatment of the:

" coupling dipleid. . ‘Such twin

spots could also be observed
from platings of: treated - '

- conidia of .the rBPUlslonvdlpldid; 

Lower photograph:

A Pamn-galB/Chartréuse twin
spot obtaiped by NTG treatment o

‘of the repulsion-diploid.

Because the faun ssctor also
carries the marker palB, it is
relatively inviable, - =
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"”Figqrgig,

ﬁCDmparlson of platlngs of treated and untreated } o
-~;con1d1a of couplmng and repulsxon dlplolds. _ 13

' Upper left photographo‘ﬂtantrol platlng of -

coupling dlploid. _Ql

prqiffightfph°t°9??hh‘VEXper1mantal plating
Sl S D (after NTG treatment) QFl.ﬂ: ﬁ‘1:_

T fﬂ?v__i‘”coupl1ng dlplﬂld.

Lover left photographs:  30ntrol Platxng of

‘repulszon dlploid._{ f[“;j1~v:‘¢

Lower right_phoﬁograph.:Experlmental paating

- (after NTG: treatment). ufg;?[ f7' o

frepulsxon dlploid. R
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Tables IV to XI glve the results that were nbtalnee from centrol
and treated cenldia of both of these diploids. The fellowlng
conventions are ‘used. to represent these phenetypes'

1. Colour selected: This indleates how the colony is visually
identified (i.e. the phenotypic appearance of the colony).

2. Marker: Only mutanttphenotypes are given (-). tAll.others

-appeared mild-type'endrare either heterozygeus as inmthe parental

diploid, or homerygeUS wild-type. Inm the cases of suad20 and Acr,
where heterozygotes could be dlstlngu1shed from- elther hemezygnte,
homozygotes are reported as either (+),or‘(#), while the unchanged
heterozygous parental-~type is left Blenk.

3. Size: 'Sacters‘are divided into "large" and "small", where a
small colour sector constitutes less.thaﬁ~en eighthvef that celeny.

4. Twin spots: Uherever paired reciprocal seetors are isolated
tegether; they are reported together and brackets are pleced around
them.

5. Single versus multiple esvents: Secteors placed under‘"single
events" are due to a single mitotic cross-over event, mhile-tﬁose.

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

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

non-dis junctional 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 cha, which is .

indicated as (~?).



TABLE IV: COUPLING DIPLOID: Phenotypes of segregants :analyzed from controlvplatings of

(a) Singie

Colour
selected

4

w
pal

cha

NTG-treated conidia.

events N
~ Linkage . Number observed
group : I _ Il CVIII . PRI SRS
S Large Small
Marker: suad20 ribo1 paba y; Acr w2; fw2 ni21 ribo2 palB7 cha

- - :‘ , o ) -2 ' 1

an S ; .

- "1 -

(b) Multiple svents

none

JTutal number of coionies examined: 1198

L



&

TABLE Vs COUPLING DIPLOID: Phenotypes of segregants analyzed from exgerlmental platings of
. . NTG-treated conidia.

(a) Single svents

Colour Linkage Number observed
selected group : I I vizr . e
e . ’ ’ Large Small
Marker: suad20 riboq paba y; Acr w2; fu2 ni21 ribo2 palB? cha
y (1) - - | o s 8
(ii) : - , 6 -
w | + - 13 3
fuw - - -? 16 2
fu/pal é A : 7 - - ] v _?g . )
pal (i) “ - - 5 -
ii) A - 4 -
pal/cha (i) : ' - - 3 1 -
(11) § : B - ; 2 -
cha (i) A - - 5 4 .

(ii) - 15 -

617



TABLE V: (continued)

(b) fiultiple svents

Colour Linkage . Number observsd -
selected : groups - 1 II VIII T L SR U
SR . Large Small -
Marker: suad20 ribo1 paba y; Acr w2; fw2 ni21 ribo2 balB? cha
Ty (1) + - - - 1 -
(ii) - - 1 -
w + + = 1 -
fw/cha 2 - - g 1 -

Total number of colonies examined: 786



TABLE VI: REPULSION DIPLOID; Phenotypes of segregants analyzed from control platings of
L o NTG~-treated conidia,

(a) Single svents

Colour Linkage Number observed

selected groups I Il VIII B
. . Large Small
Marker: suad20 paba y~bi; Acr w2; fw2 ni21 facB191 ribo2 palB7 cha "

y (1) - == - 1

w - - - 4

fw-pal - - - - - 1

cha (i) L o e I - 4 1
(ii) T T P S 1

(b) Multiple events

cha (i) + S . - 1. -

Total number of colonies examined:'1078“

A



TABLE ViI: REPULSION DIPLOID: Phenotypes of segreganté analyzed from experimental platings of
. . - NTG-treated conidia.

(a) Single svents

Colour _ Linkage Number observed‘>
selected groups I ‘ I1 virxz. S
Large Small
fMlarker: suad20 paba y bi; Acr w2; fw2 ni21 facB101 ribo2 palB7 cha

y (i) S ' ' 10 10
(ii) - - 2 4
w - - 8 1
fw-pal - - 3 1.
fw-pal/cha % : - , ) - _ g . 0
pal . - : - 1 : -
pal/cha (i) z - 3 -
(i) é : . 1 -
cha (i) N - - - 13 5
(ii) - - - 4 2
(iii) - 17 1

%



TABLE VIiIs (continued)

(bj>MUl£ipla svents

Coiour Linkagse

selected groupss 1 I1 VILI

Mlarker: suad20 paba y bi; Acr m2;' fw2 ni21 facB101 ribo2 palB7 cha

y . . o
W -
fw ‘. » -
fu/cha (i) . -
(ii) | N _ - -
1) - .- - - -

h \g
e

Number obsérveg

Large

Total number of colonies examined; 634

' Small

¥y



FASLE VIII: COUPLING DIPLOID: Phenotypes of segregants analyzed from control platlngs of

. FUDR~treated conidia.

(a) Single events

6oiou: Linkage ) Number Bbéébﬁéd
selected group: I : 11 viir
Large Small

Marker: suad20 riboq paba y; Acr. w2; fw2 ni21 ribo2 palB7 cha

y - - | 2 -

w + - 2 | -
fuw ’ ’ _ - - -? 1 -
cha - 1 -

(b) Multiple events

none

Total number of colonies examined: 315

-1



TABLE IX: COUPLING DIPLOID: Phenotypes of segregants analyzed from axgerlmental platings of
el .. .. . .. FUDR=treated conidia,

(a) Single events

Colour Linkage Number observed

selected group: I I1 VIIL U

T Large Small

Marker: suad20 ribo1 paba y; Acr w2; fw2 ni21 ribo2 palB?7 cha

y (i) - - ' 3 3
(ii) - 1 2

w + - ' - 2

fu ' - - =7 5 5

fu/pal § - - - _ -? % 2 -

cha (i) ) : ‘v. : ‘ - .3 1

(ii) : - 2 2

(b) Multiple events

none

Total number of colonies examined: 273



TABLE X: REPULSION DIPLOID: Phenotypes of segregants analyzed from control platings of
A .o FUDR—treated conidia, .

(a) Single events

Ceiour l.inkage S Number observed
selected groups: I : 11 viiz .
______ Large Small

flarker: suad20 paba'y bi; ~fAcr w2; fw2 ni21 Fa§B101 ribe2 palB7 cha

y - - - _ A o 4 5

’ L. 5 1

fu-pal : ' - - 2 2

cha (i) - - - T 1 -
(ii) : - - v - 1 1

(iii) - 2 3

(b) Multiple events

none

Total number of colonies examined: 1550

*Ly
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TABLE XI: REPULSION DIPLOID: Phenotypes of segregénts analyzed from expsrimental platings of
o L FUDR-treated coodia. ;-

(a) Single events

Colour Linkage LR
selected group: I o IT eI

Mlarker: suad20 paba y bij Acr w2; Fwi h121 facB101 ribo2 palB7 cha

a5 ot TR | 2 2
(i1) - - - AR A ; 2

fu-pal/cha E vﬁr i o i_:u- f;~ - g
pal/cha % R g o -thfiv; ;. o T ;
cha (i) " o - - - - 7

(i) A - - - 1
(iii) € _':. _? 2 ;  v‘ - 11

- N) =S

.gv .
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TABLE XI: (continued)

(55>MQiﬁipie events

tolour Linkage

selectad groups: I Il vz

e Large
Marker: suad20 paba y bi; Acr w2; fw2 ni21 FachO1 ribe2 palB7 cha

, | . ; . . : B : _ o

fu/cha 2 + . - ‘ - g -

cha - RS R b i | | ) - .

" Total number of colonies examined: 419

Numbsr obssrved

*6h
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Cdntrols

“ Léfge spohtanéous twin spots aré rarely observed. None were found
among.the 6140 colonies examined in the cantiol platings run concurrently
with these experimenté on non-UV sensitive diploids. It is estimated
that this occurs with a frequency of aboutv1/10,000 for the £ight arm
of linkage group VIII (K#fer, psrsonal,commuhication). However, three
small twin spots were found (Table II).’ All were e;tremély tiny, and
consisted of single lines ofﬁéolouféd”conidial heads mhich 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 fhe reciprocal segregants

carried the marker palB 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 énly difference in
experimental preocedurs betwseen fhe tmo.éets ﬁith different treatments
was that the NTG controls were allowed 4-1/2 hours of germination time
in liquid minihal media at 37° C, while the FUDR controls required
approximately 12 hours to germinate in the sémé media at 28° C. If
the extension in germination time had an eFFaci on mitetic crossiné-
over, it would be expected to express itsself as significant difference
between the number of large colonies in NTG and FUDR controls. Of ths
eight values compared im this table, none.show sigﬁificant 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 frequencias of coloured sectors from
' controls of NTG and FUDR treated ceonidia of coupling

and repulsion diploids. .

Treatment:
Sizes:

Colour of

segregant
yeliow o
white .
fawn

chartreuse

Total number of

colonies examined:

NTG

Large

0.09

0.04

0,13

2276

‘Small

0.22

. 0 .09 ‘-'

0.09

0.22

Large

0.16
0.05

0.21°

FUDR

o Small
816 -
0.05
1005
8.11
1865
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"tovfhe‘s% level than thosé'cohpariéohs‘among smaller‘sectofs. Thus,

a larger sample size would be preFerable,vbut,thiS'is unfeasable at
this time because of the large number of colonies that would havé to

be handled.

The effect of NTG. and FUDR on mitotic cressing=-over

The'affeété‘bf'thééé two égéﬁﬁsiép'hitdfié4c#633ing-over.in

non-UY sensitive straihs‘can best be observed from Tables II and III

which give the experimental and net frequencies of éoloured:sectofé.

after NTG and FUDR treatment of the fawn/chartreqSe:diplnid. In this
diploid; both fhe reciprocal products oF’the cross-over svent héve an
equal probability to be picked up (barring lethal events} since they
are equally viable. From the net'Frequencies of large twin spots and
coloured sectors, it ié obvious that both agents can effectively
induce mitotic crossing-dver. ‘A significantly larger frequency of
coloured sectors have been induced by the NTG (P < .01) but a |

significantly larger frequency of abnormal 6oldnias haQe also been

induced concurrently (P < .01).

Double crossing;over versus non-dis junction

"»Linkaéé.giodb 1 haé'ﬁhe édi&ui"héfkér;x on the right arm of this
chromosome, and'gggggg on the left arm and can therefore be used to
determine mhether'of not non-dis junction is occurring in thess
experiments. Table XIII gives the number of y colonies observed that
were homozygous‘For the breé;;;e (+} 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
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TABLE XIII: Coincident homozygosis far both arms of linkags
group I among selected y/y segregants. _

Number observed = :'Fféggengy (%)
Marker: sulad20 S e e e
oo 4 | o
-f= ' > _ - 0.05-.
+/- e 3.45

Total number of colonies examined: 1912



 S4..
either Be prqaucad by a single non-disjuncfional event or by tuwo
mitotic cross-over suents, bne on each side of the centromere.
However, colonies homozygous for yellow aﬁd'tﬁe absence.of the
suppressor could only be produced by a miﬁotic Cross-over évent on
each side aof the centromere.' The observed numbers in these tuwo
classes do not differ significaﬁtly frpm one another at the 5% level
of significance ({10 <P <"30)'. Although the sample size is small,
the frequency oF-single éuents-ié éa muéh larger than either éf these
two vélues that it may be conbludsd that non-disjunctional events are
not frequehtiy induced by the agents used here. |

Types of evsnts induced,bleTG and. FUDR

| Tabiéwxiﬂ givés fhe;freqﬁeﬁéieé'éf single and multiple events
induced by NTG and FUDR on the coupling and repulsion dipleids
(summarized from Tables IV to XI). Control values from both diploids
;re summed togathéf sincé they do not differ significantly from dpe
another. The cbserved frequency of single events induced by NTG is
significantly higher than the frequency induced by FUDR (P 4 0.01),
while the values obtained for multiple events do nof differ signi%icantly
from one another at the 5% level of significance (0.10 € P < 0.30). 1In
addition; multiple events are sven less Frequent.éhan would be exbected
from the coincidence of two single events. (For NTG, the probability
of two independent single events together is i;BB% (0.13592) which is
greater than the observed frequency of 0.85%. For FUDR, tﬁe probability
of twe independent single events occuring togethér ié 0.92% which is

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



%%%

Treatment:

" ..':.; i

.fff  Number  Frequency (%)

Single events

Multiple events

Total number of z:l
colonies observed -

45

2

4141

Ceontrols

1.09

0.05

Numbser
193

12

1420

NTG

Fﬁequency.(%)

13.59

. D.85

Number

76

792

TABLE XIV: Frequencies of single and multiple svents from Controls, NTG- aﬁd FUDR=-treated
e conidia of coupling and repulsion diploids.

FUDR

?téquency (%)

9.60

0.38

*gs .
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obtained F;dm these diploids are in agreament'mith those obtained

from the fawn/chartréuse dipioid since bath indicéte'fhat-NTG induces
a higher Freqﬁency of mitatic crossing-over than FUDR, Ih.éddition,‘
the data obtained from thésé better marked coupliﬁg.and répulsion
diploids indicate that all‘the sectors produced by bbth agents.can

be explained by the induction of independent éingle eveﬁ%s. |

UV sensitive mutants

" Two UV sensitive mutants were obtained from among 1500 UV
irradiated conidiafwhich were'tesféd for marked sensitivity to UV
light by the irradiatiqn of velvet replicés; lapping by means of
para-fluoraphenylalaniné-induqed hapldidisatibn of a dipleid strain
synthesized between the mutant uvsi strain and a tester strain marked
on all eight linkage groups, shuwea that_gggl'was’locatéd on iinkage
group IV. An analysis of 104 ascospores ffdm crosses of uyvsl x uvs2
(Crossés 927 and 928 of Figure 1) yielded no wild=-type recdmbinanté;“
fhus_gggl and uvs2 were assumed to be mutants of the same Qene. Also,

both were determiﬁed to be recessive geneé since diploid strains which

were heterozygous for uvsi amd uvs2 were not more semsitive to UV light

than was the wild-type hdmoiygoué diploid. At the same time, the

diploid homozygous for uvsi was markedly more sensitive.

Survival curves

UV survival curves for different times of exposurs of suspensions

of the parent strain (zibel y) and its UV sensitive derivatives (ribo1'z;

uvsl and ribol y; uvsé) éré givan in Figure 6. After three minutes

of irradiation at a dosage of 16 ergs/mmz./sec. at the level of the



Figure 8: Survival curves of parental strain (riboly ~-W)
and its UV semsitive derivatives (ribojl y; uvsi -A
and ribel y; uvs2 ~ 0) following UV irradiation
at 16.ergé§mm2./sec.-m _

Figure Z: Survival curves of parental strain and its
UV sensitive derivatives following treatment

with D.05 mg./ml. of NTG. (Symbols same as above).
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suspension, the UV sensitive strains are ahout thirty ﬁimas more
sensitive to the UV light than the wild~-type. This dosage was used
to identify UV sensitive. ascospores in all subsedueht crosses
invelving these strains.,

Figure ?. gives the survival curves fer the saﬁe strains when
exposed to NTG. Results clearly show that both UV Sensitiue strains

are also NTG sensitive to a similar degree.

v

_ The effect of uvsi on mitotic crossing~-over

| "Table XV Qiﬁés the ?reqﬁénéiés‘oénﬁﬁé-variods types of coloured
sectofs in control ard NYG-treated (4 minutes of 0.05 mg./ml. of NTG)
conidia of the homozygoué uv éensitivs diploid (Figure 2). The o
spontansous frequencies observed in these éontréis are rélatiﬁely high
and are well above the values that bave beeh obtained'from.the controls
of all the 6thér'non-UU sepsitive diploids.in the previous experiments.
In addition, a large number of sectars which do not originate from the
centre of the colony are observed in control as well as in experimental
platings. Thgse are excluded from this table, but several can be
.seen in Figuies 8 and 9. Also, abnormal célonies are observed more
frequentiy in these controls and experimental platings than im those of
experiments with non-UV sensitive diploids.

Among the colour sectors, one large twin spot was observed in the

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

of coloured sectors might be due to increased mitotic crossing-over.

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

bnly a qualitative analysis is possible at this time. In ®his case,
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TABLE XV: Frequencies of coloured secters in contrql.and experimental platings of

the homozygous UV sensitive diploid.

Colour of segregant Size Control
fawn/chartreuse 'V>ALarge S o2
Small ' . -
chartreuse Large , 2.70
Small  Duaz
fawn vLarga i d.42
Small | 0.62
% abnormal colonies ' : 2.29
Total number of colonies analyzed ' : 481
% survival ’ - 100«

* get at 100%

Experimental

37.62

202

42.0

*6S



Figure 8: Control platingd of the homozygous UV sensitive diploid
C showing large numbers of spontanecus colour sectors.

:
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Figure 9: Experlmental plat;ngs of t.ﬁfhamozygous UV

* SBnS1t1V8 d1p101d follomln'
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a few additional twin spots have been found and an attempt was made
to determine whetherlfhe‘number of observed twin spots could be
explained by the coincidence of two independent svents in the same
part of a colony. Out of 770 in this control plating; 8 large fawn
séct&és were observed, while 30 large chartreuse sectors were found..
Thérefore the probability of producing a fawn/chartreuse twin sector
by two spparate events is less than 1/770. However, in this samse
experiment, 5 spontaneouslcases of lafga Fawn/chartreuse twin sectors
were observed. Thus, it appears likely that these have been
produced by a single event - one reciprocal exchange between the
cehtrome:e of linkage Qroup VIII and the more proximal marker fu.

The effect of uvs1 on meiotic crossing-sver

ﬁ}dssss.homdzygddé'fof'both'h6é1'6r‘uvs2 and heterozygous for

uvs] and uvs2 werse examined togather'with'a control cooss (homozygous

_wild-type) to detsrmine whether or not the UV sensitive gehes had any

effect on“meiotic crossing-over, The results are given in Table XVI.

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

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

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

of significance. '~ In addition, the sample was found to be homogeneous

at this level of significance.




TABLE XVI:

Cross

Lrosses
number*
924 uvs® x uvs®
925 uvs1 x uvs1
926 uvs2 X uvs2
927 uvst x uvs2
028 uvs2 X uvsi

* details in Figure 1.

Numbaf of ascospores
analyzed’

104 -
104 .
103

© 104

104

The effect of uvsti and uvs2 on meiotic crossing-over.

Calculated map distance between

paba and y . :

21.2

18.3

C11.7

9.6

1345

1

]
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Discussion

Spontaneous and induced mitotié.éréséiggeover

Analysis of somatic ségrééanéé haépéeénuused as a major genetic

technique in Aspergillus nidulans since the discovery by Roper in

1952 that rare fusions of genotypically different haploid nuclei can
occur to produce stable dipluid strains. . épantanebusly, these
diploids will give rise to somatic segregahts which may be picked up
as coloured sectors. These_segregahts are péoduced by twe distinct
processes: Firstly, chiombéomal.segregation can produce haploids, -:::
non~dis junctional diploids, and aneuploids (K#fer, 1961)e A second
and independent process of mitotic crossing;béer can prbduce diploids
homozygous for the markers distél to the exchange on one chromosome
arm (Pontecorvo and Roper, 1953; Pontecorvo, Tarr Gloor and Forbes,
1954; Pontecorve and K4fer, 1958).

The ultimate proo% of the oécurence of crossing-over at the four-
strand stage of mitosis rests on the ability to recover together u’.'h
the reciprocal products of the cross-over aﬁent. Stern was the first

to obtain these in Drosophila melanogaster, and he termed the yellow

body/singed bristle béifed reciprocéi ﬁfdducts on the abdomen of
heterozygous flies "twin spots" (Stern, 1936). He interpreted the
occurrence of such ﬁwin spots ia»mean that crossing-ovgr had taken

place at the four-étrand stage of mitosis'and was ifollowed 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 dipleid (given in Figure 2). A
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cross-over event in the interval between fw (faun) and palB
(alkaline phosphatase) can. lead to one ufliwé p05§ible résﬁlts
following equational,&itotic segregation. In case A, the two cross-
over strands sagregate.iq£05different huclei; producing two reciprecal
segregants, eahbh one homozygous distal to the point of the exchange.
That is, a palB/chartreuse tuin spot will be observed. In cass B,

" one nucleus rehains parental while the other receives both dfosséovar

strands and appears phenotypically like the parental type. This

latter type of segregation 'was identf%géﬁ'in Aspergillus niduians by
Roper and Pritchard (1955), while the former éyﬁé.ﬁéé first identified
with different markers by K#fer (1961) and by Wood (1967) with this
system of visible markers.,

| Whele colony twin spots will be ebserved 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 coleny will- consist of 6ne-quartér (or one-eight) one
segregant, one-quarter (or one-sighth) its rebiprocai, while the rest
remains heterozygous pa£ental. -_Ip;ail these experiments, NTG and FUDR
treatments were performed on germinating conidia. These suépensiuﬁs
are not synchronous, and it has been estimated that Froma one to three
nuclear'divisions have taken place by germipation 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 bsen

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




Figure 10: Schematic representation of the mechanism of
mitotic crossing-over.
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might be due to sppntaneous events. The observed data support this:
In control platings aof non-UY sensitivé diploids, few lérge coloured
sectors are seen, while in expefimental_platings the majority of
colour sectqrs are large, although the frequency of smaller sectors
rises as well., This rise in frequency of smaller sectors in
experimental platings is thought to be due to the prdblem of clumped
conidia encountered in these experiments: Conidia tend to start
sticking to one another the longer they are hsld inisuspension, 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;in'thé former case germination time was
extended from the noimal 4-1/2 hours at 37D C to i2 hours at 28° C.
Thus, presumably some of the smaller secters may have been induced
during the first three'huclear divisions, but appear smaller bscauss
they have clumped with heterozygous conidia. In agreement with this
assumption, a higher proportion of smaller coloﬁr sectors are observed
in FUDR treated conidia thén inithose treated with NTG.

The schematic representation of mitotic crossing-over in Figure 10
implies that mitotic crossing-over is always of a reciprocal t}pe.

The reciprocal nature of spontaneous and UV induced mitotic recombination

has been conclusively shown by Haefner (1966) in Saccharomyces
cerevissiae where a pedigfee analysis is possible. "In‘experiments
presénied here, it was possible to isolate visible twin spots in many
cases 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: A chartreuse sector might bs observed

if crossing-over took pléce'between_the marker palE and cha in

Figure 10, since ﬁha marker palB would remain heterozygoué just as
the marker fw remains he#érozygbus in the example shown. | Fawn
sectors might arise as a result of two cross-over éxchanges; one
between the centromere and the marker fw, followed be amother in the
region between fw and palB. In addition, only one segregant (either
fawn or chartreuse) may bé.recoVared if a lethal Bvent has been con-
currently induced.by the chemical used to induce the cross-over event.
Finally, either segregant may have been too small to detect visually.

The mechanism &f NTG and FUDR induced mitaotic crossing-over

'Tﬁd ciéééééﬂﬁf agéﬁéé Hévénhfbﬁeé éfféétivé"inhiﬁddéing mitotic
crossing-over. These include the mutagenic agents, such as UV and
NTG, and "recombiﬁogens" (Holliday, 1964), such as FUDR and Mitomycin C
whicﬁ indﬁce crossing;over‘at concentratiens at which they abe not
mutagenic.

Among the most popular mutagenic agents which are capable of
inducing recombination is UV light which has been shown to be effective

in germinating conidia of Agpergillus nidulans (K&fer and Chen, 1964;

Jansen, 1966; and Wood, 1967),'a3'weil as in other fungi (James, 1965;
3ames.and L;e-Whiting, 1955; Holliday, 1961, 1962,_1965b,,1965: 1967;
Hurst and Fogel, 1964; and Sherman and Roman, 1963). In these

axperimenté, an attempt was made to induce mitotic croséing-over with

another mutggenic agent, NTG,which Zimmerman'gg;g;. (1966) have shown to be
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effective.’. in inducing recombination in dipluid'strains of yeast,

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

sactors were ghserved aftei treatment of germinating conidia with

this mutagen. These frequencies were close to those obtained by

Wood (1967) who used UV light to induce mitotic croséing-over on the
same fawn/chartreuse diploid used for part of this apalysis. Just as
was observed for UV iight, a large number of abnormal colonies wers
induced concurrently. However, it appsars that abnorhaks(which are
probably mainly deletions and other mutations which reducejviability,
K8fer, 1963) and mitotic cross-over events are either produced by

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

to the DNA, only one of which can be repaired enzymatically (K#fer, _
personal communication). This is supported by these experiméﬁts
since all the segreganfs which have been analyzed arose from centres
of normally growing colonies. Also, it has bsen observed that
treatment of quiescent conidia, which ére not undergoing DNA synthesis,
with UV }ight or NTG results in survival lsvels and frequency of

abnérmal coloniss comparable to those found after treatment of germinating

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

1967), Like UV light, NTG is thought to increase mitotic creséing-ovar
by inducing a type of damage in the DNA uwhich can be corrected by a
system of repair enzymes, some of which have been shown to be active

in recombination as well (Holliday, 1967).

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

recombination fregquencies in diploid strains of Ustilago maydis. In
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these axperiments, FUDR treatments.of germinating conidia resulted in
increased-?raquenciéslnf various coloured segregants, anq‘these were
shown to be due to mitotic crossing-over. FUDR is knownlto inhibit
thymidylate synthesis (Cohen st al., 1958; Flaks gg_g;..1959). Thus
its recambinogenic.proﬁarties are thought t6 bs a 59901t of fhymidylate
starvation of cells (Esposito and Holliday, 1964), since a direct
deprivation of,tthymine in bacterié has bsen ubsérved to increase the
frequency of recombination (Gallant and Spottswood, 1965). Putrament
(1967) has shown that aminobtapin.(which also léadslto thymine
étarvétion).gha adenine starvation induce intragenic recombination

in diploid‘strains of’AsEergillus nidulans. She also shows that a

" mors indirect method of fhymiﬁé'starvééién - via para-aminobenzoic
acid starvation in paba-requiring strains - also induces mitotic
recombination. Finéily,.RolFe.(1966) has shown that thymidine
starvation ia inhibited by concufrent‘inhibiﬁion of RNA and protein
synthesis in bacteria.

Putrament suggests that all agents which are capable of inducing
recombination, have one téing iﬁ cemmen: all are capablse of‘inhibiting
DNA synthesis (either by dmmage to the DNA necessitating repair, or
by direct inhibition of DNA synthesis by starvation) without concurrently
affecting RNA and protein synthesis to the same major degree. Thus,
although UV light damages DNA, RNA, and protein synthesis, she notes
that the.ability to synthesize RNA and protein is recevered first by
the cell., The same has been observed for alkylating agents. Thus,

it is expectéd that an overall depressien of the metabolic rate (DNA,
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RNA, and protein synthesis) by a lowering of tempsrature should have
little effect on mitotic cécombination. This was confirmed by a
comparison of controls of NTG and FUDR treated conidia, in these
experimentsywhere the only'differaﬁcé in experimental procedurs
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 lowsring the temperature. As no significant
difference was observed, it was concludéd that an overall depression
of the metabolic rate has little or ﬁo effect on mitotic crossing-over.
She therefore suggests that one process is responsible for
inducing recombination in all thsse cases, namely, an inhibition of
DNA synthesis without concurrent interference with RNA or protein
synthesis. However, it also appears that the repair of a certain
type of damagé to DNA is involved in al; these‘bases. It has already
been mentioned -that valightAis thought to induca\#ecomb&nation by an
activation of repair enzymes to correct these déﬁgéas, at least one
of which is invelved in recombination'as wells It seems reasonable to
assume that NTG acts in a similar manner. Suppoft of this theory is
also obtained frem the observatien of non-conservative repair réplication
following NTG treatment similar to that observed for UV irradiated
cells (Cerdé=01meda and Hanawalt, 1967). Other researchers have found
by senéitive mutants which are Mitamycin C sensitive, and vice versa
(Boyce and Howard-Flanders, 1964b; Okubo and Romig, 1966), suggesting
fhat Mitomycin also acts in a similar manner. Finally,"Taylor, Haut

and Tung (1961) have found gaps in FUDR-treatea DNA of root tips of
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Vicia faba, implying that discrete breaks needing repair have been

induced, while Pauling and Hanawalt (1965) have observed non-conservative
repair replication Following thyminenstar&ation in bacterial cells.

Thus, it seems likely that all these agents do act in ope basic
way. Rather than just an inhiﬁition of DNA synthesis, this involves
the induction of an enzymatically repairable type of damage im the DNA
by these agents, since at least one of these enzymes has been postulated
to be involved in recombination.

Generalized repair mechanisms

Many researchers have postulated a generalized repai: mechanism
(revieuw, Han@walt and Hayes, 1967) which is capable of enzymatically
correcting many types of damage iﬁ the DNA. Thus it would be expected
that UV sensitive mutants would shouw crcss-senéitivity to a varisty of
chemica} and physical agents depending om their mode of action. Indeed,
this has been observed by many. In addition, both UV senstive muﬁants
isolated in these experiments ware'observad to be NTG sensitive as well,
Thus, if the rppair of UU—vand NTG~damaged DNA have snzymatic steps in
common, and, if UV is postulated to induce recombination via some of

these same enzymes, then it might be expected that NG could also be

used to induce recombination. This, too, has been observed in these

experiments..

The effect of uvs1 on recombination

It has been'pdstuiéted théﬁ'répair of the damage induced by UV
light and recombination have at least one enzymatic step in common,

since UV sensitive mutants have been isolated which are recombination-
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negative, and recombination-negative mutants have been iselated which
are UV sensitive (Clark and Margulies, 1964; van. de Putte, Zwenk and
RBrSch, 19663 Howérd-Flanders and Theriot, 1966; Howard-Flandsrs, .
Theriot and Stedeford; 1966; Holliday, 1967; Laniér, Tuvéson and Lennox,
1968) . However, the UV éensitive mutant isoiated in.these experiments
is not rebombinatien-negative in this original sense. Rather, an
increase of-spontanenus and induced mitotic crossing-over is observed

in diploid strains which are homozygous for uvsi. No effect on
meiotic crossing-over could be detected.

R similar mutant has been isolated by Holliday in Ustilago maydis
(Holliday, 1967). As in the present case, spontanecus and induced
mitotic crossing-over are imcreased when the marker uvsi is present.
in a homozygous condition in diploids, but meiotic crossing-over
appears to rehain unaffecteds 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 dipleid, might
be expressed as "homozygosis" of terminal markers due to the uncovering

This type of result might follow if a repair

1

of recessive genes,

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.

I1n our experiments with uvsi1 of Aspergillus a largernumber of

twin épots were observed than could be éXplained by the sccurrence of

two concurrent, but independent, esvents. 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 mitotiﬁ.and meiotic recombination might be due to
different mechanisms$, since meiotic recnﬁbination was within the
normal ranga for non-Uv sensitive Crosses.

At present. these praliminary,expefiments suggest that the most
feasiblg step that might be affected in this mutant of the proposed four
step mechanism (excision, degradation, repair replication, and joining

of phosphodiestér bond) is the degradation step. However,. the enhanced

" degradation must lead to recembinational events, anﬂ not just deletions,

as Holliday proposes for his mutant. ~ However, it is ebvious that
further study of this mutant is needed, both threugh a more detailed

analysis of the types of events induced by this gene in homozygous

UU sensitive diploid strains, and through an enzymatic analysis of

thehihaploid strain.
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Conclusions and Summary
NTG and FUDR have bééhﬁuééélfb iﬁduée'édléur sectors resulting
from mitotic éegragation in four different heterozygous diploid

strains of Aspergillus nidulanse All diploids were marked in

repulsion with visible markers of linkage group VIII. This

permitted the detection of paired reciprocal colour sectors (twin

spops) which provide conclusime 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 ths viability of the
products, indicate that the frequency aof the various types of colour
sectors is increased considerably by NTG or FUDR. Data from better
marked ceupling and repulsion diploids'gave insight into the
coincidence and distributioﬁ of events along one chromosome arm. It
was cencluded that NTG had a somewhat greater recombinogenic effect
than FUDR at the axpénse of the concurrent induction of a larger
number of abnormal ddonies. The majority of coleoured sectors induced
by both agents appeared to be due ;o single mitotic cross-over svents.
Several cases of multiple events were observed as well. All of these
could be explained by multiple crossing-over, and were found no more
frequently than was expected from the ceincidence 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 ef repair
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enzymes, some of which have been shoqn_to be active in
recombination.

Two UV sensitive mutants have been isclated, but testing showsd
they were mutants at the same locus. The effect of these mutantsv
on mitotic and meiotic recombination maé studied. In diploid
strains homozygous for uvsi, both the spontaneous and induced freguency
of coloured sectors resuiﬁing from somatic segregation are imcreased.
Since twin spots could be identified with high frequency, it was
concluded that reciprocal mitotic crossing-aver was increased in the
presence of this gene. In meiotic crosses homozygous for tﬁess
mutants, no effect on recémbination could be observed. From these
preiiminary results, uvsi is best assumed to causs excess exonuclease

activity, howsver addifional experiments are needed to test this

hypothesis,
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