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ABSTRACT

Spontaneous secondary mutations of SUPE, a tyrosine’inserting ochre

suppressor, were seIected in a hap101d straln of Saccharomuccs cerevtstae

Allelic recombination w1th1n the locus was' studicd by meiotic analysis of

random spores as well as by gamma ray .induction of m1tot1c recombination

e.in all possible c¢rosses of ten stralns with mutant suppressors and a

w11d-type sup6 strain.- Recombinants were selected by selecting for

restoratlon of the suppressor phenotype in strains w1th suppre551b1e

auxotrophic requirements. Meiotlc analy51s revealed the follow1ng

characterlstics of recombination at "this locus.

1,

‘The recombination frequenc1es in two-point crosses were unsatis-

factory as a crlterion for mapping alleles within SUP6 However,

- a mathematical technique was’ deV1sed for using meiotic recombination

,frequencies to“obtain'a map'. The rates of gamma ray- 1nduced mitotic

recomblnatlon .also proved to be unsatisfactory for marcing
One of the two recombinant out51de marker ComblnatIO“' was recovered
more often than ‘the other among selected - 1ntragen1c recombinants in

two—p01nt crosses Both c13551cal cr0550ver theory and current

‘models of recombination predict that the allele order is that which

makes the more common class the single exchange class. This
criterion was used to determine an order for SUP6 alleles which was
1nternally con51stent

The selected intragenic recomb1nants with out51de markers in the

'parental configuration showed no eV1dence for a polarity of conver-

sion in this locus, that is, no gradient of conversion from one end
B . . . )

of the locus to the other.

iii



k4. There existed aliele-specific,and hetercallelic—combination-spccific
effects on intragenic recombination which could not be accounted for
solely by the correction properties of the alleles.'
. 5. Among selccted prototrophs, there were more’ producrs with the
parental configuration of outside markers than the recombinant
kcbnfignration.-‘This‘was true for all ailele combinations and tbe
‘ difference was significant for most crqsses;
’Tetrad‘énalysis’of one—poiﬁt crossesdof SUPG:(either SUP6-1. x sup6+\
or SUP6-1 x sup6—1 -x) showed that for two of three SUP6 alleles ‘tested,
conversion was accompanied by out51de marker recombination less than 50%

of the time. ThlS excess of parental over recombinant products confirmed

a

the observation wi'th selected recombinants in two-point crosses. A high.
frequency df conversion and very long‘ccnverS1on lengths, one-third of
which extended into an adjacent mirked locus, were also revealed by
tetrad dissection; ‘The converSion events]predeninantly inVolved'one'
‘chromatid only, although there were probably some two-chromatid events
and some apparent four-chromatid events. | Conver51on on’two pairs of
chromatids occurred more frequently than predicted from the frequency of
conversion events: 1nvolv1ng a 51ng1e pair of non-sister chromatids.

Independent conversion of linked loci showed no positive or.negative'

interference and there was some 1nd1¢at10n of a lack of 1nterference

between Crossovers in the region. 1gh conver51on frequgncy accom-

'paniedﬂéy a low recombination frequg ctween SUP6E a11e1es indicated

that most conversion events covere tire locus and did not stop

between the,alleles.

A

The presence of dimer excision-repair defects in strains carrying

o



radl, rad2, rad3, or rad4 mutations or the presence of other repair

defects caused by radlf and radl8 mutations did not drastically alter

L

the pattern of conversion from that in wild-type strains. In particular

-

no changes in the frequency of correction of mismatched bases in meiotic

recombination (seen as postmeiotic segregatian) Wwas potéd.
N _.A.c,”k 'A 5
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" INTRODUCTION

Early descriptive work on the genefic conséquences of recombination’
within a locus revealed certain patter;s which ﬁrovideé tHe framework
for general model buiidiﬁg. ‘The picture of eukaryote reé&mbination
.which emgrged iﬁvolvgd thg_formation of hybridlDQA as a result of base
péiring between complementary nucieotide chains from DNA molecules of'
different parental origin. The.exchange was thought fo be initiated
at ‘a fixed poinﬁ«at the end of a locus. Inélusion of a mutation in
this hybrid region would‘result iﬁ the formqtion of a mismatcheq base
pair; and it Qas postulated that an enzymatic repair system could " -
recognize fhe mi;match and correct it by excising and repIacing.theuj 
~mismatched Base oﬁ one strand, - Reciprocal recombihafion of outside
'.markerg could foliow from'resolutionbof such a half-chromatid exchange. |

The diagrams‘in Figure 1A of the leliday (1§64) model of
»recombination illustrate one Qay in which this'éeqﬁénce of event; could:
£ake1pléce:v Markers are included So the genetic'consequehces of such
' eveh§§ may be seen. The inte;pretatiqn 6f the'results presented in
this study .is bésed on a‘general model of fecombination throﬁgh hxbfid
DNA”formation.and mismatch ;orrectiop, énd'tﬁé diffgrenéesvbetween
-models of this kina are generéllydnot'relévant; Hdwevér, Figure 1B
(adapted from.MeSeisoﬁ‘and Radding (1975)) sths a configuration of a
recombinant molecule with hybrid DNA of unequai léngfh-on the two
chromatids as we1¥-as'tﬁé capacify_for migration of the crosscoénnection..

in either direction. - This illustfates the large potential for variation

o

in the characteristics of an event as different parameters are allowed

to vary ihdependently.



(1) A 1 + _ B (i) A 1 + B
A +. B AT S 2. B
. -

" hybrid region within
which ¢onvers1qn nay
. L . ' _eccur

Figure 1. Diagrams of. recombination.mechanisms.

A, (i) Before reeombinatibn.. Each chromatid involved in the recombin-
ation event is represented by two 11ne5 of opposite polarity,

be11eved to be the nucleotlde chalns of a DNA molecule.

o

(11) Breaklng and re301n1ng of the two crossed nucleotlde chains

Cowill give a product with the ougﬁéde markers.in the parental
conf1gurat10n.' Scission of the outside strands will yleld a
product recombinant for markers A and B. The nlsmatch created
by hybrld DNA coverlng the site of allele 2 may be exc1sed and
complementary bases “inserted on one strand for one or both

E palrs of hybrld DNA. molecules



(i)
(ii) Ae L + B , (iii) + ) 2 b
090'..;}000000. 4 + b . g< + ) ’ 2 B
le + 2« a + 8
» eonv-.-'o..o-. ———>—

.asymmetrical symmetrical
hybrid . hybdbrid

AN
B. The configuration béfore recombination is the same as in A.

(i) The recombination event is initiated asymmetrically. A single-
strand break in one DNA mdlecule results in that strand paifing
with the cohplementafv base sequénce in another DNA molecule
while DNA polymerase act1v1ty dlsplaces the strand which'
initiated the event. . The dotted line represents a region of
new DNA synthesis.4 Hybrld DNA 15 asymmetr1cal thatnls,-

" restrlcted Jto one chromatld

(iij and (iii) Rearrangement of configuration (i) may rééult'in
the formation of symmetrical hybrid (reciprocal formation of
hybrid on the DNA molecules of-Both chromatids) . Since the
position of the outside and the bridging_strands can be

Ce intercﬁanged in the model by rotation without bond breakage,
configﬁ;ations (ii) and (iii) are believed to be'iﬁ rapid
equilibrium. One will result in products with the outside
markers 1n the parental conf1gurat1on, the other will give

recomb1nat10n of out51de markers.



Evidence that intragenic recombinetion is not predominantly a eonse—

quence of cfossingeover between alleles came from studies in‘ASCOmycetes,
~in which the products of meiosis .are held together in the ascus. The
1solat10n of 1nd)V1dual asci from mutant x wild-type crosses occasionally
gave 3 wild- type and 1 mutant spore or 3>mutant and 1. w11d type, rather
" than the expected 2 2 segregation (Zickler 1934; Llndegren 1953; Mlchell»
1955). .In studies of coﬁyer51on which!includedematkers on either side
of the lerS being aneiyeed, it was shown that allelic ;ecombination
" resulting from cenversion of one allele in a.two—point CTOSS was”highiy'
correiated with recombinatien of ohtside.marker genes (Stadler and Towe
1963). This was true:of eonversion in one—point crosses as well
,(Kitani et,a1.11962). Also, a latge number‘of studiee of random meiotic
products in which inttagenic recombinants were selected ehowed a high
aesdciation of intragenic recombinationxﬁith recombination of the outside
markets. Small semples.of tetraes with recembinant prqducts from,these
same sYstems'sthed conversien'to be respeneible'for much or all of the
allelic recombination (for example, Case and Giles 1958b). The high
easseciation between conversiph and erossing-over was an imﬁortant'con4
sideration in model buiiding.

VAnother body of data whieh had to he_eccognted for was"the property
that a set of alleles could often be mapped using the classical criterion’
of the frequency of recombination between them.‘ Crosses were perfermed
between strains each carrylng a dlfferent auxotroph1c‘mutat1on in the
same locus and prototrophs were selected among the_me1ot1c products.

The dietances,‘measured in terms of recombinatipn.frequencies, were
often reasonably additive, and thus“it appeared asrthough‘allelic

recombination involved some distance-dependent parameters.



N

On the basis of hybrid DNA models, the‘éfoduction of an allelic
recombinant requireS'that the segment of the chromatid in which conver- /
sion occurs cover one site and“not the other. Distance-dependency (;
indicated that the pfobability of a conversion length ending between
two sites increases with greater sepapation of the sites, since conver- .
sions covering both sites will . not result in the formation of a

recombinant. The models provide for two distance-dependent components

of recombination, hybrid DNA endings and excision-repair endings. If

~hybrid DNA is initiated'at a fixed point and is variable in length,

~ then the probability that one site will be covered by hybrid but not

the other will depend on. the distance between the sites.

In addltlon the phenomenon of co-conversion, that is, conVefsion
of more than one allele in a gene in the same direction on ‘the same .
strand, 1nd1cated that correetlon takes place over a length rather than
at a point (Case and Giles 1958a, 1964; Rizet and Rossignol 1963;
Fogeﬁighd Mortimer\1969). Since the endinglef a segmeht of excision
and resynthe51s between two alleles may also generate a recomblnant
"even if.both alleles are 1nc1uded in the same hybrid segment, the ¢
excision endings. are .a second distance-dependent parameter contributing
to_fecombinetioh.

Finchem and Helliday‘(1970) showed how the properties of these two
components of recomblnatlon could explaln a certain characterlstlc of
fine-structure mapp1ng, the phenomenon of map expan51on (Holliday. 1964) .
Thlsvls a term glven to the common observatlon 1n 1ntragen1c mapping

that the recomb;natlon»frequency_between two widely-spaced mutants

_exceeds “the frequency obtained by adding the recombination frequencies



of more closely spaced mutants in the same interval. For the map order

.a-b-c, a-c > a-b + b-c,. Mutants closer than the average excision le gth

.1f included in a 51ng1e hybrld region, would generally be co-convdrted

and thus generate no recombinants. In such a situation, recombinants
could arise only from hybrid DNA ending between the alleles. At greater

distances, correction could include one allele but not the other, and

‘thus both hybrid and exciﬁion:endings would contributé significantly to

“ ) )
‘the prOductlon of recomblnants resulting in expansion of longer segments.

It must. be noted that not all loci studied have been found to be

mappable by recombination frequency in two-point crosses. Kruszewska

and Gajewski (1967) and Paszewski et al. (1971), working with Ascéb_olus

immersus, showed that there were factersvother than the distance between
two-élleles wﬁich determined the_freqﬁeney with which one site was con-
verted but not the othei. It was seen that the presence of a second -
allele in two- p01nt crosses affected the occurrence or the properties

of the recomblnatlon events. Stadler and Kariya (1969), in a study of
the mtr lecus of Neurospora crassa, found that 1nc1u51on of an add1t10na1

site of heterozyg051ty 1ncreased conversion and decreased the recombina-

tlon‘frequency'between two alleles spanning this ‘site. They explained

this as the result of a nearby ﬁismatch'extending the correction length.
Hastings (1975i interpreted_this and several other‘marker effects as a
change in the distribution‘of»hybrid'DNA Any of these 1nterpretat10ns

prov1des for dlstance-lndependéht factors which contrlbute to recomb1na-

‘ t10n frequency, and the extent of their contrlbutlon w111 determlne the

mappability of a locus.

Another mapping criterion depends on the Segregétion of outside



markers among selected intragenic recombinants. In a cross of the form
Al+B x a+2b, g++B is expected to be the more common class of prototroph
with outside markers recombined. Cléssically, this genotype results
from a single crossover, and in terms of recombination as a procesé of
conversion and reciprocal exchahge, it is the product expected from
’conversion of either allele accompanied by an adjaceht crossovér.- The
reciprocal class A++b requires hybrid DNA to haQe covered both sites
with independent correction of the two alleles. Since this tyﬁe 6f
event will generate both classes of recombinants and'hybrid covering
one allele can generate‘only the single exchange type, the single f/’~\\\\\
exchange should be the more common product. In a tetrad it would be ‘
seen as a crossover separated from the site éf conversion by a 2:2
segregation -of the other allele to give the tetrad : Ai+b/A++b/a+2B/a+2b.
Therevaré examples in‘Neurbspora, however, in which the near-equality of
fhe two recoﬁbinanf classes makes mapping'by thié’critefion impossible
(Fincham 1967; Stadler and Kariya‘1969). V

The concépt of a fiXed‘breakagé~point at which the formation of
hybrid DNA is initiated‘arose from studies of allelic recombination
between white-spored mutahts of'chobbius immersus. The work reported
by Lissouba et al. (1962) fof two-point crosses of mﬁtgnts in geries 46
§howed thét all ihtragenic recombinants in fhis>locus arose from conver-
sion of the site to the rigﬁt. The préfqrential conversion of the more
disial or the mofe proximal allele in‘two-boinf crossés.sdﬁetimés seen
in;tetrgds is explained by'a gradient.of convéfsioh from dne.end of the
locus to the other, and is'refefred‘to aé polarity.

LA éonv#rSion gradient also-eXplains the frequently observed



inequa*ity of the two parental classes of dutside markers among selected
random meiotic products (for emegisj Siddiqui 1962; Murray 1963). .The
parental arrangement of outside markers which entered the cross with the
distal allele is consistently the more common among selected intragenic
recombinants in some loci and the parent which entered with the proximal
allgle is the more frequently recovered in other systems.‘ This suggests
that when one allelélis converted it is always the one to the left (or
right).

Further confirmation of a fixed point of initiation comes f;om the
work of Angel, Austin and Catcheside (1970) on the control of recombina-
tion in Neuﬁqspora. This‘work involves the discovery ané des®ription
» of the cog locus which appears‘td be a region in which recombination in
the closely-linked his-3 locus is initiated.

There are other -conversion phenOmena which could only have been
_revealed by tetrad analysis, for example, postmeiotic segregation.
Postmeibtic segregation whs.first observed as the segregation of
spore-color markers 1n the flrst m1t0t1c division after meiosis in
Sordaria fimtcola (011ve 1959) This phenomenon was later seen in '
Neurospora erassa (Stadler and Towe 1963 Case and Giles 1964) and in
Ascobolus zmmersus (Llssouba et al. 1962); The observation of 3:5 and
_5:3 segregations in 8 spored asci means fhat thefe‘were differences in

the two sister spéres which came>ffom the first mitotic division of a
rmeiotic product. Conver51on appears to have affected only half a
me#otic product in those cases in whlch postme1ot1c segregatlon has

occurred, 4Th15 suggests that chromatlds have a two—stranded nature and

that the-twd-stfahds may differ at the'eqd of Meiosis II. In the general
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recombination model presented, these strands are the nucleotide strands
of a hybrid DNA molecule.
The work of Leblon and Rossignol (1973) supports the idea that

postmeiotic segregation results from an uncorrected heteroduplex inter-
mediate in récombination and that conversion is a process of correction
of heterozygosity. They observed that an allele with a high frequency
of postmeiotic segregation in one-point crosséskshowed decreased
postmeiotic segregatidn wﬁen that mutation was coupled with one which
had ;Kchéracteristically lbw postmeioti¢ segregation frequency. These
obéervations, interp;eted in terms of mismatch repair, suggest that
correction of the first mismatch took place under the influence of.the
second; By this interpretation,'it appears that correction is induced
by a heterozygous site in a hybrid DNA molecule and that,correétion may
start ét one site and extend to anéther.

As was mgnﬁioned'éarlier, recombination models as,they are now
presented allow for a great deal of:flexiﬁility and variétion (Sobell
1972; Meselson and Radding 1975; Wagner and Radman \1975) . Migration
of the hybrid region and sections of symmetrical hybrid (hybrid DNA on
“both chromatids) and asymmetrical hybrid (hybrid DNA on one chromatid
only) make it posdiél§ to accommodate the large amount of variation in
pattefns of recémbihation in different organisms and in different loci
in the same orgénism.. For example, the observation that the proportion
~of events which involQe one chromatid only rather than symmetrical
twofch?omatid eﬁents varies from one system(xo‘another (Stadler and Towe
1971; Leblon and Roésignol 19735'Ki£ani.ahd Whiteﬁouse 1974a) is

compatible with any one of these models.
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A

Since flexibility in models of recombination is necessary to accom-
modate the extensive variation in the characteristics of recombination,
fine structure mapping does not have as its objective the restriction of
different parameters, for example, the amount of hybrid migration, the
probability and length of excision, or the amount of asymmetrical and
symmetrical hybrid, in order to define the universal recombination event
more exactly. What may be sorted out by comparative studies are the
properties characterisfic of an organism's enzyme system, those affected
by the specific base sequence or the amount of heterozygosity in the
region being studied, and those dependent on controlling elements of a
gene. Some parameters may be free to vary independently and others will
be depenSEng\on each other or under common control. When the character-
istics of recghbination in an organism are familiar, the absence of an
eercted pattern may lead to the sepération of other factors which have
modified its expression. For example, in Ascobolus immersus, the absence
of polarity in gene 7§ (Roséignoi 1969) rggpg)ed allele-specific effects
on conversion frequencies which masked polarity.

In addition, although the quantitative properties of different
‘parameters of recombination are expected to differ in different systems,
the descriptive genetic analysis of reéombinétion does offer some
‘information pertinent to the choice of one recombinatiqn model over
another. Forlexample, in both the_Serll (1972) and Wagner and Radman
(1975) mode;s, the initiation of recombination is a symmetric§1 event
involving‘two chromatids equally. The results of Angel, Austin and

Catcheside (1970) and Ca;cheSide and Angel.(1974) indicate very strongly

that at least in Newrosporaq, initiation is not necessarily symmetrical.
X o . T ]



cog, the region which appears responsible for the initiation of recombin
ation in the closely  linked Zra-$ Locus may exist in an active or inactive
form. Recombination in a heterozygous (-.»:;/’w»i;' strain is anrtiated on
the chromatid carrying the active ('(Jg* tllele and, tfurthermore, conver
sion of point mutations in hfa-J3 appears to be preferentially on the
strand containing the active initiation region.

There are a limited number of studies of meiotic intragenic recombin
ation in Saccharomycecs cerevisiae. Because of the amount of variation
possible in different loci within an organism, one must be cautious
about generalizing about mechanisms of recombination even in the one
species. This study of the S5UPf locus was undertaken with the knowledyge
of its high frequency of conversion (11% in the study of Hurst, Fogel
and Mortimer (1972)). SUP6-1 is a super-suppressor mutation which causes
the insertion of tyrosine at the position specified by the ochre nonsense
codon UAA. (Gilmore, Stewart and Sherman 1971). Because of the_propcrties
of this type of nonsense suppressor mutation in yeast, it was expected
that these loci specified the production of tRNA molecules. However,
only recently has it been shown that yeast suppressors of UAA (ochre)
and UAG (amber) nonsense codons can suppress termination in an <n vitre
translation system and that this suppression is mediated by purified
tRNA from suppressing yeast strains (Capecchi, Hughes and Wahl 1975;
Gesteland et al. 1976). The original SUP6 mutation to an ochre suppressor
is thought to be in the anticodon of the tRNA, and therefore the wild-type
allele at this positioh was designated as AC in this study. However,
there is no.direct evidence for this assumption. A discussion of the

indirect evidence is found in a review article by Hawthorne and Leupold



(1974). 506 s located on linkagpe grovup VE and b the folonng
Linkage relationship to the other markers used o thie - tads (Mo e
und Hawthorne 1973) . Miwtance. are pityven an peyvent povamboanat g

hial R C e e

The questions asked usaing this nysten were cencraloone s, whete:
there were characteristios pevuliar to o a repion of hph COnVe o
what propertices thisn locus had in common with others o th . Crpan
how much heteroszvgosity and hase equence contrabated o fho ro
conversion properties of this rcgnbll, and whether thys contd o doeve Tope
as a system suitable for the study of allele specitie o feore op
different parameters of recombination, Sccondary mutations o

S
which had lost suppressor activity were easily sclected.  With (heeo
one could test whether the high conversion frequency and other Character
istics of the locus were allele-specific etfects of the .o cinal
mutation or properties of the locus. This was done by tetrad dissection
of crosses of SUP6-1 by swpb-T-xr (4 mutation of the suppressor),  In
addition, crosses homozygous for JUP6-1 or for nupﬁf’(thc wild-type
nonsuppressing allele) were performed in order to test whether hetoro.
zygosity at the suppressor locus was having an effect on conversion at
nearby loci. Pairwise crosses of secondary mutations of the suppressor
were also made in the hopes of studying allelic recombination bv tetrad
dissection. However, the low frequency of recombinatign made 1t
necessary to study allelic recombination by selection of recombinant
random meiotic products. The information from these studies made it

possible to compare the properties of SUP6 with those of other loct,

properties often used in model building and selection.

4
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There is another approach to the study of recombination which has

‘been dlscusseéyby Raddlng (1973} and Clark (1974) . "This involves

treating recombination as a metabolic process which may foll%w several

‘different pathways that overlap extemsively with replication, repair

s <«

and tranScription. The amount of overlap is not a‘constahf, but varies
from organism tqbgggénism. One method of studying this overlaﬁ is to
look for pleiotropic effects of recombination- and fepéir—defectiV@
mutations., l
. "ASeyeral mutations in ‘the dimer'ekciéion—repair_péthway of
Saccharomyces cerevisiae were anélysgd in SUP6-carrying strains by
tetrad dissection. Postmeiotic'segregatiak, thoyght to result from

. : . !
un§orrec£ed mismatches, is easily recogniied in this syétém because of

the red pigment produced by adenine—requiring'célféﬂ The excision of

_ pyrimidine dimers from UV irradiated DNA is oftenfused as an analogy

for conversion as a process of miSmatcharepair. Althdugh there is some
evidence in prokaryotes for an “interaction between dimer removal and
presumed mismafch excision in transforﬁafion and phgée recombinationr
systems (Doerfler and Hogness 1968; Bresler et al,. 197}),-the two

4

processes are pnobably only 1nd1rect1y related, and thus not mediated
by the same set of enzymes (Lacks 1970; Spatz and Trautner 1970 Gu11d
and Shoemaker 1974) By checklng whether converslon events were lost

to postmeiotic segregations in these repair-defective strains, it would

" be seen whether the two kinds of excision share commen steps in
s s
Saccharomyces cerevistae: o o
Two additional radiation-sensitive mutations which are thought to

block first steps in other repair pathways were tested. The loss of

&



~one step in the process of recombination if other alternatives are

- . .
available may only change the proportions or characteristics of the

events without blocking them entirely. EvePAin instancesdof"sharég
éteps tﬁen} repair defects<;ig£t.have only subtle effects on rgcombiﬁa-'5
tion. However, these’ should be detectable in a gétrad diéséctidn Sysfém
capable of revealing the length; frequgncy aﬂd"distributioﬁ*of conver-

sions and crossovers. -

14°-.
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MATERIALS AND METHODS

Media

YEPD: - 1% Bacto-yeast extract, é% Bactbipéptoné,*z% dextiése
u(Z%vBacto—agaf). . _ ' G

v”1 YEPD: Yeast extract-reduced'fr;m i% to .1%1;.All‘other ingredi-
‘ents as in YEPD. | ” 5 |

YEPG: . 1%'Ba¢to;Yeést extract, 2% Bactb—pepfoﬁe, 3%‘g1ycerol,
é%yBacto—;gar. Used to test for reSpiratory_sufficiency. |

Deflned medlum .67% Bactb—yggstinitrogen base without amino acids,

2% dextrose (2% Bacto agar) Adenlne, arginine lysiné; histidine,

o

methlonlne tryptophan and urac11 20 mg; 1euc1ne 30 mg: threonine 350 mg
s
in a total of 100 ml stock solutlon added to a liter of medium. -
Omission media: Deflned medium- lacklng one or more of the above
- supplements.
- =MTh: double omission medium lacking methioniﬁe and threénine,
used to Ségre met10-4.
";ALT° triple omission ﬁediumrlackiné adenine, lysine and
'tryptophan, used to select for functlonal suppressors in haploid strains.
wiLTf double om1551on medium 1ack1ng lysine and tryptophan,'
used to select_for functional suppressors in lelOld strains.
Canavanine medium:. Argininelesé omission medium plus 60 or
200 mg filter sterilized canayaniné sulfate.
Sporulation media:
Liquid: 1% potassium_adetate; .

Solid: 1% potaséiumbacétate, .25% Bacto-yeast extract,

2% Bacto-agar. Suppiémented as: for defined medium.

-

.15
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Strains
The origin and genbtyﬁ&s of the stocks used to cénstructvall strains
used in this study are listed in Table 1. The array of crosses performed
- -is shown in Figure 1, and Table 2 lists the.genotypes of the haploids

.given in this figure and referred to in the text.

Selection of Secondary Mutations of SUP6-1

e haploid strain Al4-2B (a, ade2-1, 1ysl—1, trpb-48, canl-100,

., ufaé—ll) was grown in liquid defined medium lacking‘_
adenine, }yéi l d tryptophan to maintain selection for the suppressor.
Then samplés weré put-ipto4tube$ of;iiquiaaYEPD, allowed to reach
’gtétipnary'phase, éﬁd plated"on<cénavanine medium (200 mg/1). Cahavéﬁine
resistant‘colonies were‘picked,Aqne pef tube, and phose showing a strict

requirement for adenine, lysine and tryptophan were used for further

study.

Shoru]ation and Dissection

‘Whenhmeiotic products were to be dissectea, the haploid parents
were mixed én'solid YEPD and, &ﬂéreﬁer possible, replica plated to a
‘multiple omission medium selecting fbf‘diploids. Tﬁese were transferred
fo_solid spérulafion medium and left at 25°  for four days or longéf
before dissection. When‘sélection_of diploids was not possible, single
zygotes Qeré usually picked by'microménipﬁlation from the4mating mixture,
allbyed to grow, then sporulaied as above. Asci were digested with a
on;iin;twen£y dilution_of gluSUiase (Endo) at 37° for 15—30 minutes,
thén,di;secfed with a De Fonbrune‘micromanipulator‘directly onto YEPD

plates. In later experiments, .l YEPD was used to facilitate development



TABLE 1

Genotypes and origin of stocks used to construct strains for this study.

X 3417-32C:

_1403:
XV 162-2C:

X 2280-4A:

X 932-4A:
197/2D:
133/3A:

uvs 1-2:

as;

'~ SUP6-1 (Mortimer)

,a;

—

s asp5-1, trp5-48¢ argd-0, lysl-1, '?if cdeld,  SUP6-1,

metl0-4, trpl, adel (Mortimer)

\

; urad-11 (Magni) . .

trp5-48, argd4-17, lysl-1, ade2-1, hom3-10 (von Borstel)

trp5-48, hiss-2, lysl-1, ade2-1, ura3-1, (met, canl-100,

4

ser” (Mortimer)
; rad , ade2;1 {Cox)
; radl18-1 (Game)

3 radl-18 (Resnick)
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TABLE 2

Gehotypes‘of strains shown in -Appendix 1.

Al-1: a3 ade2-1, lysi-1, trps-48

A 2-1: ade2-1, trp5-48, canl-100
A 3-1: . ade2-1, 1ysi-1, trp5-48, canl-100, leus!
A 3:2; .o ade2-1, lys1-1, trps-4s, canl-100 ___
A 3-3 a; ade2-1, lysi-1, trp5-48
A 14-2B: ades-1, Tysi-1, trp5-48, cani-100, SUP6-1, met10-4, urad-11
A 14-33 ( ‘ - '
A 14-76 . ade2-1, lysl-1, trp5-48, cani-100, his2, edecld
A 176-1A : " ‘
A 14-157 - . ade2-1, lysi-1, trps-48, cani-100, SUP6-1, met10-4, Zeus,
A 14-21 urad-11 ‘ ) ’ : -
! %o
A 14-11D ; , , . ' - » .
A 50-12A ade2-1, lysi-1, trps5-48, cani-100, his2, edeld, leu2, wras-11
A S0-13A , . .
A 2-1A ' - S
A 14-2 ade2-1, Zysl:l;»trp5—48,_canlelao,'his2, cdeld, leu?
A 14-136 S S : .
A 4-3B; - @; SUP6-1, trpl, his2, edeld, metl0-4 (arg4-0, trp5-48,
- lys1-1)7 : ) A
As-1: T sype-g, edeld, his2, metl0-4 (trp5-48, lysi-1, argd-0)?
A 28-1B | N iy |
A 14-28 ade2-1, Zysl—l, trp5-48, canl-100, nis2, edeld, urcd-11
A 14-69: . ade2-1, lysi-1, trp5-48, cani-100, SuUP6-1, metl0-4, leul
A 14-44; adez-j, lysi-1, trps5-48, canl-100, SUP6-1,.his2, edeld, leul
A 14-11B: - ade2-1, lys1-1, trp5-48, canl-100, meti10-4 |
A 14-93: ade2-1, 1lysi-1, trp5-48, canl-100, his2
A 14-109: ade2-1, lys1-1, trp5-48, ecanl~100, his2, urad-11

17eu2 only in strain A 3-1*
' (Cont'd)



Table 2 (Cont'd)

A

A

A

20-x:

14-2A
14-3C

133-6C
14-133
133-8C

14-1C:
22-4C
14-15:
6-4C
7-17C
8-8A
9-2B
10-13B
11-4B
12-7D
13-5A
819-18B:
818-4C:

817-1C:
816-4A:

'816-4D: _
[~
3

018-2p:
017-8A:
016-13B:

016-4A:

ade2-1, lysi-1, trp5-48,
leu2

ade2-1, lysi-1, trp5-48,

@

ade2-1, 1lysi-1, trp5-48,

ade2-1, lysl-1, trp5-48,

ade2-1, lysi-1, trps-48,

ade2-1, lysi-1, trps-4a,

‘ade2-1, lysi-1, trpb5-48,

urqd-11

ade2-1, lLysi-1, trps-48,

ade2-1, lysi-1, trp5;4a,

c_zdeZ—Z, lysi-1, trp5-48,

‘ade2-1, lysi-1, trp5-48,

leu2-1, radi-18

ade2-1, lysl-1, trpb5-48,

ade2-1, Zysi—l, trp5-48,

ade2-1, lysl-1, trp5-48,
radil-§

ade2-1, lysl-1, trps5-48,

ade2-1, lysl-1, tr'p5-48_,

urad-11, radl-5?

ade2-1, lysI-1, trps-48,

eanl-100,
eanl-100,

eanl-100,

SUP6-1-x, his2, ede14,

leul

edeld, urad-11

cani-iOO, leu2, urad-11

canl-100, metl0-4, leu2

ecanl-100, metl0-4, leu2, urad-11

ecanl-100,

radl-18

his2,lcdc14,'met10—4,

canl-100, radi-18

canl-100, SUP6-1, met10-4, vadi-18

.canl-iOO,

eanl-100,

ecanl-100,
eanl-100,

4

eanl-100,

eanl-100,

eanl-100,

his2, edeld, urad-11,

SUP6-1, met10-4, radi-18

radl-5

his2, edecild4, urad-11,

v

metl0-4, urad-11, radi-5

his2, edeild4, leul2,

metl10-4, radl-8§?

(Cont'd)-
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A 029-8B: ade2-13.-1y61-1, trps5-48, canl-100, rad2-1 : %
A 028-8D: ad¢2—1, lysl-1, trﬁ5-48, canl-100, SUP6-1, metl10-4, rad2-1
A 027-4D | ' | X . '
A 027-7B ade2-1, lysl-1, trps5-48, can]—lQO, ﬁtsZ, edeld, rad2-6 :
A 027-1D ade2-1, lysl-1, trp5-48, canl-100, SUP6-1, metlO-4, Leu?,
‘A 027-7D . " urad-11, rad2-6 . ; -
A 039-2B: ade2-1, lysl-1, canl-100, rad3-2
A 038-2B:  ade2-1, lyel-1, trp5-48, canl-100, rad3-2
A 037-5B ade2-1, lysl-1, trp5-48, canl-100, his2, cdeld, leuz,
; rad3-2 _ : v _
A 036-6A: ade2-1, lysl-1, trpS5-48, canl-100, his2, cdeld, leu2, f
i ‘ : rad3-2 . i
036-13C =~ ade2-1, lysl-1, trp5-48, canl-100, SUP6-1, metl0-4,
036-6C urad-11, rad3-2 . . ST R
‘A 049-18D: = ade2-1, lysl-1, trp5-48, cani-100, radi-4
' . ade2-1, lysl-1, trp5-483 canl-100, his2, cdeld, leuZ, ’
A 048-1D:
: . rad4-4 . _ :
A 047-1D: ‘ade2-1, lyal-1, trp5-48, canl-100, his2, cdeld, leu?,
: ” rad4-4 T
£ . . . .
A'046_5A, ade2-1, lysl-1, trps-48, canl-100, SUP6-1, metl0-4,
o . wurad-11, leu2, radd-4 : _ -
A 046-1B: *  ade2-1, lysl-1, trp5-48, canl-100, his2, cdecl4, radd-4
A 046-4B: ade2-1, lyel-1, trp5-48, canl-100, his2, odcl4, leus,
) urad-11, rad4-4 - . :
A 046-17C ade2-1, lysl-1, trp5-48, canljioo, supafz, met10-4,

rad4-4

(Cont'd)
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A

A,

>P» > >>

>

169- 26C:

168-5D:
167-28B

167-29A:

189-3B
188-1B

-187-3B:

186-13D
186-3A

186-3B:

~

ade2-1, trp5-48, lysi-1, canl-100, radi6-1

ade2-1, trp5-48, lysi-1, canl-100, his2, edeld, leul2,

radl6-1 '

ade2-1, lysl-1, trp5-48, canl-100, SUP6-1I, metl10-4,
radlé-1 '

ade2-1, lysl-1, trp5-48, can1¥100; his2, edel4, leul2,
ura4-11, radi6-1- ‘ : '

ade2-1, - lysl-1, (trp5-48?), radil8-~1

ade2-1, lysl-1, trp5-48 , canl-100, his2,. edeld, rad18-1

“ade2-1, Zys]-],'trp5—48, eanl-100, hiéZ, cdc]4;'leu2,

wrad-11, radil8-1

ade2~1, lysl-1, trp5-48, canl-100, SUP6-1, metl0-4, '
~ radi8-1




22

of the red color in adenine-requiring strains.

Plates onlwhich the dissegtions were performed were allowed tovgrow
at 25° then replica plated directly onto the apprbpriate media to test
, fqr auxotrophic requirements and temperature sensitivity (YEPD incubated
‘at 36°). . Tetrads with convérsidnbwere generally picked and retested to
confirm their phenotypes. When settors(of red color indicatgd post-
meiotic sggregatibn for SUP6-1, both pérts of the sector were picked and
retested. Spores were élaSsifiea as having undergone postmeiotic
segregation only if all unlinked a11e1e§ were identical in the two
- segments. Because éf-growth differences between strains with and
without suppressors, thét ié,.suppressorjcarrying.Strains grew more
slowly on YEPD but were at an advantage on defiﬁed meaium, séctors were
not’requireg to be equal in sizeuto indicate'postmeiotic segregétion.
However, any sector less than'one—eighth ghe sizevéf the colony was

ignored.

Matingfand Sporulation for Random Spore Analysis

| HaploidPStrains with independéntly iSolated secondary,mutgtions of
SUPS-J were-gfown,to log phase ‘in IiQuid YEPD on a shaker at 25°5

The two'parents‘were mixed and leftyshaking for several ﬁours, until
they~reéched I;te log or gérly stétioﬁéry phase. ‘Thése mated cultures

- were washed and résuspended in 1% potaSSiﬁm acetate. .They were kept'f

shaking vigorously for four days or more before processing.

s
A
\

Preparation of Spore Suspension
Sporuiated cultures'here washed and resuspended in .3 ml .5M Tris

_ (pH 8.8) plus .05 ml undiluted glusulase. The.mixture was incubated for



minimum of one hour at 37°. This suspension was washed and resuspended in

Sml water. A French Pressure Cell (Aminco, rapid-fill and manual-fill

models) was sterilized either by passing steam through the cylinder for
10 minutes ana allowing to cool oe‘by leaving a 1% Roccal solutibn in
the cell for 20——30 minutes, then fiushing with sterile distilled water.
The suspension was put into the cell, then collected by drops while a
pressure of 15,000 PSI was maintainedi If by haemocytometer count there
.remained greater than 1% vegetative cells or groups of spores,‘the

' suspension was passed through the pressure cell repeatedly until a count

of 99% sirigle spores was achieved.

Selection of Meiotic Recombinants and Calculation
.of Recomb1 nation Frequenc1es

The samples prepared by the technique described above were plated
on complete defined medium and on -ALT triple omission medium to select
fer colonies With a functional suppresser. Plates were incubated at 25°
for seven days before counting. These prototrophs were picked and
tested for the markers flanking SUP6, that is histidine and methionlne
requirements and temperature sen51t1V1ty (growth on YEPD at 36°).

The. prototroph frequencies given in Table 3 represent the mean of
the frequencies‘obtained in repeats of each croes.. For e;ch run, colony
numbers on all plates were tqtelled, unles§ the plate count exeeeded
>1000. Therefore the individual recombination values are a weighted

~average, given as the number of prototrophs per 10 spores.

Gamma Ray Irradiation and Mapping )

: : 7
The parental strains were mixed on YEPD; allowed to mate. for

several hours, then streaked on -leucine, uracil double omission medium
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to select for diploid clones. These were picked after three days' growth
at 25°, transferred to liquid YEPD, and kept shaking until they reached

the desired concentration,overnight for log phase cultures, 48 hours for

stationary phase. Cultures were washed, pldted on -lysine, tryptophan

omission ‘medium and irradiated with a ®%cobalt source delivering approxi-

mately 3 krad/minute to a total dose of 3, 6, 9 and 12 krad. Plates

were incubated for seven days at 25° before counting. Controls for
survival were plated on a complete defined medium; the doses used were

sub~lethal.

\\\ Testing Sensitivity to Ultraviolet Light

“—\uzwseﬁsitivity was tested in the dissected spores of crosses

.

involvingxone of the rad alleles by replica plating from the plate on

! _ : ' :
which th:idissection was performed to YEPD, and exposing this to ultra-

vio}et irradiation. In the case of less sensitive alleles or déubtful
readings, a "spot test' was performed. The culture to be tested was
susbendéd‘ih water at a concentration of 5 x‘10s cells/ml and small drops:
of.fhesé suspensions were put onto YEPD plates. ~“With either technique,
the plates were_exposed to a dose of ultraviolet light which resulted

in a clear distinction between sensitive and resistant colonies, from
approximately SOO‘to 1000 ergs/mm?. ”fhe’dose rate was 14 ergs/mm?/sec

as measured with a Latarjetr dosimeter.

-



RESULTS
I. Random Spore Analysis and Mapping

Secondary mutations of SUP6-1 were sclected in strain AL1-2RB
Although selected on plates with a higher concentration of canavanine
(éhlfate than that normally uscd to score canavanine sensitivity (700 mp/l
rather than 60 mg/l), a variety of intermediate phenotypes tor the
degree of suppression werc recovered. Total loss of suppression made a
strain phenotypically adenine, lysine and tryptophan requiring and
canavanine resistant. Weak suppressors generally suppressed trps-
and lysl-1, but ade2-1 remained partially or fully expressed. The
selection procedure made it unlikely that all ranges of suppression
would ﬁave been recovered.

Only strains with complete loss of suppression were used for further
study. Eleven Sucﬁ strains were tested. All showed the loss to be in
SUP6 and not in a secondary modifying locus. One mapped in the same
positién aé the original SUP6-1 mutation; the others are diagrammed,in

Figure 2.

Prototroph Frequencies and Genotypes of
Flanking Markers

The’results of all pairwise crosses of.strains carrying one of ten
éecondary mutations of SUP6 7 or the wild-tvpe allele at that locus are
presented in Table 3.. The secondary mutations were in haploid derfivatives
of strain A20, and @e wild-type allele came from strains A2-1A and A22-4C.
This table shows the prototroph frequencies and the distribution of out-

side markers among selected prototrophic meiotic products. Given the

"A 1+ B

o
s
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2Pt

Ry iy the more common recombinant ¢lass among selected antrapente pecom

binants, cxpected from o single crossover hetween the alleles or oo

’
conversion with an adjacent crossover. a o bd B

R, e the rare recombinant class, Seen o as oa triple exchange, 1t Pegute
'
\

\C()HV(‘!‘.“\i()n of one allele with crossing over removed from the w1te
. 1
of {‘onvc/rsion. A ++ b,
||
. ! v . - -
Py is the }}.lrvnt:\l combination of outwide markers which entered the oo
wi(«h the proximal allele. A ++ B.
P> 1s the parental combination of cutside markers which entercd the crons
e
with the distal allele. a 4+ b,

The proximal or distal position of an allele and thus Py oand v, were des

termined by the order suggested by the Ry:R, inequality.

s

ZF
i

Control for Reversion and Second Site Suppressor
Formation

The effect of reversion and new suppressor formaticn on prototroph
production in heteroallelic crosses cén be estimated from the results of
the homoallelic (self) crosses. The mean frequency of prototrcophs in these
crosses was 14.4 x 1076 with a standard deviation of 18.7 x 106, Since
recombination between alleles 1-8, 7-10, and 1-11 ranged from 13 to 70
prototrophs per, 0® spores, these three alleles are either independently
isolated alleles at the same position, or are too close to allow resolu-
tion from the background of mutation occurring at meiosis. A second
mapping procedure, using the inequality of thé two recombinant classes,
pPlaced these three alleles adjacent‘tu one another. With the exceptfon
of cross 1-8 «x 1-3, they behaved similarly in all crosses. The character-
istics of allele 1I-2 in two-point crosses can most simply be explained

P "'\‘

!
\

w

! -
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TABLE 3
Meiotic recombination frequencies and'distribufion

of outside markers among recombinants ’ !

Prototroph = Number

: frequency of ‘Range of -
Alleles " X 10°% repeats . values P, P> R; "Ry
—
1-7 x 1-7 4 -1 . 35 26 5 4
-7 x 1-2 1251 &2 1150-1350 . 157 140 143 86
1-7 x 1-6 1236 5 867-1715 335 335 305 194
1-7 x 1-8 614 1 100 79 93 34
1-7 x 1-10 800 1 102 92 66 29
1-7 x 1-11 568 1 _ T3l 111 92 47
-7 x 1-5 200 4 115- 305 201 283 - 189 69
L 1-7 x AC 893 5 631-1281 225 141 191 . 42
1-7 x 1-3 | 866 2 852-880 134 128 169 61
-7 x 1-9 - 1344 2 .1034-1654 207 146 187 54
1-7 x 1-20 - 2384 1 80 81 109 28
1-2 x 1-2 12 1 9 - 102 33 43
-2 x 1-6 71 2 54-89 165 154  90. 63
1-2 x 1-8 ) 2 7-11 15 20 a4
" 2-2 x'1-10 29 1 - 56 .88 64 30
“1-2'x 1-7117 - 26 7.2 26-27 82 102 77 22
1-2 x 1-5 304 2 241-368 157 180 141 55
1-2 x AC o229 6 180-320 217 153 = 163 60
1-2 x 1-3 - 207 2 175-239 108 140 97 84
472 x 1-9  ° 645 -2 | 497-793 169 216 141 71
1-2 x 1-20 - 416. 1 ’ 67 . 109 88 23
1-6 x 1-6 14 1 4 71 19 17
1-6 x 1-8 © 136 1 98. 94 56 44
1-6 x 1-10 .- 236 1 64 67  55% 30
1-6 x 1-11 225 1 A 98 8 73 38
1-6 x 1-5 - 440 2 380-501 199 186 154 = 54
2 865-1386 205 136 159 52

1-6 x AC 1126

(Cont'd)



Table 3 (Cont'd)

Protptroph Number .

: ' frequency of Range of .
Alleles x 10° repeats - values Py P, R, R
1-6 x 153 412 2 1369-456 162 184 171 . 65
1-6 x 1-9 348 . 1 ' - 100 77 %0 25

1.6 x 1-20 1459 2 1059-1858 186 156 190 60
1-8 x 1-8 18 1 8 12 2 3
-8 x 1-10 31 2 15-48 57 44 + 28 15
1_8-; 1-11 13 1 7.6 6 0
1-8 x 1-5 240 1 | 87 108 50 40
1-8 x AC 228 4 193-298 143 123 136 S5
1-8 x 1-3 38 3 19-80 39 53 34 - 18
1.8 x 1-9 , 281 1 Lo 84 87 90 34
1-8 x 1-20 496 3 168-696 210 282 231 . 69
1-10 x 1-10 21 2 13-29 18 12 3 2
1-10 x 121 70 2 ©40-101 48 51 15 13
1-70 x 1-5 237 6 155-459 223 371 242 125
1°%0 x 1-AC 158 3 - > 140-169 156 165 146 58
1-10 x -3 158 1 82 93 73 41
1-10 x 1-9 392 1 70 102 96 30
1-10 x 1-20 733 2 731-736 82 106 94 17
1-11.x 1-11 6. 2 1411 7 10 2 2
1-11 x 1-5 200 1 53 95 45 28
' 1-11 x AC 190 3 114-233° 185 158 172 62
1-11 x 1-3 - 208 1 71 100 5237
1-21 x 1-9 499 3 167-716 139 186 108 63
1-11 x 1-20 630 1 o 81 110 90 17
1-5 x 1-5 11 1 a 17 28 4 1
1-5 x AC 139 3 - 88-1827 162 134 117 ° 57
1-5 x 1-3- 231 . 2 118-343 107 176 95 88
1-5 x 1-9 256 1 89 90 87 27
528 1 110 22

1-5 x 1-20

84

78

(Con;fd)



Table 3 (Cont'd)

1-20 X 1-20

Prototroph Number
] frequency of Range of
Alleles x 108 repeats values - Py P2 R, R2
AC x AC 2 T2 1-3 7 15 3 0
AC X 1-3 445 4 238-692 43 111 51 48
AC X 1-9 10 4 4-18 61 . 62 63 14
AC X 1-20. 308 1 95 ° 85 90 23
1-3 x 1-3 67 1 102 113 26 40
1-3 x 1-9 618 1 62 . 26 39 . 17
1-3 x 1-20 871 1 104 55 72 28
1-9 X 1-9 o 1 35 1 0
1-9 x 1-20 105 1 84 80  §8 34
3 1 32 28 10

- 30
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if thié markef is a delepion covefing 1-6, i—8, 1710, and 1-11.
Although the“two crosses 71-8 x 1-3 and AC x 1-9 showed“consistently
low prototroph frequencies averaging 38 and 10 x 1076 respectively,'thesé
alleles are beliéved to Be.af différent sites, sinceé mapping by the
'segregation of outside markeré did not piace them adjacent té each other.
With the‘exception.of thése two crosses and the alleles discussed above,
Ahetefoallelié crosses gave reéémbinatibn freduencies at least an order
' ofvmagnitude_higher than seif crosses. “
A second c0ntrolrfor the appeafance of new suppressors involved cross-
',ing g'sample_qf the brésumed me;otic }eéombinan;s to stféins:without a
Suppre;sor and with complementafy outside markers. The purpose of these
c}ossés wasbto testfwbether the selgctgd sSuppressors wefé~at the SU?G
vlocus, that is,. still linked to cdb147and’mét10. Five prototrophic
meiotic products were piéked frbm:each'of ten different heteroallelic
crésses and approximately sixteen asci dissected_from each;croé

&

S, - Only
one selected prototroph had a suppressor at:a locus other than SUPS.

LY
:Eight prdtotrophs were picked from two'different,homoallelic crosses,
and of thesé; six carried suppressofé not Closeiy,linked to édcl4 andv
metlo; The one second-site s@ppréssor from the heteroallelic cross and
the six from homoallelic crosses all‘showed>ioos¢ linkage withAcdc14
and metlo, which suggests that ?hevneWISQppressor in altl cases waSFSUPJZ.
:(SUPJZ is pfoximal to:SUPG,. about’ 26 map units from cdel4 and 32 from
metl10 (Mértimer and Hachorne 1§73). Those suppressors scorsd «s SUPII
‘SKGQed recombination frequenciés fanging from 21% to 30% with cdecl4 and
24% to 34% with‘metlo;' |

‘This set of dissections from self crosses provided a simple



‘ explanation for the servatlon that although allele 7-2 behaved like

a deletion in recomvination studies;,it showed a nearly’average rate of
snppressor formatiom\in self crosses (12 xIIO-G). The majority of
suppressors selected in\self crosses were forward mutations to suppres-
sion at a second locus nd not reversions of theisecondary SUP6-1
mutation.

The following experinent showed that most of the reversion to
suppression arose after’transfer to sporulation mediun Twenty five
crosses were set up as for random spore ana1y51s but at the time when
.they would normally have been transferred to sporulation medlum they
were plated on complete deflned and ~-ALT media.  The prototroph fre-
quencres ranged from 0.07 x 1076 to 0 45 x 1078, - Five self crosses
showed prototroph frequenc1es as hlgh as those found 1n heteroallellc
crosses. Therefore, mutatlon and not recomb1nat1on is believed to have

fbeen largely responsible for the appearance of suppressors during diploid-

m1tot1c_growth.

-Prot'otroph 'Frequencies in an Unselected'Sample

| There existed the possibility thatvthe -ALT nedium on which proto-
_trophs were.selected did not always allow for the expression of a
~functional suppressor generated durlng meiosis, and,that‘those proto-
trophs which grew on -ALT were only a sample of the" recomblnants produced,
To clarify this three crosses in whlch the prototroph frequency was
high, 1-7 x AC 1-9 x 1-2, and 1-6 x AC were sporulated and the spore
suspen51on was prepared as usual, but spores were plated on YEPD and -
complete deflned med1um rather than on -ALT. These were repllca plated

to -ALT or -LT medlum. Colonles grown on the complete deflned medlum
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showed a high frequency of small sectors with the suppressdr.phéno£ype,_
presumably suppressor mutations. Thélliﬁiting supply of lysine on the.
defined mediﬁmlmay have been responsiblé for selection of suppressors
during growth. On YEPDithé‘results'were clearer, and they are pfesenfed
in Table 4. | |

Although the estimate of protgtroph frequency in the unselected
sample was Based dﬁ a Very small number, the rough corrgspdndence between
prototroph frequehtiés obtained from selective and non-selective experi-
‘ments makes_it unlikély that.only a fractioh.of sﬁppréssorécarrying

g

spores‘were”able to grow on -ALT medium.

Lack of Palarity as Revéaled by the Parental
Classes of Prototrophs '

From“columns 5 and 6 of Table 3 and column 2 of Table 5, Qe_see )
_that theré was.no.conSistent inequality between P; 'and P,. if the same
pareﬁtal'claés wére'greater in all cfosses, this would indicate a
gradient of cohversion.from one end of the locus to thé other. Appréxif
métely,40%.§f tﬁe crosses between alleles at diff;rénf sites.showed a
vsignificént:inequaiity of P, and P,, but there was’ho consistent patfernv
" to this inequéiity, nor wés it characteristic of crosses involviﬁg any

‘one particular allele.

N —

Inequality of Parental and Recombinant C1ass§s‘
. of Outside Markers k

Column 4 of Tabie.S shows the fraction of selected prototrophs in‘
crosses between alleles at differént‘sitesfwhich we}e\recombinant fbr-
the flanking mafkérs @dcl4rand_met10. -Thebpercent recombination for -

flanking markers among intragenic recombinants at SUP6 varied from 32%
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TABLE 5
‘ Fraction P /P, R /R and R/Total for croésgs involving alleles

which map at different sites

‘P1/P1+P3 ‘ . Ri1/Ri+Ry R;+R,p/Total
_ A
-7 x -2 . .529 . .e24 435
-7 x 1-6 .500 - Lell , 427
1-7 x 1-8 .559 - 732 .45
1-7 x 1-10 526 695 .329
1-7 x 1-11 541 662 365
S 1-7 x 1-5 - .415 * 733 - .348
1-7 x AC , .615 * - .820 “ .389
-7 x -3 sl 735 - 467 +
1-7 x 1-9 586 * 776 .406
'1-7 x 1-20 .497 . .79 .460 '+
1-2 x 1-5 . .466 - 719 368
1-2 x 4C 586 * .731 376
12 x 1-3 - .435 * S 536+ .422
-2 x 1-9 | 439 * . .665 ' .355
-2 x 1-20 . .381 % 793 .. .387
-6 x 1-8 .510 .560 + A .342°
126 x 1-10 .489 . o .647 | .394
1-6 x 1-11 536 C.658 .378
-6 x -5 . .517 C .740 © . L3s1
1-6 x 4C - ;601 % 754 382
1-6 x 1-3 . .468 .725 .40
16 x 1-9 .567 .783 = .392
1-6 x 1-20 544 o .760 a2
1-8 x 1-5 .446 ©.556 + .316
1-8 x AC s . .n2 o .18
1-8 x 1-3 L4284 - ..654 - .361
1-8x1-9° = .49l 726 - .420
"1-8x 1-20 .47 v 770 - .379

(Cont'd)



Table 5 (Cont'd)

Ri/Ri+R2

R;+R2/Total

P1/P1+P2
1-10 x 1-5 .375 * .659 .382
1-10 x AC .486 .716 .389
1-10 x 1-3 .469 .640 .394
1-10 x 1-9 .686 * .762 .423
1-10 x 1-20 .436 .847 .371
1-11 x 1-§ .358 .616 .330
1-11 x AC .539 .735 .406
1-11 x 1-3 .415 * .584 + 342
1-11 x 1-9 .428 * .- .632 . 345
1-11 x 1-20 424 * .841 359
1-5 x AC .547 .672 .370
1-5 x 1-3 .378 *. .519 + -393
1-5 x 1-9 - 497 763 .389
1-5 x 1-20 .433 .780 .340
AC x 1-3 “a 279 * .515 + .391
AC x 1-9 .496 .818 W 385
AC x 1-20 .528 .796 .. 386
1-3 x 1;9 .705 * .696 .389
1-3 x 1-20° .654 * .720 .386
1-9 x 1-20 512 - -..742 246 +
Mean .496 .703 .386

.*Significantly'differept from 50% at 5% level..

+Not significahtly different from 50% at 5% level.

36
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to 47%. In all but threé crosses, the inequality was significant at
the 5% level as determined by a goodness-of-fit chi-square.

Table 6 shows thét the extéss of parentaﬁ over recombinant gcnotypcs
was not a result of selection for a particular phenotype.witﬁ rcspcct‘to
outside markers. When the phenotypes of the four possible classes were
‘ rearraﬁged by cﬁanging the original parental combinations, the asymmetry
was maiﬁtained.

- Since some allelic crosses were made more than once with outside
markers in different configurations, calculations of the amount of
variation in the parental to recombinant ratio between cfosses involving
different alleles required pooling. the data for crosses performed with .
the same two SUP6 alleles. The amount of Qariation'between different
allelic crossesuwas highly significant, as determined by cﬁi—square
'anaIYSis of a 2 x 48 contingeﬁcy table of.heteroa11¢1ié crosses
(xz = 91; p <-.001). Therég alielic crosses repeatedkwith éutside
'markers in differenp:configuratibﬁs were also tested for within-cross
Heterogeneity. Analysis of contingency tables made up of crosses
iﬁvolving,the same SUPé allelegs with different flanking mafkerfarrange—‘
ments showed this within-cross heterogeneity to be significant at the
5% level (x?zg = 44.13; p = .OS-.béS)L 'AlthOUgh thére were significant
differences in the parental to récombinant ratio fof crdssgs invoiving
thé.same SUP6 alleles as weil as_foriﬁfosses bétWeen different alleles, 
the variation was far greéter;bétweén crosses involving different
‘éilelés. This suggests'that fﬁere was an allele- of‘perhapS‘positién—.-
specific é%féct;in‘the frequency of outside marker éxchangéiaccompény4

. ing intragenic recomBination.
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TABLE 6
Distribution of f]aﬁking markers among recombinants from crosses with

different arrangements of outside markers.

+ 21+ metl0 cdeld 1+ +

Cross 1: edeld +2 + - Cross 2:_ + +2 metll
edeld 1+ metll . + 1+ +
Cross 3: + +4 + Crosslﬁ. cedeld +2 meti0
_ » Number
Alleles of SUP6 Cross Fraction tested
C ’ ) . Pa P2 Ri R R
1-7 x 1-6 I | .29 .30 .24 .17 .41 296
2 .28 .31 .26 .15 .41 289
3 .30 .29 .25 .16 .41 297
a .27 .25 .30 .19 .49 287
-7 x 1-5 1 .39 .33 .23 .05 .28 57
2 .37 .33 .23 .07 .30 112
3 .24 . .39 .28 .09 .37 287
4 .26 .39 .24 - .11 .35 286
1-10 x 1-5 - 1 .26 .38 .21 .05 .36 287

. ////”A‘K\ .2 .18 .39 .34 09 .43 265

4. .25 .39 .22 .15 .37 314




‘The proportion of prototrophs with flanking markers recombined was
- positively correlated with Fhe prototroph frequency (rz.di; df=d0; p-.005),
yet there was no correlation between the proportion of recombinants and
the number of intervals between the alleles (that is, the number of spitces
between allele positions taken from the map in Figure 2). Because the num-
ber of intefvals between alleles is thought to be a better measure of dis-
tance than prototrcph frequency in this system, changes ;n the purentul to
recombinant ratio appear to have been related to those factors which caused

'perturbations in the recombination frequency rather than to the distancé
between the alleles. No other patterns 'in P versus R were revealed. For
example, no particular allele showed a tendency for higher or lower f{gnk—

ing marker recombination in most Crosses, nor were there any character-

istics to distinguwish crosses in the distal from those in the proximal

section of the locus.

Mapping from the R; : R, Inequality

_The inequality of the two classes of prototrophs récombinant éor
outside markers was used to generate the map shown in Figure 2;»-As seen
in Table 5, in all but six érosses of alleles at different sites  the
Aifference between R; and ﬁz was significant at the 5% level. There were
no. internal inconsistenéies‘when all pairs of alleles were ordered by
this method. From 52% to 85% of the fecombinants were of the more common
recombinant class. Out of the 23 crosses in which the same two alleles
were crossed w1th rec1proca1 outside marker conflgufﬁt%?ns, only one did
‘not show the expected reversal of genotype of the two recomblnant classes.
However,-;n neither cross was one recombinant class significantly grcater
than the other. The amount of variation in Ry:Ry for different allelié

crosses was highly significant (x2 =261; p<<.001). The variation between
e 2 )



crosses performed with the soame pair of alleles but ditterent tlanking
marker configurations was also signifircant (7 90.14; p- .001).  Thi:,
29

value is the sum of the within-cross variations.
Patterns of R /R and P /P Ratiosl

On the basis of models of recombination which ovelve habryd iiva
formation lcading to conversion and associated reciprocal recombination,
one expccts only Ry recombinants from a length of hyvbrid DNA which ends
between the alleles and i1s resolved as a crossover, Therefore, the great
er the proportion of prototrophs which arise from hyvhrid endings, the
greatér the inequality of the two rTecombinant classes. lHybrid DNA end-
ings may also generate an inequality of the two parental classes. Non:

: ‘g
crossover hybrid which covers only the proximal allele will give a P; 7,
product and non-crossover hybrid whi.l covers just the distal allele will
give P,. Therefore, if hybrid DNt/ fcrmation is initiated at the proximal

end of the gene and migrates into +¥% @etc, but often covers only one
allele, P; will exceed P,. 1If hybrid formation is initiated distally,
then P, is &xpecfed to bé greater than Pj.

Figure 3 shows the relationship of R;/R to P,/P for all hetero-
allelic combinations. The expectation that as R;/R increases, the dif-
ference between P; and P, should increase’ as well, was not fulfilled.
However, the points are not arranged randomly, and several allele-specific
characteristics emerged. The most notable were the high R;/R values for
crosses invblving allele 1-20 and the low values for most crosses of

allele 1-3. o

One might also expect changes in R;/R and P;/P to be accompanied

by changes in .the reliability of prototroph frequency as a measure of
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<

distance between alleles. Since fhe most clear1y~recognizcd marker
effects are those which appear to operate on the level of correction

(Kitani and Olive 1967, 1970; Leblon 1972a,b;'Leblon and\Rossignol 1973,

Kitani and Whitehouse 1974b), one might obtain a more aCcurate map using
those crosses in which recombination was primarily due to hybrid endings.

However, selection of crosses which showed a significant difference

between P, and Py, or an RI/R ratio'greater than .7 did not change the
non- additive quality of the map. The pr1nc1pal coordinate ana1y51s

| performed on the whole set of results cannot be done without. a symmetrl—
cal matrix of recombination’values, so a quantitative analy51s'of

selected crosses was not possible.

Est1mat1ng a Linear Map and its F1t -

The me10t1c prototroph frequencies from two- p01nt crosses are

gshown in'Table,S and. in Figufe 2.< The frequencies did not appear~po be
related to the order based on flanklng marker dlstrlbutlon nor conld
they’ea511y be used to arrange the alleles in any other Sequence.

‘ However,.an attempt was made‘to constrnct a map u51ng~prototrophs

frequencies: alone. The technlque of prlnc1pa1 coordlnate ana1y51s was

°

applled to thlS problem by Kenneth Morgan who also performed the analy51s

o -

and provided the description which follows.

.

In oxder to'obtain an initial guess of a one-dimensional map which

wou&d suff1c1ently represent the linear order of markers the'matrix of

recomblnatlon data was treated as a Euclldlan dlstance matrlx and- sub-
Jected to pr1nc1pa1 coordlnate ana1y51s (Gower 1966) Then, the fit of
‘the obtalned order to a 11near map was assessed by reference to an

mp1r1cal dlstrlbutlon generated by random sampllng of permutatlons of

@
g
% X,



the 11 markers.AABrief accounts of ‘these methods follow
The matrix of pa1rw1se recombinatlon values was scaled by dividing

ﬁby the 1argest observed value Treatlng this matrix as a matrix of
pairwise distances between markers we obtain a centroid adJustment of
the matrix and then extract eigenroots and eigenvectors (Morrison 1967} .
Unfortunately, some of the‘roots of the centroid-adjusted distance
‘matrix were negative;vso tbat the "'distances" did not fit

in a Euclidian space of (n-l) dimensions or less. .Nevertheless;A the -
dimension correSbonding to the eigenvector associated with the largest
positive»eigenvalue.uas taken as a provisional linear map. This root
was ‘also the largest in absolute value.r Coordinates for the markers
weie obtained as prOJections on this first d1men51on by multiplying

the elgenvector by the square Toot of its assoc1ated elgenvalue

We define a statlstlc of dlscrepancy from linearity for a given
‘order of markers in the’ follow1ng way . for each span of markers (of
three up to and 1nc1ud1ng n markers) we subtract the sum of the recombina—
~ tion valyes of the adjacent 1nterva1s which are contained in the span
_ P v . .

from the recombination value for the two end markers“which define the.
span and square the resulting diffefence. The values of afl such
comparisons are accumuiated to a total measure of discrepancy fron
linearity forva given ordering of markers. Thus, the various ordered
' subsets of observed distances of adjacent intervals are compared with
the. observed recombination distances between the two markers which ‘span

an ordered subset _Thxs method is diagrammed in Table»7

““J(

TQ test the su§f1c1ency of‘an arbitrary linear map by ‘the value of

its dis crepamty statistic, an emp1r1ca1 distribution of the statistic

o S]
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 TABLE 7

Method used to obtain statistic of discrepancy.

1 2 3 .4
L ! 1 !
. he o Tem o Tza
S Mg R
° ' r B
- e & : —
. "a

A
v

..\\\

= (ry5 -A[r12 * rzz])z_ _ ' .+ \\—/

é
- 8 '

[}

(r24 - [réskf 3,107

n

(r14 - [ryp + 15 + T541)°

L p? - Total statistic of discrepancy for this order
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was obtained for 200 approximetely equaliy likely permutations of 11
markers ut11121ng the observed pdirwise recomblnatlon values. Because
of the symmetry of any glven permutation and its inverse sequence, our
empirical distribution determines the probablllty of discrepancy equal
to or smeller than.the emallest valuetoﬁ\épproximately 1%.

Figure 4 shows the etatistic of‘dieérepancy for somevofitheb
randdmlyﬁgenerated sequences arrangedoin order of increasing nonlinear-
ity, as well es for the‘outside marker map'and the map generated by the
analysis“discussed above. These last two mabs are quite similar.
Alleles 1-5 and 1 3 were placed prox1mal to 1-8; 1-10 and 1—11 by the
matrix ana1y51s, other alleles retained the1r same relat1ve positions.
The map generated by pr1nc1pal coordlnate ana1y51s showed less dev1at10n
from 11near1ty than was shown bv approx1mate1y 99° of random permutatlons
of the 11 alleles, and the order derlved.from th 1 - Ry 1nequa11ty.f1t

a linear map better than 98% of random permutations.

L

'AHe]e Specific Effects on Prototroph Frequenc1es

Flgure S represents an attempt to sort out lon51stent effects of

;certaln alleles on recomblnatlon frequenc1es within SUP6 using the Rl R«,

map as a basis for 1nterpretat10n The number of 1ntervals between alleles -
was ‘taken as the number of spaces between allele p051t10ns Alleles 1-8,
1-10 and l—llihave,a common position. The number of intervals of any al-
iele from allele 1-2 is the5number of spaces from the closer end-point.

All heteroallelic crosses ere‘represented.in‘this histogram of recombination
frequenc; versus the number of intervals separating the twe alleles.

Dashed horizontal lines show ‘the mean prototroph frequency for thatinum!-

' ber of intervals. °0n1y when the number of 1ntervals exceeded three" d1d the

.I

recombination frequency 1ncrease w1th 1ncre351ng separatlon of the alleles.
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Randomly generated sequences

D2 x 108 | . 19.90  Order from principal coordinate analysis A
1 2695 | -
2. 3370 ~-—— 28.92 Order ffom R‘l — Rz inquality- B
3. 35.90
4. 4465
199. 709.84
200. 743.00 ’

>

7 6 (81011) 5 AC 3 9 20

s

- Fig. 4., Statistic of discrepancy for random permutations of the alleles
for the R; : R, map, and for the Ijrincipal coordinate analysis.

‘map.
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Crosses involving allele I-7 (with the_exeeptfon of 1-7 x 1-5)
stand out as having shown high recombination frequencies Because allele
1-7 rs on the prox1ma1 end of the map, the effect may have been one of
position. The higher ‘recombination frequencies could simply have been a
function‘of the physical distance of 2—7'from the remainder of the alleles.

No other consistent allele-specific effects were obvious. However;
certain eombinations of alleles had unexpectegly high or low. recombina-
.tion'frequencies not predicted from the behavior of the single nutants,

"most notab1y11—6 x AC and AC x 1-9.

Map Expansion
The extreme non- add1t1v1ty of thlS map makes the detection of
subtle patterns of deviations from llnearlty dlfflcult chertheless
an attempt was made to detect map expan51on 51nce,reven 1n)th15 system,v
expansion could reveal some of the characterlstlcs of excision and
hybrid endings. - However, the standard plot 9f3recombination frequency
‘bf a long interval (c¢) versus the map distance determined Bv adding the
reeombinatien freqneneies of two ﬁntervening sub-intervals {(a and b)
revealed no‘tendeney towardsumap expansion. Of 113 trlplets tested 42 -
shoved a value of c/a+b greater than_l, 1nd1cat1ve of expansion, 70 had
a Vaiue.less than 1, and one showed complete'additivity-(Fig. 6). -
'BecauSe map expansiOn is sonetimes seen to increase with the number.
of subfintervals‘added (Mousseau 1967 discussed»in Hastings 197Sj,
longer eistanees were calculated using the sum of‘three or more shorter
distances. - This gave negative results as weli In addition, the number
'.of 1ntervals between two alleles was used as a measure of dlstance rather

than the sum of the short dlstances; A plot of reeombiﬂ@}ion frequency
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per interval versus the aumber of intervals showed no increase in recom-
bination frequency per unit distance with increasing distance between

the two alleles.

I1. Gamma Ray Induction of Mitotic Recombination

Rates of Prototroph Production

Another mapping procedure which made use of the frequency of gamma
ray induced mitotic recomblnation in heteroallclic dlplOldS was employed.
This was a modification of the mapping technlque of Manney and Mortimer
(1964) . Homoallelic;diploids and strains with alleles believed to cover

the same site showed low rates of prototroph formation, averaging "10.9

\\\ngxotrophs/108 surviyors/krad. Heteroallelic crosses were generally

significantly hggher, indicating that the majority of prototrophs gener-
ated in these diploids were recombinants. ‘They'displayed freqoencies of
profotfoph production whichbinoreaséd linearly with dose, with corre-
lation coefficients which aﬁeragedfnear 0.985. However, the rate of
prototroph production for any one pair of allelesivaried greatly'in
repeats of the same crosé.'.This wasitrue whether diploids were irradi—r
ated in log or in étationary pnase. Variation Between’cukturesvirradi—
agéd in the same growth condition ‘was as great as the differences between

log and stationary phase. Table\ 8 shows the average. rate of prototroph

production for any: i eles as well as the individual-values for

. each experiment. . The underlined values were obtained from cultures

irradiated in log phaSe. The remainder were from cultures grown for

approximately 48 hours in 11qu1d YEPD. _ o
The average rates of prototroph formation induced by gamma Tays Werc

subjected to the same matrix analysis that was used for meiotic mapping.
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TABLE 8

Rates of induction of prototrophs by gamma irradiation.

Mean

Prototrophs/lO8 -Numbcr of Pro£0trophs/108/Krad

Alleles survivox/Krad repeats values from separate experiments

-7 x 1-7 9 1 9

1-7 x 1-2 204 3 53, 199, 361

1-7 x 1-6 154 2 143, 165

1-7 x 1-8 161 3 38, 74, 370

1-7 x 1-10 72 1 72

1-7 x 1-11 183 3 106, 182, 262

1-7 x 1-5 37 4 21, 27, 41, 59

1-7 x AC 117 2 115, 118

1-7 x 1-3 54 ' 13 10, 20, 23, 2_7 27, 28, 32, u:s_z,‘

41, 50, 58, 82, 87, 201

1-7 x 1-9 ‘ 183 3 73, 150, 327

1-7 x 1-20 266 C2 215, 316

1-2 x 1-2 6 1 6

1-2 x 1-6 15 3 14, 21,9

-2 x 1-8 8 3 5, 6, 13

1-2 x 1-10 8 2 6, 9

2 x 1-11 10 3 2,9, 18

-2 x 1-5 : 38 : 3 23, 45, 47
| 1-2 x 4C 36 ' 136 |
-2x 123 26 3 19, 28, 32 —~

1-2 x 1-9 149 4 81, 97, 147, ggé

1-2 X1-20 56 , 3 46, 47, 75

(Cont'd)r
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N\
Mean V/ .
. Prototrophs/10% Number of Prototrophs/10 /Krad ,
Alleles survivor/ Krad repeats values from sepapate experiments
1-6 x 1;6 6 1 6
Y6 x1-8 ~ 18 1 18
1-6 x.1-10 29 1 29
1;§ X 1-11 52 B 52
1-6 x 1-5 41 2 28, 53
1-6 x AC 95 1 95
1-6 x 1-3 67 2 40, 93
1—6'x 1-9 243 _ 2 161, 325
1-6 x 1-20 140 o 1 140
1-8 x 1-8 14 1 14
1-8 x 1-10 8 1 8
1-8 x 1-11 10 1 10
1-8 x 1-5 53 o 53
1-8 x AC 59 1 59
1-8 x 1-3 43 1 43
1-8 x 1-9 120 1 120
1-8 x 1-20 70 1 70
1-10 x 1-10 8 T 8
1-10 x 1-11 18 1 18
1-10 x 1-5 80 1 80
1370 x AC 74 1 74
1-10 x 1-3 29 | 1 29
1-10 x 1-9 74, ‘ 1 74

(Ceont'd)
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Mecan
Prototrophs/lO8
Alleles ‘survivor/Krad
1-10 x 1-20 109
1-11 x 1-11 307
1-11 x 1-5 532
1-11 x AC 54
1-11 x 1-3 ‘42
1-11 z 1-9 79
1—11‘x 1-20 85
1-5 x 1-6 7
1-5 x AC 21
1-5 x 1-8 43
1—5.x 1-9 \ 72
1-5 x.1-20 151
AC x AC 24
AC x 1-3 32
AC x 1-9 13
AC x 1-20 65
1-3 x 1-3 3
1-3 x 1-9 122
1-3 x 1-20 119
1-9 x 1-9 16
1-9 x 1-20 79
1-20x 1—20' 16

Number of
repeats

8
Prototrophs/10 /Krad
values from scparate experiments

ORISR SRR S PR - -
0

109

21
46, 40
63, 81

151




The resulting map was not only non additive, but it Showed o obvion.
correlation with the maps penerated cither trom meroty prrototrophs foe
quencies or outside marker seprvepation mn merofic recombirnante, with the

’

exception of placing alleles and TR0 on oppos i te ends o the map,

Classification of events Induced by Gamma Raye

Despite the failure of the samma frradi ot bon cecbon et g
a map for this locus, some information was ot racted trom rie sporial
ation and Jdisscction of a sample of induced prototroph-.  Table 9 oo
the kinds of events responsible for prototroph tormation after carea r
radiation. Included are all the analysed prototrophs whoch showed oo
arrangements in the region between /000 and med 290, Al Sonotvpes e
quiring more than one coONvVersion, crassnver, or conversion with an ad
Jacent crossover in this region were cluassificed as complex.. Classes i\,

6A, 8A, 11A, 1B and 4B were mnst likely the result of two events in this

1

region; 5A, 10A and 7B required additional events. Diplotds which fel
into classes 3A, 1B and 4B showed high spore lethality atter dissection.

- -

The results of all disscctions are summarized in Table 10. It may
be seen that the proportions of different kinds of events differed for
selected prototrophs of different colors. Table 11 shows the color dis-
-tribution in a sample of crosses. The red color is caused by pilgmont ac-

P

cumulation in cells With a blocked adenine biosynthetic jathwav. Tthe

"

color intensity can be a rough measure of the degree of suppression of the
ade2-1 mutation. However, the induction of other nutritional requirements
éppears to affect the production of the red pigment as well. Nevertheless,
since the dissected sample was not a random sample of induced prototrophs

but a sample of prototrophs of each color, the color distribution of

the colonies is needed for an estimate of the relative proportions of
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TABLE 9
~A. Meiotic anal. .s of “gamma ray induced recombi nan'ts from hetero-
allelic diploids of the genotype —* * +2 metl0
3 p‘ genotyp ntsl  edeld 1+ ES
2,3 : o ' B
Genotype . Event Color Number
1A = f _igpg ; conversion of pink - 5
' - sup : distal allele
oA S F supb - co-conversion of pink 3
- -+ SUP6  + | .
; proximal allele
~and cdecl4 ,
'VSA e igpg' : ,conﬁersion of white ‘ 1
Pe " proximal allele '
. and crossover °
' -» proximal to his2
+ + SUP6 .+ L ou . ' »
4A T SUPE F .complex . white -2
+ - . SUP6 - ‘ Ko B
5A = oupb ¥ -complex o pink ] 1
A L T g;;g i complex, equiva- pink 1
' oo - -lent of meiotic o
Rz : :
N7 N ;Z;g ; B conversion of red ‘ 1
ST T : : - proximal. allele
+ + SUP6 + ’ 1 . iy -
8A T 5UPE ¥ compléx white . - 1
. 3 N .
. oA £t SUP6 complex . white 1
. - - supb - - )
: + + SUP6 + b .
10A, —— SUPE = complex i white 1
‘ + + SUP6 + W . ink -
1A — T supb < - complex . pink - 1
17 and 2 r- ~ent secondary mutatlon oL SUPE— .
ZSUPG ind: rcstoratlon of the suppressor phenotype.
sup6 indicates no- suppre551on. 3
Complex events requlre two oT more 1ndependent gonver51ons and/or
Crossovers. ~ .
) (Cont'd)
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Table 9 (cont'd) . e o

B. Meiotic analysis of gamma ray ihduced'recombinants from hetero-

allelic diploids of the genotype ——% + 1+ ' met10 1
P gA YP® Hisz edoid +2 + ‘
Gé}\otXEez’3 "Event Ep&%g~ﬁ Number
P '-3‘4 —_—— .
1B : : gz;g : s complex" ‘ ih
2B f f ing ; ~°  conversion of "~ pink 2
P s .proximal allele :
3B t~ f' gzgg ;ﬁ conversion of o pink R 3
e distal allele
48 L= ggig 7 complex® ' white 1
SB ~f - 'iﬁpg  ; Cb?sbnversion'bf pink = . _’ 1
‘ ' P ' proximal allele ' ‘ :
and cdcl4
6 F * swpb - co-conversion of ~ white 3

- - SUps - distal allele

and metl10 or : - ' -
& : : crossover between : -
alleles or conver-
sion with associ-
, ated crossover
7B f : gggg j complex" : Vhite‘ - 1
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. “TABLE 10
Classifi cation of .gamma ray- 1'nduced prototrophic diploids a

N

Pink , Red - . White

Numper of
"diploids

| 22 i 8 ' 12
dissected ‘ -

et

Mutation to
suppressor at
~a second locus

Conversion of
proximal
allele

of distal
~allele

Conversion } .

" Co-conversion -
"of proximal :
allele and , -
edeld :

Co-conversion

of distal allele

and meti0 or ]

crossover between
alleles or
conversion
accompanied by

crossover p

.

v
!
1

Complex event. Y
_ More than one 7 ' B ‘
independent . - - ‘r 3. - , 8

conversion and/or
crossover -

£
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TABLE 11

Co1or_distribution of gamma ray induced pfototrophic dib]oids

58

. Pink Réd White
1-7 x 1-7 .721 131 .147
1-2 x 1-6 .810 .107 .083
1-6 x 1-6 770 174 .054
1-7 x 1-28 " .856 .005 .143
1-7 x 1-6 .848 .001 .151
1-7 x-1-8 .383 .004 .614
1-7 x 1-§ 900 037, 063
1-7 x AC .953 005 .043
1-7 x 1-3 .806 .043 .150
1-6 x 1-10 .859 .023 .117
1-6 x 1-11 899 .d;s» 063
1-6 x 1-5 .850 .028 . .122
1-6 x AC .923 007 070
1-6 x 1-3 851 .018 .131
1-6 x 1-20 .927 .007 . 066
1-8 x 1-3 .801 .047 .035
1-10 x 1-3 .834 .028 138
1-11 x 1-3 .867 +019 115
AC x 1-3 .. 882 . 014 .104
1-3 x 1-20 893 S 007 .100
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‘-‘\\ different kinds of events. In 16 of 17 heteroéllelic crésscs scored,

80% -

95% of the’coldnieé were pink, 4% to 15% whitg, énd 0.1% to 5%

red. Only\crass I-7 x 1I-8 showed a very di fferent color distribution.

The fifstvthr e crosses of Table 11 were‘eithér'self-cfosses or crosses

_‘bétween allefes not seprable by meiotic recombination, and it may be

. seén‘that the propdr;ibn”of fcds-increased at the echnse of white and
'pink colonies. The color‘distribution for each set of diploids was
taken from~thé.t0£al of colonies scored at all doses. In the majority
: of cgsés, tHere'was no significant change iﬁ’the ré&ative proportions
of pinks,~whites and reds with different doses of gamma rays.

The results.pfesentea in Tables 10 aﬁd 11 indicate that oniy,about
40% of the protétrophé frdm heterballélié érosseé were simple‘conVer-
sions of one allelé’bf SUP6.: Sixteen fo-lé% Qere most simply explained
53 ¢§—cohversions>éxtendiﬁg‘into the.next locus, -and 20% were complex
evénts in the region of\SUP6, including conversions with ﬁonédjacent
créssdvérs; two indepenéeht conyeréions, four—étrénd double crossovers
ahd~oth¢f less easily,claséifiéd.combinations ofkeveﬁfs.

Of theuié strains inlwﬁich'thé'prototroph wés the'resuitrof an
induged suppressoTr at a locus other\than.SUP6 (Tablg;lo), niﬁe showed
‘loose linkage with met10 and cdcl@, é;d therefore were probably mutations
of SUP11. bThgy wérefpfedbminaﬂtly'red.in colof as expected ffom é sup-
 pressor_considerab1y less efficient at sﬁppressing’adQZ—l than SUPG

(Hawthorne and Leupold 1974).
| . : gJ
o 7

b}

s



III. Tetrad Analysis

A total of 3345 tetrads were dissected to andiyse recombination 1in
the region of SUP6. The numbers and types of aberrant tetrads for each

‘allele.scored.are presented in Table 12.

Conversion to Mutant and to Wild-type
The equalify of 3+:1m and 1+:3m segregatioﬁs for all alleles tgstgd

except metl0-4 (Table 12) ﬁakes‘it appear that the-frequency of conversion
from mutant to wild-type apd wild—type to.mutant was, with the one ex-
ception, equal for all alleles. 3ecgUsejof the small number of post-
meiotic Segregations; it was impbssible in most cases tqvtell wﬁether post-
méiotic segregatiop of chromatids originally éérryiﬁg the mqtant-alleiév
was eQuél in frequency to postmeiotic segregétion of chromatids with’the:
wild-type aliele., However, there was an overall equality of 3:5 and 5:3
segregations for the total of a114a1ieles,.ahd for SUPSfJ the numbers
were large enough to make the compariéon. From the 3:5, 5:3, -aberrant
- 4:4 and‘aber?anf‘Z:G segregatiéns, it was calculated that theré were 15
‘postﬁeiotié segrggations of SUP6—1—carryiﬁg chromafidg and ézlpostmeiotic
segreg;tions of sup6f—carrying chromatids, that is, tﬁey were-equal. 7

| The significant excesé of 3:1 over 1:3 segregatiqné fof,mgt10—4-
suggests that tﬁere was an inequality of cqﬁversion in the.fwo directions.
However, thiSvcgnglusion is,put'in doubt by evidence from both random
spores«éng ingomplefebtetrads suggesﬁing selection against methionine

auxotrophs.
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Among uﬁselectcd random spores, therc was a statistically non-
significant excess of methionine prototrophs when the random spore prep-
aration was plated on complete dgfi'i medium (Xf = 3.55; p > .05), but
a éignificant'excess on YEPD (xf = S.47§ p. < .025), and the sum of these
was significant at the 1% level (xf = 7.67; p < .01). Both his2 and
edel4 showed equal numbers of mutant and wild—type spores.

In addition, 900 spores . from 375 tetrads in which one Oor morc spores
aid hdt germihaté shoved a significant excessi(xf = 7.84; p < .01) of.

MET1 er metl0-4 spores, accompanied by a significant deficiency of

\and HISZ compared to the mutant alleles (x§ = 5.44, 5.13; p < ‘.05).
The numper of leucine and uracil auxotrophs were cqual to the number of
. pfotOt;OphS, and iﬁ 678 spores from crosses heterozygéﬁs for SUP6, the
number of Suppressor—éarrying spores‘was‘equal~to tﬁe number of spéres
with a mutated suppressor of thexvild—type allele at that iocus.

A crude estimate was made as to whether the selective death of
, methionine auxotrophs in iﬁcompleté tetrads was sufficiént to account for
the inequality‘of.conversioﬁ to mutant and to wild—typejdétected in
:'complete tetréds,r'Average spore viabilify was about 87%, although there
Qere several sources of inaccgracy in thisiestimaté.\ Fo:'example; whileL
tetfads'incompletely dissected for technical reasons wererincluded in
this counf, asci in which all four spores were inviabie were excluded.
Furthérﬁdre, there was considéféble vériétion between crosses. Never-
theless, usiné the inequality of ‘met 10-4 and MET 10 spores. in incomplete
fetrads and the estimate of‘IS% spdre death, it waé cal;ulafed that
4.8% éf.METJO sporés and 21.1% of met10-4 spores did not germinate in
four¥$pored aéci. "The probability of all four spores surviving in a
+'+_+ - ;etrad,;whgre + and - refer tovthe methionine requirehent dnly,

is (1—;048)3(1—.211) =..681. For‘a‘- - - +1tet;ad the probability is -
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(1-.048)(1-.211)3= _467. Using this correction, the actual frequency

of 3:1 segregations for methionine was the observed frequency divided

by the probability of all spores of such a tetrad surviving, that is

.030/.681 .044. The actual .frequency of 1:3 segregations was 0.17/.467 =
.036. 4.4% and 3.6% of 3063 tetrads are not significantly different

2 .
from each other (Xl = 2.18; p > .05). Consequently, spore lethality

may have been the cause of the inequality.
Lawrence et al (1975) found a similar excess of 3:1 over 1:3 seg-
regations for the met3 geﬁe in, Saccharomyces. The metl-1 allele showed

no such inequality in the study of Fogel and Mortimer (1969).

4:0 and ‘0:4 Ratios

A 4:0, 0:4% 7:1 or 1:7 meiotic segregdation implies hyvbrid DNA
formation at overlapping sites on both pairé of hon<sistér chromatids.
_‘However, sévcral-spuriou$ soufcgs of these ratios must first be ruled
out: = false tetrads, révefsioh, and mitotic recombination. |

If the abeirant segregations‘referredrto were the result of pick-
ing four-spore aggregates which were not products of a single meiosis
(false tetrads), then it is expected that the unlinked geﬁes would have
segregated irregularly in moét'éases. Of 33 tetrads with 4:0 or 0:4 segrega-
vtiOn of -alleles on linkage group VI, only three sho@eq aberrant segrega- ".:.
tion of Zéu2; a sﬁallAsample, but not. significantly differenf from the
frequency of lem2 conve?sion in the general population of tetrads.
Urad-11 segregated 2:2 in a11 33 cases. This makes'iﬁ unlikely that

»

. ) )
many of these ''wider ratio" tetrads were the result of false clusters.



There are‘fwo factors whiéh rule out mutation as contributing
significantly to the wider ratios. The first is the overall equality
of 4:0 and 0:4 segrcgatidns. Excludihg ura4-11, théh showed an
extremely high frequency of all-mutant and all-wild-type tetrads, there
were twcnty-tw§ 450 segregations and twenty-two 0:4's. One would éxpect
that mutation to the mutant phenotype would be more frequent than muta-
tion to wild-type for all ﬁarkcrs, except possibly the suppressor, yet
the totals for his?2, cdci4, met10 and leul were eleven 4;0‘5 and thirteen
0:4's. ‘ | | ’

fn additipn, the frequency of wider ratios ranéed from Q x 107"
to 150 x 10™". This is much higher thaﬁ the mutation ffequency. A 0:4
or 4:0 segregation in a cross heterozygous for thebmarker in question

.wouldArequire the occurrence of a mutation before-preméiotic DNA synthe-
sis, whether fhaf hutation'be at the samé locus or at a second site.
Self crossés of secondarily mutgted”suppréssors showed a frequency of up
to 67 suppressors in 106 sPores (Table 3) or 17 x 10;6 perktegfad.

Furthermore, the majority‘of these probably arose during meiosis or

‘premeiotic DNA synthesis.‘ The frequéncy of 4:0 and 0:4 segregatfbns of k
SUP6 was. 7.6 x 10 3 pef tetrad. It is unlikély that differences in the =
.number of diploid céll generations or different growth conditions could
accouﬁt for the nearly three ordefs of magnitude difference between the
frequencyhofimﬁtation in self croéﬁes and the mutatién frequency

required to account for the oCCurrénggvof’all—mutant or-all-wild-type
tetrads; particuléfly since the growth.of the diploid strains was kept

°

to a minimum for all studies.



L/ w)

.Ti)
Mitotic recombination is perhaps the mos£Adifficu1r spurious cause
to rule out. Although growth of diploids was kept to a minimum, it is
not known how many diploid cell gencrations there were before sporula-
tion, and this fiéure is needed iﬁ order to estimate the frequency of
mitotic recombination. Because a variety of events accompany or are a N
part of spontaneous mitotic conversion (Kakar 1963; Hurst and Fogel

1964), one cannot use the lack of distal homozygosis as evidence for

the lack of mitotic recombination. However, mitotic gene conversion,

and crossover are not expected to generate 7:1 and 1:7 segregations,

and if these were of the same origin as the 4:0 and 0:4's, their origin

N/

The expected wider ratio frequencies were calculated from observed

was probably meiotic.

petfad frequencies using the partly corrected formulae of Lamb and
Wickramaratne (1973). These are based on the assumption that the fre-
qﬁency of hybrid DNA formation on two pairs of non-sister chromatids

at a point is detgrmined by the probability of hybrid formation on one
pair of chromatids (taken from'fhc 6:2, 2:6,”5:3 and 3:5 ratios);

The paftially corrected“formulae'correc;~the calculations for the oc-
curence of hybrid DNA at corre;ponding sites on both pairs of non~sis;

ter chromatids when these lead to an 8:0, 0:8, 7:1 or 1:7 segrégatibn.
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Expected 8:0 5 (%6:2 + 8:0 + %7:1)2

(%2:6 + 0:8 + 151:7)2

0:8 =
7:1 = 2(356:2 + 8:0 + 157:1)(%5:3 + L7:1)
1:7 = 2(%2:6 + 0:8 + %51:7)(%3:5 + %1:7)

Table 13 shows an approximately twofold excess of obscerved to
expected tetrads in which recombinants were formed on the two pairs of
non-sister chromatids at corresponding sites.,

urall was not included in the totals because of the extremely high
frequency of 4:0 and 0:4 segregations. It ig not knov what caused this
high frequency. This gene is the distal-most marker ¢+ tinkage group
XI'l, as determined by mitbg?? linkage, but is meiotically unlinked to
any other marker. A high“frequency of 0:4 and 4:0 segregations of

urad-11 has been observed before in a different genetic background (von
W

e

Borstel, unpublished).

Variatio,n in Conversion Frequencies

From Table. 12 it can be seen that alleles supé-1-2 and supé-1-3 -
showed a higher freqUency of tetrads with non- Mendellan segregatlon than
SUP6~1; the smaller dlfference was s1gn1f1cant at the 0.5% level.
Table 14 shows that this was not peculiar to the SUP6 locus,'but that
conversion of edcl4 and metl0 also increased in crosses A7S and»A76.
For meti0 there was an increase both in the frequency of and m;t]O
co-conversion and in the frequency of met10 singie-site conversion in
these crosses. For edel4 thé increase was only in co-conversions. All
other classesof. cross were homogeneous with fespect to the amount of

g

conversion of his2, cdel4, and metlO0.




oo o \’/

his?
cdcl4‘
SUP6-1
;upa—z_z
sup6-1-3
metl0
leu2
Total

urad-11

B e _ - 07
e L T '
TABLE 13 o
Observed and expected number of “wider ratio" tetrads
~ __§_:_9, e ~()_ 8 . ) “;7 : 1 1.7
Observed 7 8 0 0
Expected 205 35.74 .10 0
oObserved 3 1 0 1
Expected 1.50 .95 11 05
Observed 7 7 2 0
Expected 2,65 2.62 .59 .61
Observed 4 y 0 1 0
Expected 1.08 72 .23 .09
Observed 0 2 1 0
Expected 57 1.62 25 .35
Observed 1 2 0 0
Expected .74 .74 .02 .02
Observed 1 2 0 0
Expected .74 74 02 .02
Obser- -d 23 22 4 1
Expected 10,31 10.56 1.43 1.12
Observed 28 22 - 0] 0
Expected .45 .28 0 D ,01
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Vaffatidn in Postmeiotic $égregafion Frequencies
of D1fferent A11e1es of SUP6 .

?' Of 1952 tetradsgdlssected from d1p101ds of the genotype SUP6- 1/sup6
35 or 1.8% showed postmelotlc segregatlon of SUPS, although there were
‘actually 39 sporesvwith such an'évent. Thefe were 1.8% or 6 postmelotic
segregatlons in 333 tetfads from the cross 1nvolv1ng sup6-1-2, and 11 ih
341 for sup6~1—3 (3.26).: None of thesc frequenc1es is 51gn1f1cant1y
different from the othevrs. Among those tetrads ‘which showed elther
postme1ot1c segregatlon or convér51on 90 to 14 gf thosé.events were

'postmelotlc segregatlons and agaln comparlson of the three kinds of

cross showed no 31gn1f1cant dlfferences In this sample of three SUP6

, alleles, one of whlch (sup6 1- 2) behaved as-a deletlon, the flequency

of postmelotlc.segregatlon per spore or'relatlve to the conversion

- frequency did not vary significantly.

Qutside Markér Recombinafioh,

The analy51s of 2626 complete tetrads from crosses heuerouygous
N

R for SUPE showed that the parental combination of outside markers exceeded

the recomblnant among SUP6 convertants This is analogous  to the situa- -
tion ObSEIVGd in the random.melotlc products from two- po1nt crosses in
which the infragenic 5UP6.recomb1nants were moreAOften of the parental
classrthaﬁ thé‘fécombinant.i Thévcfoéses in which tetrad analysis was
,performed were of three types:

1) his2 edeld + + x + SUP6- 1 metZO

2y his2 cdcl4z + + X +JZSUP6—1 meth in a homozygous radiation
sensitive background - » /iyyu

3) hisZ edeld supé-1-¢ x + + SUP6-1 metl0.

bl 2 /
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Tables iS 16, and 17 show the number of conversions of SUP6 alone, -
co conver51ons of SUP6 and cd014 and conversions of edeld alone classi-
" fied as to whether these were Or were not accompanied by out51de mdrker

exchange 1nv01v1ng the converted chromatid. Conversion of SUP6 alone
;showedk37% associated recombination of outside markers. vThevdifference
from 50% was hiéhly‘significant (x% ; 20.2; p ;< .OOi); For.that.same-
Set of tetrads,;cdelé ShowedHSO%,flenking marker recombination among

‘convertants, and the longer co-conversion events involving both loci
: ) ) : s ' ‘ix
showed an excess of recombinant outside markers (xi =*8.6; P.<,- 00%)
7 ) . ‘ e *

Total conversions of SUP6, including conversions of SUP6 alone and co-

A

conversions with edel4, still showed a 51gn1f1cant excess of non- cross-
el

. over tetrads 205 SUP6 convertants w1th parental flanking markers and

154 w1th the recomblnant class thet is 43% out51de marker exchange

(x2 = 7.2; p < .01).
3 p

One can estimate the contribution of unrelated CTOSSOVers which

affected the converted chromatid 51nce these should equal the number of

. 2

M»Uheaconverted lcngth which were
v~detected because they d1d ot 1nv01ve the converted chromatld It will
be Seen~from Tables 15 and 17 that,there were only six’ such evente'in
‘the parental class and seven in the recombinant class. Consequently,
any correction for unrelated crossovers is. small and goes equally in the
two>directions.v ' : < | ) | |

Only those events which did not involve co-conversion of a- flanking

oy
e
AT
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marker were tabulated here, since co-conversion and often independent

"conversion of these makes it 1mp0551b1e to tell whether or not the event

was assoc1ated with a crossover. The 4'0 and 0'4 ‘segregations were olso
omitted from this analysis, but would have had little cffect an the
results if included. Of nine such tetrads in which the markers flanklng;
SUPE could be determined, six showed a single crossover in the edeld to
metl10 region, thatﬁis six conversions in 18 from these tetrads were -

accompanied by a crossover.

Effect of Spore Death on the Frequency of

&euggg “ds, &,
% ' i

¥/ 's

tetrads did. In thé'900 spor§£&j$f1?375 1ncomp1ete tetrads there was a

91gn1f1cant deficiency of one dJF#he parental combigations of edel4 and
et10, but no 51gn1f1cant deference between the two recombinant combina
tions. So crossover tetrads did not appear to have been lost by a relat
1nv1ab111ty of one recomblnant genotype. éggwinvomplete\tetrads were Te
examined to devermine the proportion whlch;conﬁained a spore recombinant
‘in the cdc14~met10 region. A higher proportion of the iﬁcomplete tetrac

had a recombinant product than did the complete tetrads If conversion

w1th crosSyﬂg over sometimes caused cell death, recombinant SUP6E conver

. ants mlght have been lost from complete tetrads 1t is therefore possib



that the inequality‘of parental and recombihant classes among SUPS
convertants was due to the event itSelf (conversion of SUPE with
crossing- ove;j-generatlng an inviable spore. Hoyever, of 39 three-spered
1ncomplete teyrads with recombination in the cde-met interval, ten ef
these contained reciprocal recombination products. Had conversion of
SUP6 with crossing-over often resulted ih the production of an ihtiablc

: ptoduct; fewer incomplete tetreds withvreciprocal products should have

*

been recovered. While this reasening argues against the event having

been lethal, the large number of unkfiowns in the data make it impossible

- to excludemthis possibility.

Length.of Conversi_oh Events

Table 18 shows the‘nhmber ef postmeiotie eegregation or conversion
events invelving SUP6 alone ot coverlng‘adjaceﬁﬁ loci as well. Included
as co-convertants are c0hpostmeiotic-segregants»andjcoﬁversionslin one
loeus accompanied by postmeiotic segregation.in the adjacent locus on o
the same chromatid lhe totals for all the crosses show th%&}ﬁz 3% of

e %

all events at SUP6 extended outside the boundarles of that ge;e in one
or both directions; and that co-conversion sometimes spanned the length
of the marked region, that is, a minimum of four loci. The f;eduency of
these long events was far toolhigh to héﬁe been the result'of célneideht
but independent conversion of the flanking markers. 35% of all‘conver—
sions offmetzo 59 of all conversions of cdel4, and 8% of conversions
of htsz 1nvolved co-conversion of SUP6 This was not an allele Spec&flc
effect of - the oilglnal suppressor mutatlon, but was characterlstlc of

convers1on 1nvolv1ng secondary mutations at this locus as well ? Both

the high conversion frequency and the characterlst;cally_long conversion
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lengths are locus- or region- but not ailele—spccific phenomena. An
indication of the amount of co-conversion is given in Figure 7, which
.shows the percent tctrads with single site and co-conversions for this
region. The 4:0 and 0:4 scgregations were omitted from this analysis.
Interference Between“ Conversion Events

‘ Interference betwecen conversions was checked for all pairs of mark-
ers. The expected and observed nuﬁbers of coincident conversions are
found in Table 19. For unlinked géhes, the expected frequency is simply
the pfoduct of the observed conversion‘gr postmeiotic segregation fre-
quenciés at each.locuys. For linked loci, the occurrence of co—convef—'
‘sion’must be takeﬁ into account. When' looking at interference; one ié
.interestéd in coiacident butrindependent'events. An event is scored as

.,

a cp—conversioq ifﬁthere has been conversion in the same direction on .

the same chromatid of contiguous markers. For the markers on linkage

group VI, the co-conversion frequency for a given pair of loci was sub -
LT - ‘ ‘ .

1tracted from the totai conversidn frequency for each locus before»the
two were multiplied to caléuléte'the expeéted frequency of coincident
events. The observed number of coincident events for two adjacent
markers came froﬁ tetrads in wﬁich one iocus was coﬁverted to mutant -and
the other to wild-type, or both were converted in the same direction mut
on diffefent Chromatids. If the two iinked loci were not adjacent,
absence of‘an evént covering\the:intervening marker automatically clas-
sified two.confersions as éqipéidentlconversions and not asba co-con-

. version;»whether or not théyiwere in the same direction or on the same

strand. The 4:0 and 0:4 Segregétions were omitted from this analysis.



Simgle site
conversion

Co-conversion 4

Total conversion

his2 cdclg SUP6 metlO
123 276 1135 317
. 0.41 3
. 0.66 )
. ‘ 0.39 -
, 2.99 )
. 0.65 .
) 07T
12.65 7.81 1673 490

.Fig. 7. Pereent tetrads with sir\"gle and multiple site conversions.
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TABLE 19

Observed and expected numbers of coincident conversions

Observed number

Leu?2
leu?2
ZéuZ
Leu2
leu2
ura4
ura4
urad

urad

his2
his2

his2

edel4
SUP6
metl0
urad
hisl
ede14
sSuUP6

metl0-

“

edeld
SUP6

metl0

edeld - SUPE

edeld - metl0

SUP6 - metll

19
17
32

14

39
15
10
15
17
111

Expected number

8.58

2.34

4.68

2.95

87.07

21.62
47.78

16.70
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On the assumption that conv rons show neither positive nor
negative interference, no pair of markers showed a significant differ-
ence between qbscrved>coincidcnt cvents and expected events.  Although
there appeared to be a slight but consistent excess of coincident events
between unlinked markers, the sum of all observed double events did not
show a significant difference from the expected. For the linked markers
a correction should be made for the 1/8 of independent conversions
which would have been falsely scored as co-conversions. Do(rcusing the
expected number by 1/8 undetectable -events did not alter its near
equality with the observed. Further correction which subtracts the
independent events whicn appeared as co-conversions f{rom the ovoserved
number of co-convertants in order to re-estimate the expected frequency
of independent events is a refinement beyond the powers of resolution
of the data. Because the expecfcd number of independent events which
appeared as co-conversions was very small, the results of the previous

section are not significantly affected.
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False I’etmdaf
The lack of a sipgnitficant positive association of independent

conversion events as well as the following study of segregation of the
111:11i111;-~typ0 alleles arguw: against false tetrads having contributed iy
nificantly to this study of  SUPF.  As was discussed carlier, the di-
section of four-spore aggregates not products of a sinule mejosis s
expected to give frequent aberrant segfogation at more than onc locus,
In the cross supf-1-3 x SUPC-1, tetrads with conversion of one of the
regtilarly scored markers were tested for scgrcgufion of mating tvpe.
Scoring was done microscopically by looking for zygotes in a mixture of
the colony being tested and a tester strain of cach mating tyvpe. of

100 tetrads in which all four spores were scored, all showed 2:2 scu-

regation for mating type. Six tctrads were incompletely scored because
of poor mating <t one or more spores. On the least favorable assumption
that false tetrads result from the dissection of three spores from

0,

one tetrad and one unrelafed spore, 50% of false tetrids are expected to
~show aberrant cepregstion. for any one marker. Since this study showed
no aberrant segregation for mating type in 100 tetrads, it may be stated
with 95% confidence that there werée fewer than GB"itlsc tetrads ramong
asci which showed conversion for his2; edeld, SUPG;v%Fpic, urz4  or
Zeu?. The genotypes of the spores not scored for matéﬁg type made it

) o

highly unlikely that they were diploid; they all showeld 2:2 segregation

for at least three other markers.



Associated Conversion

The lack of pr;«"iY ive correlation between converrons. in the o to
met 14 interval on Tivkage proup l\"l would suppeest that there wan not o sy
nificant amount, of independent correction of two markers ancluded ono
same scpment of hybrid DNAC However, if the extent of hvbond Doy woye
uncequal on the two chromitide, independent correctron ob Tuo ad et
loci on one chromatid would net be detected. (1 wouid be oo cathes

as Co-CoONVersion oy as conver Lion of one locus and ooroturn oo the

irental g(‘nnt._ﬁm at the other, that is o single S1te conversioit. i
this system, independent correction of hybrid oXa on one chronmat td mipht
be d'etcctcd if conversion of non-adiacent sites involved the same
chromatid more often than cxpected by random association.  Of 34 kY

SUPE conversions in the same tetrad, only five were on the same strand
compared to 8.5 expected if the two were indeperdent.  Inosis o oed
metl0 coincident conversiors and seven h7al metld coincident comersions,
all involved more than one chromatid. At leust over the =pas of throe
to four genes, therc was no pr eferonce for corversions on the soanme

strand. The observed negative association between oveonts on one stryand

was not significant.

Postmeiotic Segregation and Associated Conversion

0f 120 cvents scorgd as co-cohversioﬁs of oozl ond UPE, ton
1nvolved conversion of edel4 and postmciotic segregution ol e bor
SUP6 and metl0, four tetrads in 45 showed conversion of »o¢I7 and post-
meiotic segregation of SUPS.‘VIt is.estimatcd that only cuc or two of

these were independent events. From this' we may conclude that mismatch

correct1on dld not extend over the entire hybrid length in at 1cast 8%
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of the events covering ede14 and SUP6 or met40 and SUP6.

One versus Two Chromatid Events

On the basis of models of hybrid DNA formation and mismatch cof-

rection, tétrads which show 3:5 or 5:3 segregation)can be used to deter-

mine the extent to which heteroduplex DNA is symmétrioal, thatAis,:the
extent to which it covers both‘cnromatids at the site in question. The
tlasses of asci which must be considered show poétmeiotic segregation

of one spore with outside markers in the parental configuration. The
»tritype ascus nas three spores with -all mafkers still parental plus one
spore containing a postmeiotic segregant (for example the.tetrad:

A+ g, A % B, ?Aﬁb: amb). This may arise from h?briduﬁNAbon‘one‘
ohromatid.only or nybrid on two chromatids with'a>oorfection‘event which
returns” the hybrid on thé~second‘chromatid back to the pareéntal genotype.
The tetratype ascus has one spore of each parental genotype, one shoﬁlng

postmelotlc segregatlon, and one with conversion of the same marker

agn U

(for example the tetrad' A + B, A % B, ‘a+ b, am b) WA tetratype

. ascus requ1res hybrld DNA to have covered the middle site on both |
.chromatlds. Twice the frequencv of tetratype asc10g1ves an estlmate of
.the amount of hybrld on both chromatlds In‘44 tetrads w1th‘3.5 or 5:3
segregat;ons for SUP6 only 13 were free of events coverlng adJacent
vloci and patental for flanking markers. All 13 were trltype asci.

Three more tetrads w1th conversion of edeld accompanylng the postmelotlc
a;gregatlon at SUP6 were also tr1type Thls suggests a hlgh degree of
asymmetnixof hybrid DNA in the reglon of -SUPE. About 15 postmelotlc
segregatlo\\events 1nvolved co-conversion or co- pOSthlOth segregatlon

of flanking markers, and of these approximately one-third would have

[N
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required the involvement -of two chromatids, not necessarily at SUPE but
. .

- within the his2-metl10 region. However, the occﬁrrence of events involving

» BT o

two pairs of non-sistér chromatids and the number of alternative ways in
which the .more complex events could have arisen makes it impossible to

quantitate the amount of the’asymmetry. Even thc three aberrént 4:4

~

tetrads which are expected to have arisen from the-absence of correction

on both hybrld strands of a symmetr1ca1 event were complex evenFs

1nvolv1ng extensive co-conversion and one of these aberrant 4:4's
required the participation of all four strands.
Crossover Interference

°

The frequency of singie,'doublehand;triple exchanges in a region

- will reveal whether the occurrence of one crossover‘interferes with the

coincident occurrence-of another, However, in thls system nearly 18%

of tetrads- showed conversion of the outermosf markers his2 and/or met]O;
Tt is expected that these‘conversions‘wefe often‘accompanied,b& cross- |
ove§s which are not detectable, and therefore a slgnlflcant proportlon

of crossover events coulo not be scored However, two pleces of ev1dence'

suggest a lack of or very low crossover 1nterference in thls reglon.

The f1rst is seen in Tables 15, 16, and 17.- Among conversions of SUP§

, and/or edel4 with parental outside markers, eight or 3.3% were accompa-

n1ed by an unrelated crossover ‘between the flanking markers wh1ch did

=

‘not 1nvolve the converted chromatid. . Among convertants w;th Tecombinant

outside markers, six or 3,2% had a second independent crossover in that
same region. A second piece of evidence concerns the occurrence of
independent crossovers; not involving conversion. The expected number of

tetrads showing none, one, two or three independent crossovers was cal-

culated from the mean number of independent crossovers, using the Poisson
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diQtrihufdon to determine theAprobability of ecach class.‘The ffeduency
of‘no'events, single, double and tfiple crossovers fits a Poisson distri- - -
bution Yefy closely (x§=1.38;'p=.5), indicaéing no crossover interference.
Map Distances |

Figure 8 shows the map distances bétweeh_loci oﬁ linkage group VI
“given in»per,cept‘recombination in complete unselected tetrads‘anélysed
as single sporesdd The numbers in parenthesesdére map distances calcu-
lated from unseiect;d random,sporesf‘ in all intervals, the émodnt of
reéombinatioh was'significantly‘higher in the random spore pdpuiation.

{

The most obv1ous possibility is that this was the result of selection

E
-

agalnst certain genotypes 1n the random spore populatlon. For example,
there was a noticeable def1c1ency of his2 cdel4 metl0 spores compa;ed
to the HIS?2 CDCI4 MET10 class in the products of the random spore/
analy51s.' These two genotypes are recomblnant for edel4 and metZO

~ but parental for his2 and edel4. Theréfdre Selection'against the
tr1p1e mutant could not explain the increase in the recomblnatlon in ;-
the cdel4 metlobinterval. vConversely,_the‘presence of diploids among_
the random spores giving an excess~of ; + + colonies istinsufficient N
explgnatioﬁ for the'expandeddhiSZ-cdc14 region. Furthermore, haSmocyto4a

) . - N .

" meter counts of the spore suspension showed littie.§?_no contaminatfon

. from végetative cells. Howevef, a co;bination<of sm;Ll dif-

ferences in viébility of the 16 possible genq£ypes |

: could have been responéiblé for differences in the proportions of
recombinant products in tetrads and random spores.

Random spore ana1y51s, of course, 1nc1udes four- spored asci with

~one or more inviable spores which were notﬂln the tetrad analysis.

dHowever,:tHe'regombination»frequenties.in those incompletely viable
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| 5

his2 cdcl4  SUP6  metlO
| —7.85 (9.21) ’ . | =
\ 116 _
- 1280 (vns.sAs) _ .
— 497
— 7.08 (10.25) .
N ' 672

Fig.'S. 'Map distances in'percent recombination. Values are from
complete unselected tetrads. Numbers in parentheses are map .

. distances from unsélectéaorandom spores. . X
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tetrads analysed suggest that their inclusion could not have brought
the tetrad-derived map distances up to the random spore digfances.

Asci formed with one, two, and three spores will also have contrib-
uted to the random spo;e data. Cenctic‘studies of two- and thrée—spored
asci in'Saccharomyces cerevigiae have consistentlyvshown,tﬁe spores;to
fe haploid products of meiosis (hevan 1853, Takahashi 1962; Takahashi
and Akamatsu 1963; Esposito et al. 1974). In the sfudy.éf Esposito et
al., ,performed in a:spOJ background, fhé two spores were a randghr
sample of thé four meidtic‘products but the results of Ellzabeth Savage
(unpubllshed results from thls laboratory) 1nd1cate that the spores of a
two-spored ascus were preferent1a11y non-sister spores. Her study was
done in a wild-type background. 1In either case, intergenic recombin-
ation frequenc1es should ndt be affected by the inclusion of products from
two-spored asci. However thers f1nd1ngs indicate that not all 5)stems
are identical, and in thlS study of SUP6, no testlng of 1ncomp1ete ascxv
was done. |

One further possibility is that genetic d1fferences in the crosses
Eontrlbuted to the discrepancy 1n ‘the two maps. The random spore data
camg from crosses in which both parents carried éither a secondary mu-
‘tation of SUP6—1'or tﬁe'squf allele.” This makes the nature of the het-
erozyg051ty at ‘sUps sllgﬁtly dlfferent from those crosses in which tetrads

were dlssected Slnce the constructlon of these strains followed sllght-

ly dlfferent routesQ the general genetic background différed as well.

Y
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For both sets of data, the map distances arc not additive. Because
-1 much.recombinhtion in this region results from conversion and conver- -

sion-associated crossing-over, nonradditivity of intergenic maps is ex-

pected. Conversion of gene B in the sequence A- B C actompanicd by ¢ross-

<

ing-over 50% of the time, will yield an equal number of A-B, B-C and A-C
recombinant products. Thisvcomponent of recombination is not distance-
dependent and will tend to contract long intervals compared to the sum of

. the sub-segments of that interval. : ’ <

"Effect of Repair. Defects on Postmeiotic Segregation

1f the“enzymatic,steps involved in the excisioﬁ of pyrimidine dimers

~from UV- 1rradiated DNA overlapped with those rcsponslble for the recogni--

‘tlon and exc151on of mismatched bases, one would expect strains with
defects in dimer exc151on—repaii capacity to show an increase in post-
meietic Segregatipn”at_tﬁevexpense ef conversion.

The radiefion—sensitive mptants radl; rad2, rad3, and rad4 were
chosen for énelysis on the basis of eyidence that they control steps in
an'excisionfrepair process.' After UV irradiation, mutaﬁts at‘these four
loci show little loss of pyrimidineedimersffrOm their DNA under condi-
'tions infwhich'wild—type strains excise dimers (Uprau et al. 1971;

The behavior of double

Resnlck and Setlow 1972 Wheatcroft L973
ﬁ

mutantsﬂ?iso places these mutatlons in ame repair pathway, since

the’surﬁival characteristics of the do tants are 11Le those of

Ty

"one or the- other of the 51ng1e mutant parents (Cox .and Game 1974) The
_(g,,.

mutant rad16 has not been studled blochemlcally, but it retains’ photore—

act1vab111ty after post-irradiation 1n¢ubat10n, that is, dimers are not
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lost from ihe DNA during incubation. radl8 and rad 51 wcré chosen as
loci whi;h control first steps in aitcrnatc repair pathways (Cox and
Game 1974); however, the strain homozygous for rad51-1 spérulntcd very
poorly or not at all depending on the particular diploid used. The
spores which were formed were gencrally inviable. T ..~
Tabie‘ZO shows that in none of ghc.radiﬁtion-sensitivc strains
‘tested werg thcre a signifisant’number of conversions lost to postmeiotic
segregation. Chi-square values Qere defived from analysis of two‘by two

contingency tables of cobnversion andApostmeiotic éegregntion in wild-type
and radiétiuu—sensitivé strains.

These data can alSoAbe used to exclude the poésibilityﬂtﬁj¥;?ny of
the rad; genes tested are in?olved in a recombination pathway in which
failure to carry out a particular step would fesult_in a return to the’
parental genofype. There was no significant loss ofbtotal aberrant
segregations or of cénversions in the radiatiqn—Sénsitive'strains. The
frequen;y of tetrads with aberrant segregation at SUPQ waé somewhat
elevated in strainsicarfyiﬁg rad4—;£5nd radl8-1. Theyfrequency of
conversion of his2, cdecl4 or met10 in rad4-4 qnd‘ra318—1 strains was
not significantly differenf from that in the control stfains.

.If the frequency of tetrads with conversion, postmeiotic segrega-

- tion a;d normallsegregation~at SUP6 is compared for all crosées, the
total heterogeneity is«éignifitant. However, heterogeneity | -
among crosses Qith the same fadiation—sensitive background was less

.v(xziz = 19.04; p = 0.1-.05) than the heterogeneity ahong different

LY

radiation-sensitive backgrbunds (lez = 25.83; p = .025-.01).



DISCUSSION

Recombination in Radiation-sensitive Strains
The results of the study on radintion;scnsitivc strains of Saccharo-
myces indicate that while the excision of pyrimidine dimers from UV-jr-
radiated DNA may providé an analogy for the excision of mismatched bases
in recombination, mismatch repair does not share those functions coded
for by RAD1, RADZ2, RADS3, RAD4,, RAD16 oxr RAD18 genes., Stxﬁins carrying
radl, rad2, rad3 and rad4 mutations were examined by Snow (1968) for
the frequency of intragenic and intergenic‘recombina;ion. He found no sig-
nificant differences in the frequencies of recombination between these
strains and wild-type (radiation resistant) controls, although there were
some significant frequency differences among the radiation-sensitive
strains. However; his system would not have been able to detect changes
in correctienvefficiency, which was specifically the object 6f this study,
nor changes in conversion lengths, out51de marker recomblnatlon and other
parameters of recombination dctectable in the SUP6 system,
‘ In thls study,_amount of heterogeneity in conversion, postmeiotic
Seé?egation and Mendelian segregation at SUP6 among strains with
‘”different.radiation-sensitive backgrounds suggests that either recombi-
nation patterns are slightly modified by certain repair defects, or
that the genetichbackground‘introduced.with these defects caused some
changes in conversion frequencies at SUP6. However, the magnitude of
.the changes suggests that the products of these rad genes play a minor
role if any at all, in recombination. It is possible that under certain
o cond1t1ons, for example,lf an enzyme primarily congerned w1th recombi-

natlon were defectlve these repair enzymes could become important |

91
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However, in the normal functioning of the cell, the steps which were
blocked in these strains do not appear to be steps which overlap with

the process of recombination. There are other repair enzymes, for
examp}c that coded for by RAD51, which may be involved in meiotic recombi -
nation. However, if their role in recombination is indispensable, their

loss results in meiotic lethality.

Characteristics of Induced Mitotic Recombination
Most intragenic/mapping in Saccharonmyces cerevisiae has made use
of the method-of Md;ney and Mortimer (1964) who found the induction of
prototrophs in a heteroallelic diploid to be linearly related to the
dose of X-rays. They used the number of prototrophs per survivor per
rad as a measure of distance between alleles. The method has been
extended to include the use of gamma rays, suniamp radiation (Lawrence
and Christiansen 1974) and'mcthylmethanesulfonate (Snow and Korch 1970)
as mitotic recombination-inducing agents. A comparison of maps generated
using differént recombinogens is found in Korch and Snow (1973) and Law-
rence ;;d Christiansen (1974). In some cases the technique of induction
of mitotic recombination has resulted in the construction of clear—cut_h
highly additive maps (Manney and Mortimér 1964; Tauro et al.1974), but
in other studies there were large deviations from addi tivi t)N(Parker and
Sherman 1969; Thuriaux et al. 1971). Fink and Styles (1974) found X-ray
mapping of the his4 region to be reliable only when frequencies were great-
er than 1.5 prbtoprophs/IOG/ZOOr. ﬁoofeAand Sherman (1975) have dévoted
an extensive‘discussion to the pitfalls o} equating X-ray maﬁping‘units
with physical distance gnd to the problems involved in ordering alleles

~ by 'the rates of X-ray induced . mitotic recombination, unless a large

‘number of allelic combinations are tested. Despite the Telatively large
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number of crossos included in this study, SUPC was immappable by thas

technique. The ratcs of prototroph induction for JUN6 ranged from 0,026
to 0.532 prototrophs/10% survivors/200r (Table 8), which, on the average,
was lower than any published map.

The dissection of the gamma ray-induced recombinants supgents that
up to one-third of the co;verﬂiona of JUPE may have been co-converted at
an adjacent locus (Tables 10 and 11). Long hybrid and excision repair
lengths at this locus seem to be characteristic of tnduced mitotic as
well as meiotic recombination. Another 20% of the prototrophs arose
from multiple events for which we have no simple model, and consequently
no basis for deciding whether these events were distance-dependent. Many
of these required the participation of threce or more chromatids. It
appears that induced mitotic recombination events in this region were
generally more complex than meiotic evepts.

Other studies in Saccharomyces by Hurst and Fogel (1964) and
Wildenberg (1970) suggest that mitotic recombination is characterized by
multiple events in the hisl region as well. This is true of both induced
and spontaneous mitotic recombination, Although the extensive co-conver-
sion of adjacent loci characteristic of the induced mitotic rTecombination
in the SUP6 region is not seen as strongly in hisl, meiotic co-conversion
is also less frequent in this region ( Elizabeth Savage, unpublished
results from this laboratory).

The problem of variability in the frequency of gamma ray-induced
prototrophs was never solved. The results of Witkin (1966) and Bridges
et al. (1967) on "mutation frequency decline' in E. colt after UV

irradiation suggest that the repair of suppressors and other genes

involved in protein synthesis .may be more sensitive to the physiological



state of the cell than reparr of other loct . Matation drequoen s

cline 1s seen e o reduction an the itnduced mutatyon troquenoy of

RIE

pressor mutations with no change 1n survival, when protern avnthes 1
inhabr ted atter UV arradiation. Within (19660 hypothenised that the
appaaent o speditioety tor sappressor mutataons moan o redfleot o pecr b i
ot the condi tions required to produce a repressod stiate tor vence 1
volved in protern svnthesis.  She suggests that o pene not bhepny tran
scribed 15 better able to be repaired.

In & review article by Hawthorne and Leupold (1970 reterence
made to the work of Wyssling (1972) on mapping tuwo suppressor Lo
in Schtzosa iaromyoes pombe with methylmethanesultonate . However, no
details are given on the reproducibility of the results and therr sen

sitivity to pre- and post-irradiation conditions.

o



Hybrid tndings, xctayon Fndings and Marker oot
The relat tonship between the two lawnes o toe e o te oy g,

recombinant for autsaide marbers was used as g baaa e,

and anterpaetation ot the quantartatove mapping prowce oo [
LT :
s
‘gvlu!\wnnhxp Beve o wath o anteana ! yn on e ton e ) e
thia mip with tespect to vty de markey. Py ry oo 1y 1) !
separated one ot the parameter. of reccch ination by g I :
from the others (Whitehoune ol Hantane s 1o,

Because of the non sivnifroant difleqon o Poracn 0
cross J-3 x A, 1t 1. pessible that the order of oo a0 510,
reversed. The other five crocoaes with non I SE R N RS O O R TRINLITa
were crosses of non-adyacent alleles and vonseguientiy thopr e
could be confimred by their behavior in corbynat oty wirth ot gl e

As the only antemally consistent g, cunth e the analvaie oant oy
cussion 1s bascd on the order provided by this method,  Abaolure
firmation of allele order would of ¢ yrae TEQUITEe Seqienciy g ool th
mutant tRNAs.

From the viewpoint of models of recombination P hvbyad N

(SR RN

covered only one allele, and if it were resolved as a crossover, Proto-
trophic recombinants would be of the Ry class only . If hebrid o

covered both sites, then only independent correcticn

would generate intragenic recombinants. This 1s true for the rodels

18

of the Meselson and Radding type (1975) as well as for the eariy raode
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of Whitehouse (1963) and Holllday (1964). Equal numbers of R and R

recombinants are expected when both alleles are 1ncluded in the hvbr1d

and 2Rz .is a measure of the proportion of crossover hybrid--DNA
Ry + R, : ‘ o
. ‘ . R . . .. ' ~/
which covered both sites. This is called the site coeff1c1ent by [

Whitehqqse’and Hastings (1965), and it demonstrates that a relatively
sﬁe11~proportion‘of hybrid endings between the alleles is su%21c1ent
to.generate a signifjcantvalsz ‘inequality. For example,vif,only 50%
of fhe selected intragenic reeombinénts resulted from hybria DNA
endings between the alleles, by this model we would expect to see 60%

R, and 40% R,.

In SUP6 the site coefficient varied with crosses and ranged ffom

- 0.30 to approx1mate1y 0. 92 From the. abdveodiscussion it follows thét

€

o

8% to 70% of allelic recomblnatlon in this locus resulted from hybrid

endings{ Thls is in contrast to the situation in the hasl locus of

'chcharomyces cerevisiae where Fogel and Hurst (1967) found that over

90% of hisl prototrophs with out51de markers recombined were Rj. Even
aisregardlng the rec1proca1 1ntragen1c recombinants, the 51te coeff1c1ent
for the alleles they tested was .0.15.

In certaln s1tuat10ns, evidence of hybrid endlngs may also be found

in selected protdtrophs'with parental outside markexrs. The frequency of

the P; class is a measure of the frequency with which non-crossover

hybrid DNA covered the proximal site plus‘one—hélf the frequency with

hlch both sites were covered. P, results from non-crossover hybrid

"coverlng the ‘distal allele and one- half the double-site frequency A

s1gn1f1cant excess of one parental class over the other 1nd1cates that

hybrid DNA entered the gene preferentlally from one end and often
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covered Oﬁe allgle an?/gpx Ehe other. Althoﬁgh for the majority of
crosses in SUP6 thehcontriguiidh of hybrid endings to recombination was
sufficient to generate a signifiéant di fference between the two recombi—
nant classes, for most’ crosses no significant inequality of the parent
classes was observed. In Figure:3 the inequality of the twoﬂgg;ggﬁg&
cla;ses was compared with the inequality of the ¢$_r€€g;g;;ant classes
for each cross. Since increases in'Rl/R were not accompénied by |
deviations in P,/P from 0.5 (indicative of an excess ofbone,or the other
parental class), there is no eviden;é for hybrid DNA having entered the
locus predominantly'from oﬁe direction.

" One feature of this figure wa$ the high R,/R values for all crosses
inVolving gllelev1~20, the distéi-most alleie. From the above discus-
"sion of site coefficiénts it may be supposed that the- hlgh proportion
of R, .recombinants 1nd1cates that ‘a large part of recomblnatlon between
-20 and other SUP6 alleles resultedrfrom hybrid endlngs. It is not
known whether this was a conseQﬁénce of loﬁgvhybfid length; which
entered the gene from the proxlmal end W1th a high probab111ty of ending
between alleles I-9 and ‘1-20 or short lengths which entered from the
distal end. There was a slight tendency in crosses.involving allele
1-20 for Pzto-excéed P, when R, waschigh.‘ This suggests that'shoft
.leﬁgthé ofgdistal hybrid were responsib1e fo£ the\ﬁigh R, /R. If cross-
over and non—cro;sover-hybriq-héve;similar Chafactéristits, then a |
preférentiéiiconversion of the distal.marker among non-crossover proto- .
frophs suggests that hybrid entered distally.

Another characteristic 6} the R : Rzlrelationship is that it was

highly correlated with the number of intervals between the alleles.
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It is seen in Flgure 9 that the greater the span between the markers, the
‘h1gher was “the proportlon of R, products.' The number of intervals refers
to the R,:R, map given in Figure 2. Although it is h1gh1y unllkely that
all a11e11c positions are equidistant, ‘and coneequently that 1ntervals
fbetween two adJacent sites are:the same length;, this is taken to be a
better_measure of distance than themprototreph frequgncyQ The R, :R, o
map, because of its‘intérnalqconsistency, isithbught“to give the most
reliable allele order available for this locus. |

” The - correlation between R,/R and the number of 1ntervals between

the alleles is 51gn1f1cant at the 1% level Cr = .573; df = 46) and ‘is
greater than the correlatlon between R,/R and the prototroph frequency
(r = .288; df = 46; p = .5). '

If recombination between two alleles requires that a length ef

‘hybrid DNA ends between them or that an excision;repair (correction)

length_ covers one‘allele but not the other, then the fact that the ratio

5 -

of hybrld endlngs to excision endings changed with dlstance (measured

/\'\

in the number of 1ntervals between them) 1ndlcates that the frequenc1es

. of hybrld and excision endlngs arAh ot. both dlrectly proportlonal to the

distance between;the_allelea. ‘Sinc the proportlon of prototrophs
resulting ffom hybrid end{hgs.appears to have been‘relatlyely lower-
over short distances than over'long enes, the-nearby’heterozyéoaity of
'closely placed markers may have affected the formatlon distribution

or stab111ty of heteroduplex. Holllday (1964) f1rst suggested that the
‘cause of distance dependency in a11e11c recombination was the inhibition ™

of pairing by the mutant sitesothemselves. Ahmad and Leupold (1973)

auggested~that mismatches could affeétﬁhybrid stability, and they used
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this as a basis for a model of map expansion. Holliday (1974) discussed
the possibildty that branch migration is impeded by.mismatching. It has
also been postuiated (Hastings 1975) that a site of'heterOZygosity can
draW‘oet hybrid DNA to cover itself, thus ihcreasing co—conversion at
‘the expense of single-site eonversion; Only this last hypotheSIS w0u1d
allow for the occurrence of correct1on end1ngs when hybrid endings
between the alleles were apsent. However, the occurrence of fewer hybrid
endings per unit length over short distances than over long ones is
expected te.reeult ih mab erpansion. No consiStéht map expansion‘was
_observed for crosses of SUP6 alleles.
_Because SUP6 shewed no map expansion, but rather a tendeneY'towards
‘map contraction (Fig 6), there is a preferable.interpretatioh of the dis-
tanee—dependent~change:in the relative contribution of hybrid endings
to prototroph production. Contraction describes the situation in whlch the
fréquency of recomblnatlon from atoc (for the allele order a-b- c) is less
'.than the sum of the recomb1nat1on frequencies a-b and b-c. As explalned
in the Introduct1on, the Flncham and Holllday (1970) model for map ex-
.pans1on predlcts that as soon as two a11e1es are- farther apart than the
exclslon repalr length of mismatch correct1on, the? are no 1onger co-con-
verted One expects a sharp 1ncrease in the number of recomblnant pro-
ducts due to the contrlbutlon of excision- repalr endings to recomblnatlon.
If, however, even the closest alleles are farther apart than the average
Iength of correctlon, one enters a phase ofumap:contractlon. All inter-
vals a-b, b-c and the longer a-c have been ‘expanded by a constant amount,_;
dependent on the correctlon propertles of that system. ABy adding a con-

stant to all three 1ntervals, one loses add1t1V1ty and sees map contraction.-

Furthermore, in this phase, it 1s predicted that ‘there w111 be changes in



101

the relativevprotortions of hybrid and excision endings because the pro-
bability of a hybrid length ending between two alleles‘continues to in-
crease as the distance between the’ alleles increases. Simultancously,
the contribution of excision endings to recomblnatlon declines as the
probability of hybrid covering both 311e1es decreases. Thé large amount
of scatter in the manvexpansion plot for SUP6 indicates that there were
merker effects not acceunted.for in Finchem and Ho}liday's formulations.
These will be;furtherediscussed. ’ v

The hypothesis thet_the’distance eetween SUPQ.alleles was greater
than the average excision length.requires that the distribution‘of '
excisien 1engths Qas at least bimodal. If those excieion-repair lengths
which contr1buted to allelic recomblnatlon were very short then there
>was another far more comnon class of exc151on lengths whlch resulted in
Qco-conver51on of SUPE alleles most of the time. While tetrad dissection
1nd1cated that approx1mate1y one-third of all conver51on events which
“involved SUP6 extended into an adJacent locus, it uould appear that an_
“even higher.ptoportlon of events did not 'stop within SUP6. vApprcxlmate}y
15% to 20% of tetrads were convertant for SUP6, yet intragenic tecombina—
tion was in the':enge éf 0.01% te 0.25%. :Co—cenvereion is thought to
- have 5een responsiblevfor.the largest:partlof thie difference.

The exlstence of two characterlstlc lengths of exc151on is not
.1mplau51b1e in the 11ght of the work of Cooper and Hanawalt (1972) on
" the heterogeneity of patch s1Ze 1n the repalr of DNA in UV-1rradlated
chcherLchta coZt. The large ‘patch and short patch repair ate probably
mediated by dlfferent enzyme systems. Although 1t has been shown that
ﬁdlmer excision in Saccharongces should be thought of as a model for

I3

m1smatch repa1r, not as the same process, the. ex1stence of an analogous

system w1th two classes of exc1szon Iengths lends credence to th1s

: hypothe51s.__
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There is strong evidence that the alleles in a cross do not simply
detect recomblna@ion events which would have occurred in thcir absence,
‘but te some extent.determinelthe events which occur. Sites of hetero-
zyg051ty may affect: several different parameters of recomblnatlon Leblon.
(1972a b) found that in the bg locus of A meersus mutations induced
by certain mutagens showed a high frequency of postmeiotic segregatlon,
ihplying that the prebability of correction of a site of heterozygosity
is depcndent on the molecular nature of that site. Furehermore, whenka‘
mutant allele with a low postmeiotic segregation frequency was put into
a cross with an allele which showed high pbstmeiotic segregation, the
" second allele was converted under the influence.of the first (Leblon‘.
and Ressignol l973)., Leblon also found that the probability of conver-
sion to the mutent or to the wild-type allele was related to the muta-
genie origin of the allele. In Sacchdron@cés, there seems.to_be less
TOOM for allele spec1f1c marker effects on the process, of correctlon
'Conversygg to mutant - and to w11d type has been shown to be equal w1th
a few questionable exceptions (for example’ net10—4 in this study).
Furthermore,. for the three alleles of SUP6 'studied by tetrad dissection,
-postme1ot1c segregat1on was 1ow and nearly equal for all three ' There-
fore, at least for these alleles, marker effects are not expllcable in’
terms of an 1nequa11ty of correctlon ‘in the two dlrect1ons or d1fferences
in the probablllty of correctlon. However, it 'is poss1b1e that correc-
~tion lengths are subJect to the effects. of certain- comb1nat1ons of
valleles. Th1s was the hypothe51s wh1ch Stadler and Kariya (1969) used
_to explaln the decrease they observed in recomb1nat1on between two

A

alleles when an add1t10nal s1te of.heterozyg051ty was present in the
" . : .
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cross. This hypothesis was also discussad by Holliday (1974) who used

‘the results of Hurst, Fogel and Mortimer (3972 and unpublished) to

support his argument. Their results showed\f decrease in recombination
frequency between two alleles iﬁ a four-point cross compared to the
two-point cross. This was acconpanied by ‘an increase in co—cenversion
but no significant'changé’in the totei conversion frequency of the
elleles. The additional sites of heterozygosity appear to have increased
the.correction_lengtﬁ causing co-conversion at the expense of eingle—site,
conversion and recompination.

In studies in Ascobolus zmmersﬁs, Paszewskl et al. (1971) found that
conver51on of an allele in a two- pelnt cross was more frequent than its

conversion in a one-point cross. A more extensive comparison of one-

point and two-point crosses by Baranowske (1970) showed that most, but

. not all, alleles had elevated conversion frequencies in two-point crosses.

And Stadler and Kariya‘(1969) found that the decrease inirecombinatioh

_frequency between two alleles caused by the presence of an additional

" marker was accompanied by an increase'in the conversion frequency of the

o

aileles. These increases: 1n conversion are better explalned by marker-
1nduced increases in the amount of hybr1d covering both 51tes, ‘that is,
a type II markerxr effect dlscussed by Hastlngs (1975) In SUP6. allele
-3 seems to exh1b1t this type offmarker-effect Most crosses iﬁvolving-
-3 showed a low proportion of R; products. - Slnce crosses of 1-3 w1th
alleles whlch mapped d15ta1 to it were#ﬁot affected one 1nterpreta-'
‘tion . is that hybrxd .DNA- uhlch entered SUP6 from the proxlmal end was

1nf1uenced by the presence of %3 so that it often covered both sites.

Beeause crosses of 1—3 w:th_J—G and 1—? showed nearly average proportions

K]
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of R,/R, it appears to have been a distance-dependent cffect. Alterna-
tively, it is possible that the paucity of hybrid éndings was the result
of hybrid DNA of distal origin which was inhibited from covering I-3 and
consefquently the markers proximal to 1—3. There is no -data on the fre-
quency of convérsion-of 1-3 in_two-point crfz;es.

Other allele—specific effects were detected in crosses in which
the prototroph frequencies deviated dramatically from the norm for
that particular number of intervals tFig. §). Even in this highly

non-additive map, -8 x -3 and AC x 1-9 stand out as crosses with

unexpectedly low rgcombination frequencies, and -6 x AC is a cross which
showed very high recombinétion.- The effects may have been on hybrid {/
formation and lgngth, or on correctioh properties. If a low prototroph
frequency Te accompdnied by a high RJ:Rg ratio, this could have been
the result of unusuéily Jlong correction lengths in that cross.‘ However,
any conclusions drawn from a single R, :R, ratio are opén to question
. and ana1y51s of specific crosses w111 nol be pursued. - ' -
| Moore and Sherman (1975), u51ng defined mutatlons and known phy51cal
distances, attempted to analyze the relatlonshlp between phy51ca1 dis-
tances aﬁd recoﬁbipatiqn.rates; The different mapping'procedures they
"tested showed deviations from the true physical distance which'were‘nét
explicable on phe basis of single mutant coaons-hévipg‘a spgcifit "marker
..efféct", but required the interaction of fhe nucleotide sequences in
the heferoalleiié combinations. - - - S

Both the general1zed marker effects d1scussed in terms of the

Flncham and Holllday model -for map expans1on and the allele spec1f1c or

hetgroallelic;combination-specifxc'effects«on recomblnatlon parameters
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are thought to have contributed to the -immappability of SUP6.

In additlth strain-dependent differences in recombination may have
contributed to #®mall extent to the non-distance dependent influences
on prototroph frequehcy. The dissection of three di fferent .alleles of
SUP6 showed significant differences in conversion frequencies which may
have beennre;ated to#}genetic background. However, the extent of the
differences (up te, approximately 35%) is insufficient to account for
large effects on prototroph frequency. Furthermore, the strains used
in two-point crosSes were more closely related than the dissected
. 2
strains.

While most fine-structure mapping in Saccharomyces has made use
of induced mitotic recombination, there are a few meiotic maps. 1®is
characteristic of “these mapping studies that the glleles.could be ordered
using meiotic prototroph frequencies in two-point crosses but with large
deviations from additivity. Exampies‘are found in the his 1 locus (Fogel
and Huret 1965), ade3 (Jones 1972)*and ade8 (Esposito 1968). Rothstein
‘(1975) constructed e meiotic fine-structure map of SUP3, and again,
although the map was far- from additive, he found it p0551b1e to order
the alleles. “This, 1nd1cates that the 1mmappab111ty of SUP6 is not a
general characteristic of suppressors in Saccharonyces.

The technlque of pr1nc1pa1 coordlnate ana1y51s was applied to the
problem of generatlng an order u51ng recombination frequencies alone.
The best approxlmatlon of a 11near order by th1s technique showed con-
siderable agreement with the mapvconstructed from the R, :R, ratios

(Flg. 4) §uggest1ng that there was some dlstance dependency in the

freéquency of alle11c recomblnat1on for th1s locus. Both the R R, and
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principal coordinate analysis maps showed less deviation from additivity
than the vast majority of permutations of the eleven markers.
Much of the above analysis was based on a simple model of hybrid
DNA formation and'mismatch cérrcction. Because more recent versions of
recombination models allow for more flexibility, interpretations of the
results based on these models are more difficult (Sobell 1972; Meselson
and Radding 1975; Wagner and Radman 1975). Even allowing for branch
migration and regions of symmetrical and asymmetrical hybrid, it is
still predicted that hybrid DNA endings between the allcles will give
the R, class of recombinants exclusively and that symmetrical hybrid
coveriﬁg both will result in equality of R and R,. However, in the
Meselson and Radding“model for example, asymmetrical hybrid covering
both alleles will give equality of thé th recombinant classes only if
preferentiaifmigration of the hybrid in 'one direction is not accompanied
by a bias in which‘strﬁnd initiates the recombination event. 1If one
allele is covered by symmetrical hybrid and the other by asfmmetrical
hybrid, R, is expected to exceed R,, bﬁt the-proportiéﬁs of these two
K will again depend on initiation and-migration preferences.
Conversion—aSs:ociatedLRecombinati on of Qutside Markers
Both tetrad and r;;ébmvspore analysis contfibuté information on
the association between fntrageni; recombination and crossing-over
.3between outside markefé.‘vIn contrast to the results of Hurst, Fogel
gnd Mortimer (1972),_it wésvfoﬁnd that for SUP6 oﬁtside marker exchange
accoppaniéd intiaggnic_iecombination significantly less than 50% of
thélfime (Tabie,15).’ Some of this discrepanc} (37% outside marker

recombination in tetrads dissected for this study versus 51% in the
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study done by lurst et al.) can be accounted for by the use of diftferent
outside markers. 1In their study, they used Aral and mer? 10 as (lanking
markers, which this analysis placed 12.8 map units apart; odeld and met 10,
used here, are separated by 7.8 map units. The presence of edeld allowed
the identification of crossovers in the higl-cdeld region as independent
of conversion of SUP6. If the marker cdecl4 had not been used in this
study and all crossover tetrads had been counted as recombinant whether
or not they invoived the converted chromatid, no inequality between the
parental and recombinant classes would have been found.

Thererare several ways in which a real equality of parental and
recombinant clgsses-may appear as an inequality. Mutation and selection
against certain oﬁtgide marker combinations in random spores have been
eliminated as factors contributing to the inequality, as was the occur-
rence ofhiﬁdependenf crossing-over. Selection against some types of
tetrad was more difficult to dishiss, and the analysis of incomplete
tetrads dia not exclude the possibility that conversion of SUP6 accompa-
nied by a crossover is sometimes a lethal event. Independent conversion
of outside markers in_ random spores may also change the parental:
recpmbinant ratio by transferring recombinant events into the parental
.class and the converse. Since the exchange goes both\ways, its effect
will depend on the proportions of parental and recombinant convertants.
If parental exceeds recombinant,.more paren%al events would be losg
‘than gained, so that the true excess of parental over recombinant would
have been greaﬁer than obsérved.

" Because thercd¢14 - SuUpé éo-convertants had.a higher frequency

: i -
of outside marker rekombination than conversion of either site alone, it

-~



108

was thoupht that longer hybrrd tenpthe mipght “how o ditferent parental:
recombinant ratio intiragenically as well.  There e precedent ftar thinkbing
that crowsover and non crossover hybrid may have ditierent Tenpth charad
teristics . Whitechouse and Hastings (1965), anan analy <o ot Mooy e

data on the me- D locus of Newrosporag crasaa (1960, 1965, tound evidence
suggesting that crostover hybrid more often covered both alleles than

did non-crossover hybrid., However, becauwe SUPC Yacke polarity, there s
no way of scparating recombinants which rewulted tiom long hvbrid lengthe,
from those which came from short hybrid.  There was 0o cortrelation between
the proportion of prototrophs recombinant for flanking varkers and the

Ry :Ry ratio, the position of the alleles, or the distance hetween the
alleles (mcasured in the number of intervals). The obaerved corrclation
with prototroph frequency is not a useful one since prototreph freguency
is itself a compound of several factors, .

Sigal and Alberts (1972), in a study on the stereochemistry of a
Holliday (1964) type exchange, have shown that the two confi gurations of
the crossed strand exchange are equally likely and are expected to be in
rapid equilibrium. 1If the configuration of this exchange at the time of
endonucleolytic cutting is responsible for the decision as to whether a
recombination event will be parental or recombinant for flanking markers,
then the two resolutions are equally probable. Whitehouse (1974), in

his analysis of recombination data for the g locus of Sordaria firmicola,
offered mechanisms by which inequality would be observed without altering
the basic assumptions. The particular deviation seen here, which is an

excess of non-crossover events, is explained by postulating that when a

correction lehgth reaches the end of a hetefoduplex length, the event is
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of recombination events, the long hybrid lengths which charécterizerthese

events and the accompanying long correction lengths. There were several
. ) . _ .
other characteristics of meiotic recombination at SUP6 which may not fit
into a theoretical framework at present but which contribute to the

1

R} < . o
description of recombination at this locus, and may turn out to be corre-

lated with some of these other features.

(8

a. The .observations on wider ratio tetrads suggest that not oniy did

v

~ recombination sometimes involve both pairs of non-sister chromatids,
. ) - B . P
but that if these were two separate events at the same site; they were

not independent. The number of eventsvinvolving‘moré'than one pair of

£

chromatids at a site was significantly greater than pxpected on the

“assumption of independence. In their study in Ascobolus immersus, Lamb

and Wickramaratne (1973) fouhd.positive, bﬁt not ;ompiete interference

between two events at the same site in crosses with high coﬁversion

frequencies and negatijve interference forxldw—conversion crosses. The

7:1 and 1:7 segregations analysed §epérate1y:showed negative sit€ inter-
i ‘ RO ,

-fereﬁce in both high- and low-conversion crosses. The studies reported

here showed an excess of observed wider ratio t%;radSWté\expeéted in all

crosses. The number of 7:1 and 1:7 segregations was too small to teil

2

if the excess was significant, but for the 8:Q's and 0:8's, it was
significant. Likg the results of Lamb and Wickré@aratne, this is evi-
dence that hybrid DNA can ferm on both pairs of non-sister chromatids

‘bfra single bivalent and, furthermore,_in.the system it appears‘that b\

the conditions which promote the formation of. one heteroduplex at a site

are also favdrable for the formation oﬁ,a/second heterodup}ex. <

LT “ . J L . .
b. There appears to have been no crossover interference in the interval
between his2 and metl0, that is, the occurrence of ‘one crossover
./

4
7.
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did not affect the probability of occurrence of others. Since crossover
position interference has been clearly demonstrated in Saccharomyces by

Mortimer and Fogel (1974), this is apparently a parameter which may vary'

within an organism as well as between organisms.

c. The occurrence‘of hybrid DNA in this region didanot appear to be
symmetrical on the two chromatids In addition to the evidence
from tetrads with postmeiotlc segregation which was presented in the
Results, there is the absence of any tetrad class which could have -
résulted from the conversion of SUP6 in,opp051te-d1rect10ns on the two
chromatids. There are other studies in yeast (Foge1 and Hurst 1967;
Fogel and Mortimer 1969) which suggest that hybrid DNA was present on -

one chromatid only or, it extended much farther on one chromatid than on

the other. As discussed in the Introduction,. the amount of asymmetry is

¥  a parameter which varies between species and between strains of the same

species (see Holliday 1974). It is not clear how much variation there
is between 1oci within one organism, although the tetrad classes found

in different yeast studies indicate that hybrid is»consistently asym-

/

metrical in this orgénism.'

.

d.  There was no negative or positive interference between conversion
events in adjacent loci (excluding apparent co-conversions). The

frequency of coincident but 1ndependent conversions was examined in thlS

B

system because of the frequent occurrence of hybrid DNA which covered two

loci. If two sites of mismatching within a hybrrd are corrected indepen-

B
Y

dently, one expects to see a higher frequency of coincident conversions in

linked genes than is predicted from the product of independent conversion

\ N
3\ -0
\

frequencies. However,’ the detection of such independent corrections
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a

requlres hybrld DNA formatlon on two chromatlds._ Independent correction
- of two 51tes on the same‘strand would be seen as either co- conver51on or
51ng1e 51te conver51on.v In light of the strong ev1dcnce for asymmetrlcal
hybrid, the absence of a p051t1ve correlation between_conver51ons is not.
evidence agalnst 1ndependent correcflon.

In this system 1ndependent correctlon of asymmetr1ca1 hybrld could
only have been seen ‘if the hybrid spanned three marker genes.and the .two
outermost markers were corrected independentlydwith no'correction or
correction in the oﬁposite direction of the,middie,site; AThisftype of
event was not obsefved. i | | | x |

‘ The occurrence of independent conrection of two’sites within a
single»heteroduplex is a pafameter‘which varies with the system being
»stndied Stadler and Kariya (1969), using cfosses segregaiing.three ’
sites within a gene, showed evidence for an apprec1ab1e amount of conver-
sion in two separate segments of one chromatid with an 1nterven1ng site
-nof converted. “Touré (1972), in a study.of Locus 14, a_polyc1stron1c
nnit in Podospora anserina, found.such events to be Qery rare. Hurst
et al. (1972) saw conversion.ofvtwo non-adjacent alleles in a three-point
cross of arg4 alleles in‘Saccharohyces;' However, in the absence of
information on which‘strands were inyolved; it must be concluded thac;
independent conversions within the locus may have been responsible for
cheee.b “_
e. Tt was noted in the Resulte that alieles sué6-1—2 and sup6;1—3

| ehowed higher connerSion frequencies than the originag,SUPG—Z:‘
“mutation, fhis may be a refiection(pf differencés in the genetic back—
grounds and/of«diffe;ences in the convereion frequencies ofkthe_pantiCu-‘

lar alleles. In one—point“crosses involving these tow secondary SUP6

-
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alleles tﬁere w é.a coincident increase in c&nversion of ede14 and met10, 
loci which frequently co;tonyerted with SUPG. There was-no change in his2,
yra4.9r leul conversions. That the frequency of‘conversion of metJOtaloné
was gffected as.well as the co-conversions‘of met10 and‘SUPS may mean thét

metl10 was at least partially under the influence of the same controlling

elements as

6.a$ if they shared a éég region, for example (see Intro-
ducfion fof an explanation of cog). The possibility»also exists tﬁat an
allelefspgc fic garker effeet in SUPE affected one of the parameters of
fecbmbination in ﬁetzo, for»examplé,"the amount of hybfid DNA coVeriné
_that aljele. This WQula require that even conversion of metjo aione often

involved heteroduplex extending from or into SUP6.

bThg two éﬁbroaéhes to the study of meiotic recombination‘in this
region, randoﬁ,SporeAanalysis of two-point“crqsses and the Hissection
of unselected tetrads from one4point‘cfosses proviae different inforha—
~tion on the pé}ameﬁérs of recombination. However, the results from both
are, gf ?ourse, dependent on tﬁe frequency and site of»initiétion and
the extent of hybrid DNA.asvwell as the properties Qf.misﬁatch correction,
so the two should complemeﬁt-one another to some extént. A few éxaméles
E follow. 7
r‘i) It wés pointed out that tetrad dissection shoﬁed-that SUP6
lalleleé convert at a frequency of 15% to 20% per tetrad. Yet intragenic
recombin#tion leading to prototroph formation waé 0.01% to 0.2% per
spofe.%‘Thg diffefence betwéen theée is most  simply accoﬁnted‘for by
arhigh fréqueﬁéy of.co—conversioh,_and the tetrad daté oﬂ'qé-éonversion :

of markers outside SUP6 make it clear that the region is characterized

by a high percentage of loﬁg_conversion lengths.
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2)  The relationship between gene conve}sion_end outside marker
recombinationirs seen both in the study of.tetrads and in selected random
i . .
:spores. Even if, as suggested earlier‘in the Discussion, recombin
which arose in two-point crosses resulted from an excisien process w1th
a dlfferent distribution of lengths than the_e§t151on repair re;%on51b1e

for the majority of convertants, both: types of event shared the ‘roperty

of being accompanied by less than 50% outside marker recombination.
rrlp .

3) tThe_dissection of one-point crosses heterO"yéous
different alleles of SUPo shoued that there were no 51gn1f cant differences
in the probab111ty of mismatch repalr and in the probabil ty of correc- .

" tion to~mutant or to wild-type of the different alleles. These allele-
spec1f1c properties were therefore not. suff1c1ent to account for the
-marker effects seen in two- polnt crosses 1nv01V1ng these alleles. Tt
was. therefore necessary to postulate ‘the existence of allele- and hetero—
allelic combination- spec1f1c effects on other parameters of recombination,

4) The equality of 3:5 and 5:3 segregatlons in tetrad ana1y51s |
'?showed that postmelotlc segregatlon 1nvolved a chromatld orlglnally from
one parent as often as it involved a chrematld from the other parent.

It therefore ahpearS,that there was no bias as to whichlstrand became
hybrid. Consequently, althoﬁgh hybrid fornation was not exactly-'
reciprocal on»the twobchromatids ‘the' dlscu551on‘about the 1nequa11t1es
between Ry and Ry in seletted random spores 1s-:still valid (see Dlscu5510n
on page 103) | |

It is~c1ear then that dlfferent approaches to the description of
recomb1nat10n-may reveal dlfferent aspects of the process and that
1nformat10n available from one klnd of study is capable of explalnlné

features. of another.
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APPENDIX I
Pedigree of Sprains Uscd in this Study
a. .
XV162-2C 1403 . X2280-4A  X3417-32C 1403
] ql I Af e - Y
Al-1 A?-1" A4-3B X932-4A
| A3 B A5 _
| |
A3-1 A5-1
; ' A6 ,
? | , J |
A3-1 A6-4C
1 a7
A3-1 A7-17C
l rg |
A3-1 ., A8-8A "
| .
A3-1 A9-2B
| a0 |
!
A3-1 A10-13B
i a1l |
A3-1 A11-4B
} | SY
I.
A3-1 ‘A12-7D
| a1z |
| _
A3-1* . A13-5A \\\\w
1 ama ] N

P

* Carrying Zeu2 mutation induced by UV irradiétion to 10% survival

(Co\nt td)
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b. . ‘A14-33  A12-137
i | . As0 |
c. S o A14-76 A3-3
| | A6 |
| |
A14-21 A176-1A
| as1 ]
d. =~ . A4-2B  A14-44 . A14-2B* -
| A100 - | A20 |
A20-X - A14-2B.
, A75 ‘
- A76

* Carrying a secondary mutation in SUP6-1

e. A14-28 ©A3-2

| azs |
“Al4-69 - A28-1B
1 As2 |
f. ‘ . Al4-11B A14-11D
' |l . a5 |

(Cont'd)
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g.  A14-2  A3-2
L n2 ]
A14-2B A2-1A
| as3 |
he © A14-93 A4-ic .
] IS ’
i. ; A14-109 A14-3C
| A R .
j~o A14-133 . - A3-3
| | A133 ]
= - 1 o
Al4-2A A133-8C A133-6C - - A14-2A
| A1 | l Al18 |
ke Al4-1C  AM4-118 -
L a0 '}
o - o B
1. . TAW4-15 A3-3
: | A2 |
(Cont'd)




197/2d(rad1-5) - Al4-28B
ADIS '
AD192A . . AS50-13A
| Aois |
 A018-2D°  Al4-2B
B .S Y A
AO17-8A - Al4-136
|- "ao16. |
A016-13B A016-4A
L po1l |
" uvs1-2(rad1-18) | A3-3
. A819 .
AB19-188 A3-2
| - asis ] |
 AB18-4C .A14-2B
L |
AB17-1C  A14-11D
I R |
. '  A816-4D A816-4A
' 1 asn |

127

5 (Copt' d)



128

197/2a(rad2-6) A14-28
L A029° ]
| —T -
- A029-8B .  Al4-28B
|  no2g |
A028-8D A50-12A.
|  A027 - |- _
' P ‘ -
e . I - N o -
A027-7B . . AO27-1D AO27-4D A027-7D . |
| roz21 | L a2 |
197/2d(rad3-2) © Al4-28B
. AQ?Q* .
A039-2B ° A50-12A
|l ao3s |
 R038-2B - ASO-12A-
| - aA037. |
|
A037-5B A14-2B
1 AO3s** .
- AD36-6C A036-GA 1035-13C
) Ao32*x | AO31*** |

S

* High spore lethality. trp5-48 suppressed in the absence of SUrc-1-

X% adéz—i‘hnd canl-100. partially suppressed in the presence of SUPi-1

| *** 0qn1-100 not suppressed in .the presence of SUPs-1 .

(Cont'd)
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]

q. 197/2d(rad4-4) ' - Al14-2B
' | A049 ]
A049-18D A50-13A
L noas J
© A048-1D A50-12A -
1 poaz |- ‘
) ADA7-1D A14-2B
L | I
N . 1
- ] | J I
AD46-5A A046-1B  © A046-4B  A046-17C
S V015 W E L _Acaz | ..
\
r. °197/2d(rad16-1)  Al4-2B
o - A169 N
A169-26C = A50-13A

| a8 |

'A168-5D  Al4-2B
Lomer 1

. | | N
A167-288 A167-29A -
N | . A61 |
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[ §
s..  133/3a(rad18-1) A3-3
: 1 . A189* |
A189-38 A3-2
| Ass* |
A188-18 A28-18
L Ais7zx ]
A187-3B A14-69
L n18* |
- o A186-3A A186-38 A186-13D
Lod o A181 __ms83 |
: o s A182 S

* trp5-48- suppressed in the absence of SUP6-1. The degree of
' suppression of ade2-1 and'canléldo.in:the presence of SUPs-1 .

was varijable.
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