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: tlon was analyzed to establ1sh a clearer understandlng ofimarker 1nter—<‘

R,

",ABSTRACT"

\ . ‘. ) ‘ R A »" [ L P
N
The effect of extra 51tes of heterozygosrty on 1ntragen1c recomblna—

1

M Vv

' actlon. The pattern of 1ntragen1c recomblnatlon between the htsl 315 .

[

b

and htsl L alleles of the hisl 1ocus in Saccharomyces ceregzstae was

-

establlshed by ana1y51s of unselected tetrads and selected tetrads

S N .
Tk
r

contalnlng one h1st1d1ne prototrophlc spere ' Recomblnatlon patterns in

4 o

two three -point crosses,,one carrying the temperature sen51t1Ve allele

htsl—ls located® dlstally but prox1mal to htsl 1 'and the dther carrylng

~ [N

hile30, located prox1mally but d15ta1 *t0. hzs] 315 were compared to the
reference two- p01nt cross The temperature sen31t1vesslle1es were also
2 - By

analyzed in two- p01nt crosses.to determlne 1f effeqﬁe could %@ attrlbuted
- ; ) .

to extra 51tes of heterozyg051ty per se. : " vrpﬂ;” '
" ‘ ' ’ 5".5,.

The pattern of recomblnatlbn, con51stent for all five d1p101ds

b

1nd1cated that conver51on events were predomlnately asymmetr1ca1 and

1nvolved only one. chromatld that proxrmal polarlty ex1sted such tha% the

24

ba51c conver51on frequenc1es of prox1ma1 markers were hlgher than’the basic

v

converslon frequenc1es of d15tal markers 1n any one cross,fand that an

5, h

excess of exchanges was observed 1n the dlstal reglon The total pattern .

Y]

- was con51stent w1th the dlstrlbut1on of hybrld DNA predlcted by the

i

e

Meselson and Raddlng model “of recomblnatlon. o _ ,'f” -‘f: “4.

- . I

Analy51s of rec1proca1 recomblnatlon 1ndlcated that the p051t10n of

o the crossover occurred at a var1able p051t10n within the gene and was

‘assoc1£ted w1th conversion." In the context of a hybr1d DNA model the most

ot

probable explanatlon of rec1proca1 recomblnatlon was that it was the
alternatlve event to a prox1mal conver51on flanked by a crossover. ‘Since

rec1procals occurred W1th much less frequency than these events, 1t was
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R : ' . .

\ suggesteduthat restoratlon to the parental form of the chromatld carrylng

¢

the heteroduplex occurred less frequently than conver51on in the other
d1reet10n. A S g .

A strong‘marker effect was found to be assoc1ated/;Lth the htsl 30

)
E

allele Crosses Wthh contalned thls allele showed 51gn1f1cantly reduced

[N

vconver51on of other alleles in the gross and also shOWed a total decrease

L

in event frequency The suggestlon ofWa conver51on restoration dlsparlty

v

: such that a correétlon event was more often to the parental formm

«¥,
- &

(restoratlon) accommodated the data As mlght be expected from the

“

precedlng explanatlon of rec1proca1 recomblnatlon crosses carryf@g

_...
$ h

-_hts] 30 had hlgher levels of rec1proca1 recomblnatlon

Y —— . . o

B

The marker effect of hzsl Zs resulted in 1ncreased co conver51on of

v

" the dlstal and prox1mal markers: and reduced rec1préca1 recomblnatlon

W1th1n the géne - The explanatlon for thls effect was thatpthe extra site

i

. of- heterozyg051ty was preventlng the movement of the cross Strand exchange

L
. 3 .. N

'1nto the gene- from a; dlstal polnt The suggestlon was’ that the presence

@ \ N S

of two mlsmatches in'the d15ta1 reglon 1ncreased the probab111ty of

o

correctlon and thls could prevent back mlgratlon ‘of a cross-strand

eXChange . b- "::! [ i v a ' L Y

5
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s .-~ . INTRODUCTION

cA

. Intragenic recombination has been.shown in many organisms.to‘be
t of‘gene’conversion~and not the coﬁsequence of

S The earllest most generally accepted ev1dence of .

thlS Was provaded by Mltchell's work on Neurospora crassa (1955) he:..

showed that the productlon of wild- type recomblnant spores ina- -~

heteroallellc cross was the result of a 3:1. segregatlon of one allele,hu.'l

accompanled by normal 2: 2 segregatlon of the other allele Th1s
departure from normal Mendellah ratios was‘termed ”gene conver51on”
M1tche11 also noted that gene conversaon was, assoc1ated w1th a high -
'frequency of cr0551ng over of the markers flanklng the gene in whlch ~:

the conver51on event was detected Subsequent studles by other authors

1nd1cated that thls observatlon was’ a con51stent feature of gene ”‘J‘ ujl:""

e

'conver51on 1mp1y1ng that the two events were dlrectly related (Prltchard

1960; Kltanl et aZ 1962 Case and Glles 1964 Fogel and Hurst 1967)b'

Another aspect of gene conver51on wh1ch became ev1dent was the ex1stence

»

' of a gradlent of conver51on frequency extendlng from one end of the gene L

to the other, a phenomenon descrlbed as ”polarlty” (Llssouba and Rlzet
{_1960 Slddlqu1 1962 Llssouba et” aZ 1962 Murray 1963) A study by ‘

inllve (1959) prOV1ded ev1dence of another parameter of gene conver51on
-.which was to become a very rmportant eon51derat10n 1n model bu11d1ng

: Ollve detected asc1 in Sordarta fhmtcola wh1ch showed aberrant ratlos

:w‘of spore color markers 1n heterozygous asc1- A\\Well as the 6:2 and 2 6

"ratlos that deflne conver51on ‘more - unusual ratlos of 5: 3 and 3 5 were

found These latter ratlos 1nd1cated that the segregatlon of the

' character dlfferences had occurred at the m1t051s after me1051s, and the

term "post melotlc segregatlon” was applled Post¥meiotic~segregation;

o . R
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like gene conversion was shown to have a high degree of association with

! L
Jcr0551ng over of outside markers (Kltanl et aZ 1962; Stadler and Towe:

1963) .

Models of Intragenic Recombination

Twe models of gene conversion were independently proposed to
5 ) RO . .

Aexplainz.the preceding observationS' the Whitehouse and Hastings
model (1965) and the Holliday model (1962 1964). Both models share
the b351c concept that the recombination event. 1nvolves breakage and
N .
rejoining of,homologous DNA strands”and the formation of a heferodupqu////r\\
DNA reglon Wthh 1s o2 necessary 1ntermed1ate step for conver51on “ |

Holllday S model is- perhaps the 51mp1est to explaln and is

111ustrated in Flgure 1. He.postulated that "the recombination event

»‘-'beglns w1th the occurrence of breaks in strands of the same polarlty in

two- homologous chromosomes These breaks are-thought“to occur-at fixed‘
positions outside,the gene._ After breakage, the strands would unraveli
from one side of-the break and thenhrepair with the other non-sister
intact strand. After llgatlon at the or1g1na1 break points,; a

"half- chromatld chlasma” 301ns tHe two chromosomes and hybrid DNA is
generated in the»two participating’chromatids. If the hybrid DNA coversl
an ared of difference between the two: parents a mlsmatch will result.
Correction of the mismatch mlght then occur, and depending on the
dlrectlon of correction, restoratlon or -conversion w111 result.

Fallure to correct thexmlsmatch would result in post-meiotic segregatlon.
o o

) The final resolutlon of the half chromatid chiasma can occur in one of

“

two wavs: if resolutlon occurs by scission’ at A in Flgure 1 there will.

be no “ecomblnatlon of flanklng markers. However, if the resolution



FIGURE 1. Diagram of a quliday;type model of recombination.

P m) + D
P ml + v D N
\\J
) P + my d
s] + ‘ mo d
,_ (1)
.
4 P my oty D P my ¢ + N d A
Fe -3 e
P m mp D _ P my m, d
A O s - B
P Lt 0+ d = P s X D
p + mo d P + my ‘D
(ii) ) : - (iii)
) !
A Y
m) and my dre two alleles at. one locus, e

P, D, p; and d are the flanking markers

O indicates site of initial biéak point

< indicates polarity of ‘the strand

(i) The diagram represents two -chromatids before recombination.

(ii) After formation of the half-chromatid chiasma. Site of m,.is in
the region of hybrid. DNA. Scission at A results in a

recombinational event with parental configuration of flanklng
markers. . . @

: . N . . . . - o
(ii1) Result of isomerization of (ii): Sc1551on at B, results in a
recomblnant conflguratlon of flanklng markers ‘ » ¢



- occurs after isomerization (by scission at B) the fianking markers‘will
be recombined

The initial assumptlon that recombination takes place by breakage
and rejelnlng of chromatlds received support from Taylor S (1965)
labelling experiments. Molecular support for Holliday's cross—strand
exchange was established by Sigal and Alberts (1972), who showed that
the half-chromatid chiasma ceuld be assembled with satisfactory bond
'iengths and angles with no bases unpaired and was free to. migrate %L‘
either direction by rotation of both duplexes in fhe same sense.
Migration of the cross—strand exchange will result in expeﬁsion er
;cdntfaction of the.heteroduplex regibn. It was aiSOwsuggested'that the
strands initially involved in the half-chromatid chiasma could be'
»reyersibly exchanged with fhe.two outer strands. In one configuration
the‘outside markers are in the parental arrangenené and in the othe¥
confdgnration they are fecdmbined. | -

Although no direct.evidence of a hybrid DNA intermediate in
recombination‘in eukaryotic systems has been feund, there is difect
evidence for recomblnatlon intermediates which show reglons of hybrld
DNA in prokaryotlc systems (Broker and Lehman 1971; Benbow»et al. 1974)..

Thus Holliday' s model, by postulatlng fixed sites of 1n1t1at10n .
outside the gene: and the establlshment of . 1ntermed1ary ‘hybrid DNA |
accounts for polarlty, gene conver51on and post-meiotic segregatien

”The strong association of cr0551ng over with conversion and post-meiotic
bsegregatlon is a‘result of two qually possible outcomes of a single
,“event.,‘Honever, Holliday's model desEribes a situation which has a

~

vsymmetriqal distribution ¢f heteroduplex DNA region on the two chromatids

and one might expect the occurrence of this to be reflected in the data.



The aberrant 4 4 segregatlon detected by K1tan1 (1962) supports ‘the
notion of symmetrlcal heteroduplex DNA formatlon. Rec1proca1
reCOmbination, too, can be interpreted as the consequence of symmetrical
, hybrid DNA formatien by which the two recombinant spores'are the result‘
of correction rather than the'result of a CrOSS-OVeT . ‘Hewever, in a
number of studies (Lrssouba et a%‘i962; Stadler and Towe 1&635 Fogel and
Hurst 1967), the'majority of intragenic recombinant tetrads areo
asymmetrical and most 'simply explalned as the consequence of hybrld‘DNA
formation on one chromatld

The problem of symmetrical versusbasymmetrical distribution of il‘
hybrid DNA has been reniewed bf%Catcheside (1977). Figure 2 illustrates
ﬂksymmetrlcal dlstrlbutlon and shows:the tetrads which can result dependlngk
upon correctlon parameters.’ Fogel and Mortlmer (1974) suggest that if
independent correction of mlsmatches can occur equally and in e1ther
direction (+ - m, m + +) on each heteroduplex, then the frequenc1es of
'a5cus'classes a, b, ¢, and d are equal as shown in Figure 2. If
conver51on is accompanled one-half the time by exchanges of out51de
markers,  as seen in the data of Hurst et al. (1972), then it would ‘be
assumed that the frequency of-two—strand doubie exchanges shouldkbe
about onejquarter the total detected conversion frequency. Howeyer,
Feged and Mdrtimer'sgdata (1974) on recombination at the arg4d locus inf
:SaceharomyceS'cerevisiae show that this is not the case. They observed
14 two-strand double exchanges and predicted SO.ﬁ Furthermore, thesebl4.
exchanges could be assumed to. be- the result of 1ndependent double
exchanges 51nce they also observed- n1ne three strand double ‘and six
four:strand double exchanges' in the same 1nterva1, Their datasare not
incompatible with a symmetrical hybrid DNA formation in which COrrectron

<

=

. \ . /-/



FIGURE 2r Conversion tetrads (ox octads) predlcted from symmetrlcal

heteroduplex DNA formation. (Only asci with parental
flanking markers (PD; pd) are included.)

A

S ——
RO s

q“v 4 --(‘,% 2 - ::llk.
,: >

P+D
P+D
P+D
PmD
pmd
p+d
© pmd
pmd

(1)
()

(i1}~

(iii)

(V)

P+D's P+D  B#D  P+D S P+D  P+D

P+D P+D PmD’ PmD . " P+D P+D
p+rd pmd ‘p+d pmd o P+D PmD
pmd pmd pmd - pmd ~ P+D  PmD
() ®) () @ P P
- pnd - pmd
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Diagram 111ustrates the format1on of symmetrlcal heteroduplex
DNA before resolution.

No correction. Aberrant 4:4 segregatlon as detected by Kitani (1962)'

Correction on both chromatids as descrlbed by. Fogel and Hurst (1974) .
(a) conversion tetrad (3: 1) Co
(b) non-recombinant- 11ke tetrad
(c) two-strand double recombinant tetrad
.(d) conversion tetrad (1:3)

Correction on one chromatld as descrlbed by Stadler and Towe (1967)
Only correction of chromatid 2 is shown.
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» predominantly involves strands of'opposlte polarity As.can be - seen in
“Flgure 2, this would result only in the appearance of classes a and d.
Stadler and Towe (1571) d1d a similar ana1y51s of 3:5 and 5 3

‘segregatlons at the wl? 1ocus in Asaobolus : These segregatlons are
assumed to occur when one chromatld remains uncorrected at the
conclusion of me1051s‘ A 513 (or 3 5) segregatlon could have two
poss1b1e dlstrlbutlons of out51de markers dependlng on- whlch mlsmatch
was left unrepalred and assumlng that the mismatch repalr of the remaln—_
v; ing- chromatld could be repaired to e1ther allele.. ‘This 1s 1llustrated
in Flgure 2. A symmetrlcal dlstrlbutlon of hybrid DNA would result an
"the same frequency of type I and type I1 tetrads In an asymmetrlcal
‘hybrld DNA no correction would be 1nvolved and only type I tetrads will
result. The latter distribution is 1n‘ ed by Stadler and Towe s
results. | k d?ci? |

: The c0nclu51on reached by these two studles is that the data are 1
most ea511y explalned by an asymmetrlcal dlstrlbutlon of hybrld DNA
‘ although symmetrlcal d15tr1but1on must ex1st Several authors (Holllday'
1974 Wh1tehouse and Hastlngs 1965; Paszewsk1 1970 Stadler and Towev
; :
1971 Sobel 1972 Catche51de and Angel 1974; Catches1de 1977) have
proposed models to account for an asymmetrlcal and symmetr1cal
d15tr1but10n of. heteroduplex DNA The model proposed by Meselson and
Raddlng (1975) is 1llustrated in F1gure 3 The1r model postulates a. '
:51ngle break followed by- dlsplacement of the broken strand by a DNA
f;polymerase Thls strand can then pair w1th r%s complementary homologous
strand w1th the. effect of cau51ng 2 second strand dlsplacement It is
then suggested that . thls newly displaced strand is nlcked and eroded by .

<

: an exonuclease which is coupled to the enzyme responsible for the initial
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#by the work on’. the cog locus supports ‘the Meselson and'Radd1ng model

-

polymerase activityw "The strand transfer proceeds in a polarlzed

direction generatlng asymmetrlcal hybr1d DNA It is thought that

’

dlsasso iation of. the polymerase complex allows for ‘the configuration to

: undergo 1somer1zat10n as shown in Figure 3 : The-isomerization results

in a half- chromatld chiasma which is recomblnant for out51d2 markers, and
by further migration is capable of generatlng symmetrlcal ybrld DNA.

In support of their model, Meselson .and Raddlng c1te molehular evidence -
for strand dlsplacement Strand assrmllatlon branch mlgratlon, and
mlsmatch repalr .Genetlc eV1dence also lends support to the Meselson/
and Raddlng model Asymmetry of 1n1t1at10n of recomblnatron is

suggested.by Angel et al. (1970) in their work on the contﬂol of

a

recomblnatlon in Neurospora erassa. -They descrlbe a locus/ eog, which

.

appears to be 1nvolved in the 1n1t1at10n of rec&nhlnatlon at the closely
11nked his3 1ocus ‘The.actlvebform of the locu57}00g+y promotes

recombination between heterocalleles at his3 and the increase in

.cog+ X cog crosses oCcurs preféi%ntiallyvby conversion of the hisS-

alleie'On the‘cog chromatld Further ana1y51s of this locus (Catche51de

. and. Angel 1974) in a translocatlon heterozygote in which the break p01nt

occurred w1th1n the his3 locus. suggests that the recomblnatlon events

initiated at cogv”are unable to cross the discontinuity in hZs3 to

{

'1nvolve the his3 alleles past the break p01nt in a recomblnatlonal event.

If the cog initiation is on the wild-type homologue, recomblnatlon '

&

'evepts:can pass‘the interchange‘point to involve his3halleles~past»this

v

3
point.’

Although the ex1stence of an asymmetrlcal 1n1t1at10n site suggestéd

the prevalence of. conver51on ‘on..the strand carrylng the 1n1tlat10n site”

J. (
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is not compatible with the‘model. Additional assumptions as to the
nature of ihitiation or of this particular site are neoessary. ‘%or a
. Aiscussion of one sdch modification; see Catcheeide'(1977).

Further genetic support of the'Meselson and Raddingvmodel comes‘
from Paquette and Rossignol (1978) who examined the conversron spectra
“of 15 mutants in the b2 1ocus of Ascobolus immersus.. A polarity is
present at this locus w1th mutants 1n.the left portion having a higher
total conversion frequency ' The frequency of aberrant 4:4 segregation

N
‘15 higher for mutants in the right end. This is interpreted to mean
thaf the left—hand'reg{on shows a higher frequency-of hyErid DNA
. formation and“thatfthe‘relative,frequency of-symmetrical hybrid DNA :
increasesvfrom left to“right. ThlS would be compatible with the hybrid
DNA formation predicted by a Meselson and Radding model, that is,
asymmetrical at the high conversion end and symmetrical at thellow
;Mconversfon end. | | ¥
The preceding discuesion'has centered on recombination models
fwﬁich'favor correction of’mismatches in heteroduplex DNA as the basis
for gene conversion. Alternative models are avallable (Stahl 1969,
PaSJewski 1970; Boon’ and Zinder 1969) in which non-Mendelian ratios are
obtained'by extra DNA synthesis S0 tnat one or both nucleotide chains in
one or both chromatids.are duplicated. Replacement\of a seQ{ion ofronef
of the chromatide by one of the copies -of the correeponding region from
the other chromatid results in‘'gene conversion. The models of Stahl.and'
1
. Boon and Zinder account for post meiotic segregation by . postulating short
regions of hybrid DNA at the 51tes of re301n1ng Long stretches of -
co- post—meiotic segregatlon would not’ be expected nbﬁeyéé; Pasjewskiis

A

_ model can accomodate these observatlons Certain ailele specific

R T
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characteristics of géne conversion and marker effect interactions, which
will be discussed latef cannot be readily reconc11ed w1th any of these
models and are better explalned by postulatlng that the heterozyg051ty

«

-in heteroduplex DNA 1nduces a repailr process.

»

Reciprocal. Recombination

Although gene conver51on accounts for the majority of 1ntragen1c
recomblnatlon tetrads are recovered which _contain two recomblnant
products and show 2 2 segregatlon for all the markers These tetrads

represent reciproiflvrecombination_and the most obvious explanation for

these events is to postulate & cross-over between the intragenic markers.

dThetexact nature of-feciprocel‘recombinatioh within the:gene,
" however, is epen to debate..-fn‘Fogel and'HurSt's study (;967)lcertain,
aspects- were observed. " Their study inClUded three different‘crosses
1gyolv1ng dlfferent alleies at htsl The frequency of prox1ma1 and
dlstal allele conver51on was relatlvely con51stent for all crosses,
however, the frequency of rec1urocal recombination was dlfferent in each
cross. The variation in the frequency of reciprocal.recombinetion was
not strictly correlated-withithe distdce between the markers. The .
diploid carrying the two outermost markers didjnot have the'highest
‘ frequency of reciprocal recombinatioh. in addition, it was found that ;
reciprocal recomblnants were predomlnantly recombinant for outside
markers, whereas non- reC1proca1 recomblnants carrled the parental
cenflguratlon of outside markers 1n approx1mate1y half of the cases.

Several explanatlons for reciprocal recomblnatlon within the gene

i

have been suggested Kushev (1974) favors the idea that they arise .

from alleleiCOnversion on two chromatids; Catcheside;(1977) offers the

11
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suggesti0n\£hat the»reciprocal recombinants in.Fogelland Hurst's data
arose. from events originating within the hisl gene, that is, an event
different.from the conversion event which is most likely to have,
originated outside the gene finally,.it is p0551b1e thatlreC1proca1
recombinants result from hybrid DNA covering one site or. the other with

the associated exchange occurring between the two alleles; 'The'

'_correction of the'mismatched hybrid DNA in these cases must be to the

- parental strand.

Marker Effects. . 5

The preceding'hybrid DNA models establish thezbasisxfor a
reconbination event by.suggesting the distribution>of hybrid DNA.
However the genetic outcome of such enents is_dependent’upon what
happens to a mismatch in the hybrid-DNA'and conditions_leading to the
correction of the heteroduplex remain enigmatlcj. In some instanées
changes in recombination pararmeters have been shown to be dependent
upon the presence or absence of.certaln markers. These changes are
sermed "marker effects” and have been rev1ewed by Stadler (1973),
Catche51de (1974), and Hastings (1975) |

It has long been observed that mutants apparently mapping close
together gi;e different rates of recombinatlon with another site ’
(Kruszewska and GaJewski 1967; Gutz 1971) Moore and Sherman (1975)

showed conc1u51ve1y in Saccharomyces cerevzszae that rates of recomb~

1nation between eyel mutants»of known altered nucleotide sequences did

bl

inot'necessarily correspond'to’the'physical distances separating’the

mUtantnsites.' Further work (Moore and Sherman 1977) showed that even

‘mutants in ‘the same base pair of the same codon:‘(the initiation codon

P
S

<~ -

12
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a
/

. / ) . ‘.
_of ‘the cyel gene) gave dlfferent rates of recomblnatlon when crossed to

: the same - second site, most probably 1nd1cat1ng that d1fferent mutants

' 'have dlfferent conver51on'propert1es o _' e

N Leblon (1972) has studled several mutants in gene 75 of AscoboZuS’
immersus and has establlshed that in addltlon to dlfferent ba51c
conver51on rates, dlfferent mutants have dlfferent conversron spectra
The c0nver51on spectrum has two components vflrst the ratio of 0
conver51on to post me1ot1c segregat1on and second, the‘direction of;L,_
.conver31on whether preferentlally_from mutant to wlld type or Wild.type
to mutant. The ratio betWeen the frequency of conver51on to mutant and
-frequency of conver51on to wild type was. deflned as the ”dlssymmetry

. )

coeff1c1ent”. Leblon showed that there was'a correlatlon between the
conver51on spectrum and- the mutagenlc orlgln-of the mutant suggestlng

. that the Spectrum is. dependent on the nature of the heterozyg051ty
Hastlngs (1975) suggested that marker effects may not be c1a551f1ed
. solely on ‘the ba51s of Leblon's (1972) conver51on spectra : Hastlngs d
,descrlbes ‘an addltlonal marker effect concerned with the frequency of
use of the opportunlty to convert Hlstorlcally, the térm ”opportunlty\
" to convert' ‘was 1ntroduced by R0551gnol (1969) to explaln his. data on
"gene 75 in Ascobolus tmmersus Mutants at thls locus can be classrfled
accordlng to thelr ”dlssymmetry coefflclents” Wlthln each class
alleles showed polarlty of conver51on rates (low at the left end of the
_ gene to hlgh at the right end). The slope of the gradlent varled for
dlfferent classes and'slnce mutants belonglng to dlfferent classes were

scattered w1th respect to: p051t10n w1th1n the gene, the: overall polarlty
o - ‘~5 e -~ -

' of‘the gene was obscured Rossrgnol suggested that mutants belonglng
to dlfferent classes showed dlfferent frequenc1es 1n the1r use of the

¢
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'.opportunity to convert. It can be: predlcted that 1f the opportunlty to
converthwas nothtaken then mutants with low convers1on frequenC1es in
:-reglons of hlgh hybrid formatlon should show high frequenc1es of post--
‘:mEIOtlc segregatlon Hastlngs (1975) suggested that a marker effect
. ex1sts wh1ch affects the opportunlty to convert by mod1fy1ng the x'g.il
,.prevalence of free conver51on heteroduplex DNA Free conver51on hetero—
duplex DNA may be thought of as heteroduplex DNA whlch is ellglble for :
free correctlon He favors the idea that there is a precursor to free~ | B N
"conver51on heteroduplex DNA and suggests the p0551b111ty that 1t is a
'heteroduplex DNA whlchvelther may become free converflon heteroduplex
‘or ‘is restored back to the parental form of the chromatld on wh1ch it

occurs. The marker effect wh1ch acts on the opportunlty to convert

could do S0 by affectlng thls dec1510n

'“_laMarker—BffECf’Interactlons : . ' o ‘. ‘hf"x _ R /

L. . - . L s

e_lt7has been‘observed'that'one heterozygous site can-influenCe
,'conversion at another‘heterozngUS_site Leblon and R0551gnol (1973)

_shoWed_that-in Ascobolus imMersue» when a mutant allele w1th a hlgh

frequency of post meiotic segregatlon in a. one-p01ntlcr SS wWas put 1n a ’ T

vtwo po1nt cross in coupllng with an allele show1ng low ‘ost—meiotic

segregatlon the flrstaallele was co- converted with the second allele and

! _1ts frequency oﬁ—pest melotlc segregatlon was gre&tly feduced It
a » ’
seemed that correctlon 1nduced at -one site of mlspalrlng could travel

i

- along the chromatld to 1nv01ve a second m1spa1red srte Addltlonal data

in this study showed that, ~although there was a polarlty Qf heteroduplex

formatlon,‘the correctlon of mlsmatches was not polarlzed ' The eplsta515'

R

of gene conver51on tc‘post melotlc segregatlon shown by thlS study

<
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as an. 1ntermed1ate in recomblnatlon. R s

>

prov1des further support to the notlon of a heterodupﬂex reg1on of DNA

‘.d,
B

Stadler and Kariya (1969) studled the effect of 1nc1ud1ng an
aadlt;onal 51te of heterozyg051ty at the mtr locus in Neurospora crassa
They showed that the presence of a temperature sensltlve allele (51lent

marker) 1ncreased the conver51on frequency for markers in, all parts of -
y 0

the locus and reduced recomblnatlon frequenc1es between certa1n alleles.

They suggested that the presence of the addltlonal 51te of- heterozygos1ty

S

1ncreased co- cohver51on of the other markers, that 1s . a long Segment

‘was co- converted W1th the temperature sen51t1ve allele The 1ncreased
i \
cdnver51on frequencxps for the other sites suggested that heteroduplex

DNA was belng increased at these 51tes/--

Increased co conversion as. a response to extra 51tes of hetero—

zyg051ty has been observed in Saccharomyces cerevtstae (Hurst et aZ

‘ 1972) However thls was not accompan1ed by 1ncreased conver51on

’frequenc1es of the alleles 1nvqlved Frnk (1974) descrlbed a. 51tuat10n

iin yeast where the presence of a heterozygous 51te, a delet1on htséc—290

’caused a 51gn1f1cant reductlon in, the conver51on of another heterozygous‘

51te ' The conver51on frequency of that second 51te returned to normal

' when the deletlon was homozygous Flnk suggested that the depre551on of

,the conver51on frequency of the second 51te was a result of aberrant

'fpalrrng in the deletlon heterozygote . .i.- e

15
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-Present Study

It is ihcreaSingly apparent that allele specific effects do
influence‘dntragenic récombination in eukaryotic syétems. Often,
ho;ever,‘the studies whiChhreveal_these effects involveAexperimental

systems thch are subjgct to p@rtiél anélfsis. Not all events may Be
detected (Goldman.1974); identical alléies for a comparative ahalysis
ﬁay not be availablet(Stadler and Kariya 1969i€ or, in some instances,
‘use of spore color markers may cause some ambiguity ébout genotypes

1

(for diécussion see Fogel et.al. 1971).

Thé‘pfesent stﬁdy was designed to proddce a thorough analysis of’
intragenic recombination hmfsaccﬁaromyces cerevisiae in order to gain a
. moTe complefe understanding of the.intéraction of heteroalleles in the

¢ Lo

conversion process. The héél locus, whiéh codes for N-1-(5'phospho-
ribo?yl) aﬁenbsine triphosphatg: pyrophosphate phosﬁhoribosyi transferase
(E.C.Z.d.Zc)’(Fink 1964, 1965), was chosen for exgmihation.} Previous:
studies, using selected tetrads at this locus (Fogelrand Hurst 1967),
eétablishéd certain techniques for allele identification and provided a
reference baseline. Furthermore, severél mutants, in particular
’temperature sensitive mutants, are available at this locus (Korch and
‘Snow 1973).

The ovefall plan of this study was to analyze the products of
meiosis from relateé diploid strains in order to compare patterns of "
: cohversion in the presénce and absenée of extra sites of heterozygosity.
7 .
A tworpoint cross, with a p}oximal allele, his1-315 and a more distaiv '3
allele hisl-1, was used as the standard reference cros Two three-
point crosse; involving these markers and additional temperature

. . . - )
sensitive markers were compared with the standard. 1In one cross the

3

'&%'-%ﬁ_'



temperature sensitive marker whs his]-]s, an allele which is proximal
but close to hisi-I; in the other cross hms] 30 prov1ded the additional
heterozygosity. Thls aliele wa§ at first thought to be pr%x1mal to
his1-315 (Korch and Snow 1973)‘but this study indicated that this alie}e
1s distal to but near hisl-315." Two—poihf crosses involving the
temperature sensitive alleles with either the proximal or distal sites

were also analyzed to determine if a marker effect detected in the

three-point cross was thé“iesuit'ofTE§F extra heterozygosity per se,‘or

if it was a marker specific effect. Figure 4 1llustrates the arrangement

of the alleles of the five strains used in thls study:-

4

Since the additional sites of heterozygosity were temperature

x,

sensitive, these markers.could be treated as "silent" markers in

. selected tetrad dissections. These were done to increase the number of

v

'recomblnant events avallable for analysis, and in particular to look at
reciprocal recombination within the gene.
The analysis of reciprocal recombination in the presence and

absence of add1t10nal sites of heterozyg051ty should help determlne

whether the event is region specific; whether conversion is associated
with reciprocal recombination; and whether the .event is subject to

marker effects in the same way as that of conversion events. The
outcome of this type of analysis may be useful in understanding the ~

nature of reciprocal recombination more fully.

17
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MATERIALS AND METHODS ' o .

<

Media

YEFD (Yeast Extract, Peptone, Dextrose) ] | ‘;
1% éacto-yeast extract, 2% Bacto-peptone, 2%¥glucose and 2% Bacto-
agar invdistilled water.
,MC (Mortimer Complete)
0.67% Bacto-yeast nitrogeﬁ base without amino acids,.Z% glucose,
2% Bacto-agar in distilled-water- and 100 ml of stock solution per litre
of medium. Stock solution contalns 20 mg each .of adenine, arginine,
'histidine, lysine, methlonrne, tryptophan and uracil, 30 mg of leucinel

and 350 mg of threonine in a total of 100 ml.

\ v

Omission Media
- MC. lacklng .one or ‘more of the components of the stock solutlon and
referred in the text as “supplement"

.o

Low sttldlne, Adenine~ Mediwn

Qmission mediﬁmulaoking adenine and with reduced histidine (2 mg/

"Titreé) " Used  to score mitotic ormmefo¢iéfrecdm5inénfs'infafleleyidehti—mm.:,

fication tests. i e

Sporulation-Mediun (F*). © < - oo T
~1%'ootaSSium'acetate 'O:i° glucose 0. 25/ yeast extract 2% Bacto-e'

‘ager 1n-d15t;lled water and supplemenoed as for MC Used to 1ndooe |

sporulation.

"AStraine_

Diploid Strains -
“Six d1p101d stralns were used.ln ‘tHe Study and their genotypes aref

given in Table 1.~ 22367ﬂcontaln1ng hts] 1 and hisl1-315 was obtained

- -~ from S.‘Fogelngrooklyn~College,,New;York. .The other f1ve dlploids

19
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TABLE 1. Gehotypes of diploid strains uséd in this study. . .
Diploid . :
Strain Genotype
22367 &t + his]-315i- argé  trp2 + Z?J _ qde]-
< a urad hom3 hisl-1 + +.. ‘ade$ +  adel
L74 a  _t + hisl-315 arg6 ’ trp2 - adef lele adel
o urad hom3 hisl-Is R + + adel
1710 a + +  hisl-30- ‘arg6 trp2. ade6. + adel
o urad hom3 hisl-I1 + + tel :adel
Lzéi a va o+ hisl-315,1s. argé ‘trp2. adeb s lel adel
o wrad homd hisl-1 n ¥  + 4+ + adel
1711 a j"+’ i hzs;—315’. argé trp2 + lel adel-
. a -urad. hom3 hisl-30,1 . 4+ v+ Uadeb o+ adel =
. a4 hom3. “hisl-315 o+ + # - adel.
cLZ13 — -
i o T  hiele] . argé. trp2 adel



LZ4, LZe, LZlO LZ11 and LZ13 were constructed from thls d1p101d LZlS
is a control d1p101d and carries the same ‘histidine alleles as 22367
with the flanklng outside markers,.hom3 and argf, in the alternatlve
arrangement. The remalnlng four d1p101ds carry dlfferent hisl alleles
‘The add1t10nal hts] alleles were obtained from R Snow, Unirersity of

California, Dav1s, California. Strain JB13 was the source of hisl-Is

allele and strain 66A4—l43 was the source of hisl-30 allele. The con-

,’v

struction of these d1p101ds is presented 1n Figure ‘5 which also 1ncluded

. the genotypes of the hap101ds 1nvolved

The mutagenlc or1g1n of the hisl mutants used 1n‘th15 stud) 1s’as
follows Alleles hisl- 315 hts] Js and hzs] 1 were ‘isolated after U
1rrad1atron and hzs] 30 was 1solated after ethyl methanesulphonate
treatment. _ - L ‘«i ' . / o : -
HapZozd Tester Strains

Elght haplo1d stralns, each of which carries a single specific
hisl mutant allele, the adeZ—l mutantiallele, ade]+ allele‘and one
other matlng type allele, were constructed for allele 1dent1f1cat10n
_tests. These stralns are referred to as T315a, T315aq, Tla;'Tla, Tlsa,
Tisa and T30a, T30a. " The number in ‘each denotes the hﬁs]zallele they
arg carrying. . |

Sporulation and Digestion

D1p101ds were' grown in YEPD medlum for 48 hours at 30°C and then
transferred to Ft medlum They were then incubated at: 26°C for six days
to obtain good aseus formation. Prior to d1ssect1on asci were ‘trans-

ferred to 0.5 ml of a 1:10 dllutlon of glusulase (Endo Laborator1es) in

distilled water and incubated for 3- 5 m1nutes at 37 C The dlgestlon R

solution was then furgher dlluted w1th 5 to 10 ml of dlst1lled water
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- FIGURE 5. Construction of diploid strains used in this’study.

(a) Pedigreé of LZ4

22367-4Ba v JB-13a
u . , LZ1 :
22367-28Da. o ~ LZ1-2Ba
Lz2
Z2367-745Aa , LZ2-5Aa
o 4 L3
' ‘ » . ~LZ3-15Da
L : b
Lzan

. 1
Geriotypes of haploid strains:

22367-4B ‘ura3 hom3 argé trp2 adel

a

22367-28D a - hom3 arg6 trp2 lel adel . :
22367-745A a  hisl-315 arg6 trp2 lel ade6 adel
JB-13 o hisl-1s ade2-1

LZ1-2B o ura3 hisl-1s adel

LZ2-5A o wrad hom3 hisl-1s adel

LZ3-15D o ura3 hom3 hisl-1s adel
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-FIGURE 5 cont'd.. = - -

(b). -Pedigree of 126 - -

L 72367-17A7 -0 C. L lza-4ce -
TR N S ‘" I

S IR ¥ R
;e R2367-711B& 0 oo o [75-6Da -

LZ6

° NP ir
’
- LYS -
s 2
N .

| Genotypes of haploid strains:

22367-17A o

1 22367-711B o

- LZ4-4C - a his1-315,1s trp2 - adel ade6 -
LZ5-6D = a hisl-315,1s arg6 - trp2 lel adel ade6

argé adel ade6 .

(c)  Pedigree of LZ13

22367-619Cq ' . LZ4-65Da
L ]

.LZ13

Genotypes of haploid strains: -

1 22367-619C a-Whi31r1“‘qrg6:,tprﬂaadéiﬁﬂ Lﬂf;ﬁEﬁﬂlgﬂov,

. .L24-65D o hom3higl=315 radel: Lo L B

.oyt
L O

ura3 hom3 hisl-1 adel’ - B



FIGURE 5 cont'd.

(d) Pedigree of LZ10

72367-9A4 o  66A4-143q
L . 3 | J
. : S L27
" 22367-72Ba o LZ7-3Aa
S ‘ ' , | J
L LZ8
(22367-267Ca . - .. L78-2Cq -
o & - A B Lo
| : 7 ’
R S ‘ ' Lz9
o IR B LZ9-4Aq
Lz10
3 AN

- Genotypes 'of -haploid strains:

«

©

ura3 homd hisi-1 lel adel ad2§

Z2367-9A a

22367-72B  a 'ura mé - argé trp2  adel ade6
22367-267C « hom8 hisl-1 lel adel
66A4-143 a h£31‘30 v

LZ7-3A - a""htsl-30 ade6 - (adel?)

LZ8-2C ‘a hisl-30 argf trp2 adeb adel
LZ9-4A a hisl-30 arg6 trp2 ade6 adel

(e) -?edigree.of-L211

22367-623Aq B ' L21014Ba
S S

.. Lz1r

Genotypes of hap101d stralns

22367 623A dﬂ hmsl 315 argG trp2 lel adel
LZlO 4B— SOk ura3 hom3 hzsl 30 1« ade6 adel
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°

-dependlng upon the approx1mate 1n1t1a1 concentration of asc1 Samples‘ o
of the suspension were then streaked onto approprlate plates 1n readl-f'
ness for dissection.

Unselected Tetrad Dissections

After>ihcubation in the glosulase mixture, asci were streaked onto

YEPD plates and dissected w1th.a Callloux mlcromanlpulator The plates.
- ;Hwere incubated at- 30 C for 2 to .3 days .and then- repllca plated to

Tanprorrlate omission medla to- determlne authrophlc requ1rements whlcn
‘were ascerta1ned.after 1ncubat10n at. 30 C for 18 24 hours : Temperature

K

t:sen51t1ve htsi alleles were conflrmed by’ an addltlonal repllca on
hlStldlne medlum after 1ncubat10n at room temperature (23 C). for 2 to
"4 days. -

“Selécted Tetrad.Dissections,_..'

Although sporulation procedures were consistent for all five diploids

the subsequent incubation period prior’ to dissection differed for the

two and three point crosses.  For-all crosses, asci were streaked
on histidine'-medium R . e S T TR AR

RN

Y

: Plates‘from ‘the two p01nt orosses were subsequently 1ncubated at‘~
- room temperature for 10-12 hours before d1ssect10n to allow for grthh
of prototrophic spores, | |

In the three point crosses the nature of the project was ‘to treat
the ts alleles as silent markers and therefore prototrophlc spores could
be of two kinds, those which carry a ts allele and tho%; which carry
its wild type allele at the hzsl locus To mrnrmlze the‘differences
in growth rate of these two'types, the plateS'were incubated‘at 19°C for

34-36 hoﬁrsu - This enabled an unblased selection ‘of. prototrophlc spore-

’contaln1ng tetrads

25



a7

. of hlstldlne stock solutlon «(2 mg/ml) was: p1petted onto the-eenter’

plate away.- from the streak of asci, ahd allowed to- dlffuse 1nto th
‘" medlum ThlS converted ‘the" plate into an MC plate " Asci contalnlng -

- budded ascospores could then be dlssected d1rectly on the plate as for '

a

unselected tetrad dlssectlons lncluded in the selectlon were cases

where the prototrophlc spore had d1v1ded two or. three t1mes prlor to

RV IR - ",\

dassectron These asc1 were ea51ly discernible from groups or clumps

" of non prototrophlc spores

. o~

. Thsé_ma,tes were: then’ incubated.at 30°C for*2-3: days- and “then' replica’

plated to YEPD and histidine~ media. Appropriate tetrads—-tHBSe with

b

not. Tess than two v1able non—prototrophlc spores and at least one proto-'

trophlc spore--were transferred to YEPD and subsequently analyzed by
‘replica platlng for auxotrophlc requ1rements

Allele Identification

The identity of hisl aTQeles in the dlssected spores was determlned
o by cr0551ng clones of each spore to approprlate tester stralns and

'checklng for hlstldlne prototrophy resultlng from m1tot1c recomblnatlon

" between the unknown htsl allele of the Spore ‘clone and the- hzs] of the"vq

‘tester. There would be no h15t1d1ne prototrophs produced if the spore"
clone conta1ned the same allele as the tester
The method was. as follows Plates of dissectel. asci yere repllca

plated onto twice as: many YEPD plates as alleles represented in ‘the

1d1p101d.. Suspen51ons of each relevantatester straln (both matlng types)*"

were prepared Inltlally, these were applled drop by drop, to each L

colony on a YEPD repllca plate u51ng a 1 ml syrlnge : In later experl-

ments the tester stralns were applled by spraylng with a 100 ml atomlzert'

26



L then exposed to” U'V 1light for 20- seconds and 1nCUbated at 30 c for

e produced Very few amblguous results wL : ﬁ‘;;f“-ff-“‘

The plates were then 1ncubated overnlght at SQ C and then repllca e

'
NN ‘

: plated to adenlne medlum Whlch selects for d1p101ds 1n ‘which adeZ 1

and ade2 1 w1ll complement In add1t1on to select1ng fok dlplOldS, ‘the ™ ~

[
grase e ©

"Vmatlng type of 1nd1v1dual colonles can be 1dent1f1ed at thls stage The

‘diploid" bearlng plates were then repllca plated 'to- h15t1d1ne medlum

x1ncubated at 30 C for 3 to 4 days and then exam1ned for hlstldlne

\

- _,prototrophy Spores contalnlng the same hts mutant as the tester straln :

-t

- did not produce prototrophlc colonles vAmblguous-results.were repeated

at which time m1tot1c recomblnatlon Was enhanced by exposure to 20 sec.

vfof U V Ilght (dose rate’=.14‘ergs/mm /sec) immediately,after the'replica

platlng to hlst1d1ne medium.l

Thls procedure was later modlfled to 1nclude routine u. V. exposure.

Spore colonles were mated as before on YEPD and after 24 hrs 1ncubat10n

RS

were repllca plated to low. h15t1d1ne,‘aden1ne medium. wThevplates-were o

2-3 days before exam1nat1on for his prototrOphlc colonles pThls method

L,

PR

Thls‘technlque was relatlvely unsat1sfactory for crosses 1nvolv1ng

’ allele htsl 30 whlch has a hlgh 1nddced homoallellc rever51on rate :34<u“ﬂ .

s(Korch and Snow 1973) "The U V treav ent there Te made scorlng

dlfflcult. Thus in tests 1nvolv1ng hig¥=30; matlngs were made as.

=

" before, on- YEPD, allow1ng 1-2 days growth or replica’ platlng to aden1ne

medla to 1nsure d1p101d formatlon The d1p101ds were then repllca y R

- .plated to sporulat1on plates and 51x days later the F* platesvwere

P g i

repllcated o, hlst1d1ne plates and allowed to ‘grow. The relatIVely ’
ph1gh rate of" melot1c recomb1nat1on produced by thlS procedure gavenlz

_unamblguous results .in these crosses

v



o . _RESULTS

Unselected Tetrad Analysxs"'

[y

The analy51s of" 8679 unselected tetrads from five closel@'related

“d1p101d stralns are presented here These d1p101d stralns 1nclude 22367

LZﬁ,uLZlO and Lle unselected tetrads were not d1ssected from the,'ﬁ» R

“«

_'control stra1n LZlS _ Each d1p101d is represented by approx1mately 1600

-

complete four spored tetrads Tetrads in wh1ch more than two markers
showed aberrant segregatlon ‘patterns are not-included in these results as

they were Judged to be possible false tetrads - Ascus formation on F*
medium was con51stent in all;flve d1p101ds Complete tetrad surv1val

. . ~
:on YEPD was also con51stent and was greater than 80° All tetrads were

~

,j,scored for all markers Only complete tetrads however -are-included*‘” A

. . . -
R A o B . PR

in the follow1ng analys1s Although the main, emphasrs of. thlS study is -
on recomblnatlon at the hts] locus, unselected tetrads also prov1de

"Q¢1nformat10n on mapplng llnkage group V 1nterference ‘and: conver51on

:{patterns of other markers f]’“‘g,ff'

-"Intergentc Recombtnatton and Mbpptng in Ltnkaqe Group v
: The markers of llnkage group V used ;n thls study are uractl 3 7i
:;'(uraS) homoserzne 3 (h0m3), htsttdtne 7 (htsl); argtntne 6 (arg6)

| tryptophan 2 (trpZ) : Mortlmer and Hawthorne (1966) have given the!
-order as above w1th the centromere located between ura3 and homS 5 ‘vo‘
centlmorgans from ura3 and 34‘cent1morgans from hom3. -The mapp1ng data:
| for the rema1n1ng markers. based on: the results of the unselected tetrad-

'.;d1ssect10ns of the 5 d1p101ds is presented in- Table 2 Map distante“

was caltulated using the formula map,diStanCe- T + 6NPD X 100“ The =
: : 2N '
-results from Table 2 1ndlcate no gross dlscrepanc1es in 1ntergen1c

.'recomblnatlonﬂln llnkage‘group V among ‘the five strains and are consistent

"“'. 4.\. . s T - n R 28' i | " - o . 4 “v.v i
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’ 30
with previous studies. The same intervals mapped by Mortimer and
Hawthorne (1966) give the map distance from hom3 to hisl as 3.6, hisl to
argé as 6.25, and arg6 to trp2 as 17.07. Another study (Fogel and Hurst

19677) using a larger sample, report the map distance from hom3 to hisl

as 2.4, hisl to arg6 as 10.0, and argé to trp2 as 20.8.

Crossover and Chromatid Interference in'Linkage Group V

Muller (1916) defined genetical interference as the phenomenon

whereby the occurrence of one crossover interferes with the coincident
l .
occurrence of another in the same linkage group. The intensity of the
J

1nterference 1s measured as the coincidence C which is equal to the

observed no. of double exchanges
€ pected no. of double exchanges”

C is generally found to be distance

dependent and if the distance 4s great enough (35%) interference
disappears (C=1). Table 3 gives the number of observed double CTOSSOVeTrs
and indicates the.number1expected based on the exchange frequency

LI—%—QEEQL calculated from Table 2. The expected number for a particular

interval is the product of the total asci apd the single exchange
frequencies for thqxcomponen% intervals and'assumes no interference.
The ratio of the obsefved'to the expected gives the coincidence value
for each pair of regions. The coincident values for the total results
are 0.25 for the hom-his, his-arg region, 0.41 for the his-arg, arg-trp
region énd 0.43 for the hom-his arg trp region. Chiasma interference
o is observed in these data with the interference being stronger over the
shorter distances.
Ch;omatid interference is the term given by Mather (1933).t0 the
phenoﬂénoﬁ of non-random involvement of the chromatids enhgaged .in

4

successive crossovers. If involvement is random, one expects a ratio of
. g

™



- TABLE 3. Coincidence of double exchanges within the hom3 - trp2
interval.

Observed number/Expected number of tetrads

Diploid Total PAIRED INTERVAL

Strain Asci hom-his,*ﬁis-arg his-arg, arg-trp hom—his,‘arg-trp
'22367 1637 | " 1§j4 = .30 38'7 = .36 , 13.2 = .42
Lz4 1651 g g = -0 .gj.l = .40 ;g;é;? .58
210 1643 1; D= .23 33.2 = .47 éins‘=‘.32
LZ6 1875+ 15'7 = .36 33}8 = .37 ié.l - 55
LZ11 1833 1? 7= 26 T%%T§ = .42 ;g 5= 29
TOTAL 8679 1> 5 194 . a1 > . 43



1'2'1.for th—strand doubles io three—strand.doubles to four-strand
doubles vThere is-someleviAenEevfrém studieéuin Neurospora crassa
(Bole Gowda Perkins and Strickland 1962) that two- strand double cross-
‘ overs show 51gn1f1§ant excess ;;ér four strand double crossovers;.t"’~'7
‘whereas‘other studlesl (Xnapp and Moller 1965, Strlckland 1958, ‘and
Ebersold and Levine 1959; cited byxCatcheside‘1977) show no chromatid
interference.v | - | -

The relevant data frém thlS study are presented in Table 4 and
these Tesults do show chromatid interference with a 51gn1f1cant excess

of'two-strand dogbles over four-strand doubles, XZ = 10.39, p < .01.

Conversion_?&gferns in One Point Crosses
'Unselected tetrad analysis of the five diploids provided information
_as.td_theiCOnQersion frequency and pattern at six different loci hetero-
zZygous fof a single mutant. These data are ﬁreéented in Table 5. Thé.
mating type locus is also included in certain of the crosses. ‘Conversion
of mutant to wild type and wild type to mutant generally appears to
be equal for most alleles as has been found in other studies of Saccharo-
myces cerevisiae (DiCaprio 1976; Fogel and Mortimer 1969). This observa-
tion has been termed‘parity~of gene conversion. Five of the six
alleles tested here do not depart significantly from parity; however,
trp2 shows significantly more total conversion to wild type than to

mutant and this disparity is evident in jﬁl diploids. It is possible

that this reflects a real bias in the difection of correction of mismatch.

However it was noted during the study that the trp2 mutant was a leaky
mutant and it is p0551b1e that a spore show1ng the apparernit conversion

to wild type may still be mutant. Allele scoring was based on replica

plating to omission medium and the genotype was not further resolved

32



TABLE 4. Strand relafionships of double exchanges.

~

" . - "

. Paired Intervals
Diploid hom-his, his-arg his-arg, arg-trp hom-his, arg-trp Total

Strain 2S, 3S,-45 2S, 3S, 45 2S, 3S, 45 25, 35, 4S
22367 0 2 K2 13 17 6 a4 9 4 17 28 12
L4 0 0.0 721 6 4 10 2 11 31 8
LI10 111 18 22 6 2 4 5 21 27 12
L6 "5 2 o0 12 18 4 7 10 4 22 30 8
LIl 2 1 0 8 27 9 7 2 1 17 30 10
| TOTAL 6 6 3 58105 31 24 35 16 88 146 50
’ ;
Observed total 2S, 3S, 4S = 88, 146, 50
Expected total to fit 1:2:1 ratio = 71, 142, 71
x% = 10.39 ‘
p < .01 *



TABLE 5. Segregation patterns of other alleles.

DIPLOID STRAIN

‘ . Total Percent
- Allele 22367 LZ4 LZ10 LZ6 . LZ11 3:1/1:3 Conversion
- ' . “ : ) .
urasd - 3:1 2 10 4 7 4 27:20 .54
1:3 | . 3 7 6 3 '
hom3 = 3:1 5 5 4 8 2 24:17 47 -
1 4 6 5 2 0 ‘ :
{
arg6  3:1 3 1 2 6 3 15:23 .44
1:3 9 1 6 5 2
trpe 3:1 7 11 8 7 7 40:12 .60
' ~1:3 1 3 1 3 4 ’
leul 3:1 } 4 ' 6 9 7 7 - 33:32 .75
, 1:3 4 4 1 4 .9 |
ade€ 3:1 1 0~ 2 5 -3 11:10 ”'24,
1:3 3 2 2 2 1
a/a 3a:la 4 not 4 5 13:7 .37

3a:la 2 tested 3 3



s Jwtetraas showed no ev1denee of selectlon against’ tryptophan auxotrophs

by genetic allele identification tests. It is also possible that the
apparent 1ncrease in conversion to wild type 1s the result of a lethal

event aSSOC1ated W1th conver51On to mutant An analy51s of 1ncomplete

“
e e ..av_'b‘h. 2
A T L IR #

Intragenlc Recomblnatlon at - the hLS] Locus Among Unselected Tetrads

Of the 8 679 unselected tetrads analyzed durlng thls study, a total

hisl locus. The- descrlptlon and numbers of each type of tetrad show1

intrageni¢ recombination at htsl are presented -in Table 6. Not lncluded,

3

>1n the table are tetrads whlch show post-meiotic segregation‘and tettads
lln‘whlch the‘recombinational event within‘the hisl gene'reepdres

conver51on onvmore than one chromatld ~ There were a total of four such-
tetrads among the unselected sample and these except10nal ascl .as well

as those show1ng post- meiotic segregatlon are descrlbed in Table 11

Polarity Pattern and Establtshment of the M&p Position of the Temperature
Sensetzve AZZeZes

Polarlty of convers1on is ev1dent from the data descrlbed 1n Table
6.' In all crosbes the prox1ma1 allele whether his1-315 or hisi- 30 -
undergoes conversion more often than -the dlstal allele. This reflects
a polarity of conver51on; high to the proximal end, low to the dlsﬁal

end, and 1s consistent w1th a prevlous‘ftudy of gene conversion at the

hts] locus (Fogel and Hurst 1967).
The pattern of double site conver51on/if/htsi 30 in the three p01nt
cross,’ LZ11 (815 x 30. 1) shows. that hts] 30 was co- converted with elther

the prox1mal a@lele hts] 315 or the dlstal allele hzsl 7 and no instance

o

of 205 tetrads (2.4%) prOV1ded evidence of a recombinational event at the .

P
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of co- conver51on of thesethelmarkerleae_feuna'w1thoet co-conversion of
) htsl 30 This suggests that his]—30 is located between hisI-315 and

| ﬁte]-i. The bbservetion that his1-30 was c ;eopverted ﬁere often with
hisl—315 than.with hisl-1 (9/16 of proxima conversions : l/S;of distal
conver51ons) suggests that htsl 30 is closer.to hts] 315, 'This is in
contrast to the work of Korch and Snow (1973)‘who suggest tﬁat his]730'
was close to but proximal to hisI-315 based on data fqom X-ray mapplng

'Korch and Snow (1973) descrlbe the location of hzsl- 715 as dlstal to

"his1-315 and proximal and close to kisI-1. The data presented'in Table 6

. are consistent with this location Thus in the three-point cross, LZ6, .

the addltlonal ”511ent” marker hts] Js is relatively distal; whereas
-in the other three-point cross, LZ11l, the additional "silent marker,

hisl1-30; is relatively prokimai.

Asymmetry of Recombination at hisl

The overwhelming majority of conversion events analyzed seem to be

©

confined to a single chromatid. Determination of the chromatid involved

in any event depends ‘on an®intact m + chromatid, dn intact +m, chromatid,

2
and a third intact (either _*mysor nﬁ+) chromatid Table 7 summarizes the

data on unselected tetrads from Tables 6 and 11 on this ba51s and further

) . ‘
describes the event as proximal or d1sta1 conversion, or as co- conver51oni

of the involved markers. In four of the f1ve crosses, the rat@o‘of
‘chromatids which underwent cotwerﬁon,_&m2 pom o+, dis approximateiyliti.
Tetrads frovaZ4 f315 x 1s8) show a subetantial departure from this
:'equallty, with the m, + strand belng more frequently converted.

The pattern of detectable events.on the m + strand is consistent

between thé five diploids; co—conver%gon is approximately equal to
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-nroximal conyersiqn and’heth are much’nnre’frequent“thanfdistal
conversion.. On the +m, strand,fresuits differ between the two- and

' three-p01nt crosses. In the two-point crosses proximaibconversion
predomlnates over both co- conver51on and d15ta1 conver51on ‘ queyer“
~in the three~p01nt Crosses, the pattern of events is  much the same as on
"the m1+ strand. The 1nc1u51on of the ”51lent” markers has the apparent
effect:of;altering events on the +m, strand by "extendlng” the prox1ma1
conversion-event (+ » my ) to 1nc1ude the distal allele 1n a.co- conver51on
event (+m2v+ m+). The proximal event on the opposite strand appears to‘
. be unaffected by the addltlon of a silent marker. |

- The relative amount of co-conversion of htsl 315 and htsl 1 in
detectable events in the two-point cToss was compared w1th each of the
three—point_crosses. Heterogenelty chi- -square analy51s indicated that

the increase 1n co- conver51on detected in LZ6 (315.1s x 1) was

51gn1frcant (xl =4.8, p< .05).

Conversion Frequencies

The frequency of recomblnatlon events and the conversion frequenc1es

4

~of the alleles in each d1p101d straln are given in Table 8. Two

frequenc1es for each allele in each straln have been determined; One is
the ”basiC‘conversion4frequency”'calculated as the detected frequency of
conver51on\2er «jf4fad, and the other is the frequency of conversion ner
hisl recombinant tetrad. = Variations in the basic conversion frequency
for an allele between strains‘might reflect changes in the conversion
patterns at the locus, changes in the recombination frequency at the

locus, or changes in the overa1‘ recomblnatlon rate in “the straln

Changes in the frequency of conversion per recomblnant tetrad reflect/

]

\
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. much more spec1f1ca11y changes in the conver51on patterns at the locus.

N
_' \

The data presented in Table 8 suggest that conver51§n frequenc1es:
. of alleles used in this study may differ dependlng upon whether they
vare 1ncluded in. two-p01nt crosses or three-p01nt crosses Accordlngly,

f the data were tested for heterogenelty and the. result of this ana1y51s

is shown in Table 9. o

A comparlson of the standard cross 22367 (315 X 1) w1th the three-
~_p01nt CTOSS Lle (315 30 x 1) 1nd1cates that the proportlon of tetrads
contalnlng a recomblnatlon event at hisl (event frequency) is 51gn1f1—
cantly reduced in the three- -point cross (x = 7.3, p < Ol) The baslc
conversion frequency of hts] 315 is also- 51gn1f1cant1y reduced

(x2 = 7. 26 P <t -01)." One suggestion is that the presence of the extra

site of heterozyg051ty, higl-30, causes a decrease 1n-the conversion of

the prox1mal allele thereby decreaslng the event frequency. To decide,

. 1f thls decrease is. due to an eX(ra site of prox1ma1 heterozyg051ty or

v

is due to the nature of‘htsl 30 pex se, LZ10 (30 x 1) 1n which his1-30

is present in a tWO-pOant CI‘OSS, was

on51dered The presence of hzs] 30
in thlS cross is also accompanled by a r\ductlon in event frequencv

This reductlon is 51gn1f1cantlv greater than that observed in Lle _ -
(315 x 30.1) (xl = 6 8,p < .05), moreover the basic conversion frequency‘
of htsZ 30 is less in the two point cross than in' the three p01nt CTOSsS.
Thus it may be suggested that htsl 30 has a low ba51c converslon frequency
and that 1t can 1mpose this ”pattern” on.hts;—SJS in the three-point
cross' ‘The fact that its own low frequency, as determinéd dn LZlO (30 x 1),
.1s 1ncreased‘1n the three -point cross suggests that a marker interaction

of his1-315 and htsl 30 results in alteratlons to the conversion fre-

quenc1e§30f both alleles in the three-p01nt CTOosSs.

-
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A comparison of the standard cross 22367 (315 x 1) with the other
ghree point cross, LZ6 (315 1s x 1), 1nd1cates that~1hg]conver51on
frequency of hisl-I per recomb1nant~tetrad-1s slgnlflcantly increased in
the three-point crdss (x%’a_4;13 p < .05). The sdggestion is that the

pattern of recombinatioh imr the three-point cross is altered by the

&

presence of an extra site of heterozygosity such that.the increase in

L] - r,

~CO-conversion as noted in the previous section is accompanled by an

actual increase in the conver51on frequency of hisI-1. However, although

B

an increase "in the basic conver51on frequency of hisl- J is seen in the

9

three -point crossllt was not shown to be 51gn1f1cant
LN

Flanking Marker Confrguration of hisl Recombinant Spores

There are four possible‘configurations of the flankiﬁg markers, hom3
and arg6, which can be associated~with the Aisl recombinant spore. These
are referred to as Pi, Pé, R1, end R2. Generally this'classification has
been used to describe prototrophicbspores: In this study both proto-
ﬁféphic and dopble mutant spores are considered and this results iﬁ
there being two versions of each of the four classes. Thus, given the -

+m, + v .-
diploid: m2 .

+ omt+ -

Pl refers to the parental configgration of flanking markers which entered
the cross with the proximal allele. The Pl configuration of
flanking markers for a conversioﬁ event which give rise to a
prototroph is + ++ -, and the P1 coni. ‘uration of flanking
markers for a conversion event whi ch . ¢S rise to double mutant

oo

spores is - mym, +.
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P2 réfers to-the paréqtal_cqnfiguration of flanking markers which entered

| the cross with the distal allele..'The P2 configuration for a
prototrophic sporé is - '++ +, and for a double mutént'spore -
is + mm, -. | ' o

Rl refers to the recombinant conflguratlon of flanking markers that

4
-

would result from a 51ng1e crossover between the alleles or a
conversion event with an adjacent crossover. The Rl -
configﬁration for a prototrophic_sﬁore-is - ++ -, and is
+ mlﬁ2 + for a double mutant spore.
R2 refers to recombinaﬁt cohfiguration of flanking markers that would

result from a triple exchange, or more éimply,,frém conversion

':fpf one allele séEZ;;:;d from a crossover b& a region contain-
ing the second unconverted allele. The R2 configuration fqrv
a prototrophic spore is.+ ++ + and for a doubie mutant’ spore

is - mymp - -. In general, the R2 corifiguration is less

A
P

common than the Rl configuration. -

Two hundred and two hisl convertants are described in Table 6, of
which- 105 have pérental éombinations of the flanking markers, hom3 and
arg6é, and 97 are recombined for these markérs. This reflects a high
degree of association of gene conversion and recombination of the
flanking markers. -

“ There are 104 tetrads which show proximal. allele conversion at hisl
(Table 6, Elasses 1-22i and of these, 46 are recombinant for flanking
markers. Tﬂirty two show the R1 configuration (Table 6, classes 7-10

and 20-22) and might originate from a crossover on either side of the

- proximal converted allele. .If the crossover was distal to the proximal



allele then it would be within the hisl locus and proximal .to the distal

S
~marker. The remaining 14 tetrads show the R2 configurations (Table 6,

classes 5, 6, 18 and 19). The posifion of the cfossover in these tetrads

RS

is less %mbiguous They probably originate figm a crossover distal to
the unconverted dlstal allele, in the region between hisl and arg6. If
exchange in the hisl to argé region is not related to the proximal

Y

conversion and if, as was euggested by Stadler (1959) and Mortimer and

Fogel (1974), conversion alone produces no interference, it is p0551b1e

to calculate the expected exchange frequencx in this region. Thus in a
total of 7O tetrads (non-R1) using the map distance of 6.88 (Table 1),
ene‘expeCts 9.6 tetfads with an exchange in the hisl to argf region.
Asseming random chromatid involvement, it would be expected that one-
half of these would be associated with a conversion event. The data
show that 22 tetrads with a prox1ma1 conver51on have an exchange in the
hisl to ang reglon; Fourteen of these exchanges involve the converted
chromatid and eight do not (Table 6, classes 3, 10, 14, 17 and 21).

The excess of exchanges in this region and, particularly, the almost
three-fold excess of exchapges associated with the proximai conversion
suggests that the two events are not alwayseindependent.

Of the 20 distal convertant tetrads there are 14 which are
recombinant for flanking markers. Eleven of "‘these are the Rl configur-
ation (Table 6, classes 25, 28 and 32) and three are-of the R% configur-
ation (Tabie 6, classes 29 and 33). These three have a crossover in the
proximal reéion, hom3 to hisl. There were no tetrads with unrelated
crossovers in this region among_tbe distal convertants. Further
discussion of R2.tetrads with‘distal cbnversion will follow in the

section on selected tetrads.



| ™
. There are 75 tétrads showing co-conversion of the outermost alleles
and of these 35 are recombinant for flénking markers., In‘these events
the position of the exchange which resulted in the recomb1nat10n of -
flanklng markers cannot be detekmined.
Finally, although thé,overall ratio of paréntal to recombinant con-
figuration.of flanking markers is approximately 1:1, the ratios vary

with the different types of conversion events. The ratio of P:R for

proximal conversion events is 1:.79, for co-conversion events is 1:.88

»

and for distal conversion events is 1:2.33. The significance of this

1s not obvious at present.

Selected'fetrad Analysis . ‘ : L ’ } .

Tablé lO,presenps‘the results and classification of the dissection of
1110 selected tetrads. The tetrads represented here include only aécj
in which ali four spores were Viable aﬁd which contéin one prototrophic
spore. Tetrads wereiselectéﬂ at restrictive temperature for the two
point crosses and at permissive temperature for the three point cfosses.
Thus, in the three point crosses the prototrophic spore may be tempera-
ture sensitive histidine™. 1In Table 10 conversion of the temperature

. , :

sensitive site is indicated in brackets for diploids LZ6 and LZ11.

‘For diploid L26 315 Js +) co-conversion of the temperature sensitive
+ + 7

site (Is) with the proximal allele results in a non- temperature sen51t1ve 5

prototroph + + +. Single 51te conversion of the proximal allele results
in a temperature sensitive prototroph + Is +. Co-conversion of the

temperature sensitive allele with the distal alléle results in a

o«

temperature sensitive prototroph + 1s- + and single site conversion of

the distal allele results in a non-temperature sensitive prototroph

+ o+ o+
P .

48
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For diploid LZ11 (315’ + +) co-conversion of the teﬁperature sensitive
: + 30 17 '

site (30) with the proximal allele results_in a temperature sensitive

prototroph and single site conversion of the proximal allele results in

a non-temperature sensitive proEotroph P +. Co-conversion of the

temperature sensitive site with‘thé distai allele results in non-

temperafure sensitive brototroph + + + whereas single site conversion of

the distal allele résults in a temperature sensitive prototroph + 30 +.
The rare asci containiﬁg two prototrophic spores or showing post-

. meiotic segregation are included in Table 11. Tetrads which have two

OoT more loci‘showing aberrant segregation pattérns are -omitted.- This was

+

the criterion by which'tetrads were judged to be false. It has been

4
@

established (DiCaprio 1976) that long co—convérsion_leﬁgths which can
encompass more:than one gené do occur in yeast and it is therefore |
possible that some tetrads were misclassified as false. Tetra&% which
méy have rgpresented co;conversion of two genes, however, were very

rare.

ReZiabiZity'of_theuSeZection Teéhnique
1 : . N

" 4 Selected tetrads were used in this study to dincrease the Humbers

: - ’ ) . ' .
of recombinational events available for analysis. The obvious disadvantage

B i

of thisttechniQue is that certain events such as co-conversion and
cohver;ion to mﬁfant are not detectéd. An additional disadvantage is the
possibility that”theré.mayvbé ; bias in the selection systém t£at is
due to some inflﬁencé‘other than‘the histidine independence of the
recombinant sﬁgfe. S ‘ )

A personal bias in the»selection and dissection yas not likely

since one of the diploids, 22367 was used in a previous study, Fogel and

Hurst (1967) énd the results of their selected tetrad data did not differ

51~
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) selective advantage assot1ated w1th the w11d type.a?ﬂele of

'in Tables 10 and 12 have been‘classified with respect to flanking marker

significantly'from the results presented here. Fogel and Hurst (1967)
also established that spore death and histidine prototrophy were
- é§§~f\\'J . ) , :
1ndepen e .
Bias may be encountered'if one or more of the phenotypes associated
with the other segregating linked loci have a selective advantage For

Seo gt A )
example Mortimer agd Béggg (1974) spec lated that there "y~be'a

R

I \ o 1

this is the case then spores of the phenotype o - (Pl) %pd4? i< g
would have been preferentially selected.

To examine this p0551b111ty a 51xth dlg}bld LZla was construtted
with the flanking markers in the alternative arrangement . Prototrophs
from thie diploid were selected and analyzed and the tesults are given in
Table 12i. To 51mp11fy comparisons asci have been allocated elass
numbers 1nd1cat1ng comparable genetic origins to those in Table 10 even
though the genetic outcome reflects the'initial dissimilarity ofnlinkagei
phase. ‘ | | |

To facilitate the comparison of flanking®marker arrangement in this

diploid with the others used in the study,-the prototrophic snores shown

configuration of the prototroﬁhid‘?ﬁores recovered from the dissection

of unselected tetrads. In Table 13 the configuration of flanking markers

follows the P1, P2, RI1Y .and R2 classification which was previouély defined

in the results section on unselected tetrad analysis. Fot all crosses,

except LZ13, P1 is a + - spore{ P2 is a - ++ + spore, Rl is a - ;+ -

spore and R2 is a + ++ + spore. In the sample from LZ13, this arrangement

is reversed so that Pl is - ++ +, P2 is + ++ -, Rl:ﬁs + ++ + and R2 is - ++ -,
The two diploids Z2367 and LZlS; which have oppOSite marker arrange-

ments yet carry the same hisl alleles, were tested for homogeneity with

.



Total Distal

A
/
TABLE 12. Description of his prototroph-spore-containing asci
recovered from selected tetrad dissections of LZ13.
‘Ascus ) . - .
Class Spore 1 Spore 2 Spore 3 Spore 4 Total
1 + o+ o4 - mmy - - a b 10
2 + o+ o+ o+ - mmp - + mip+ - b 1
7 - ++ 4+ o+ + mmy, - - a ! b 1
Total Reciprocal Events ( 12
11 -+t o+ 4/ b a b 52
12 - ++ + o+ b mp+ - + ARy - 4 6
13 - ++ 4+ o+ b mi+ - + +mMo + + 7
14 - ++ + + b my+ + + +myp - 1
15 - 4+ o+ o+ b mp+ + - +mp- - - 2
17 - o+ - - +tmp - + a b 11
19 -+t o+ - +mp - + mp+ + . b 1
21 - 4 - - + 4mp + o+ a b 12
25 - 4+ -+ + 4mp + - a b 1
26 -t - - + +mp + - a S+ +mp - 4+ 1
27 + ++ 4+ 4+ - +mp - - a b 37
28, + A+ o+ - +mp - + my+ - b 2
31 + ++ 4+ o+ - +mgp - - ! %%— mi+ - + My -+ 2
.32 + o4t o+ - - +mp -+ o b © 2
34 + ++ 4+ - +mp, - + my+ - + +mp - + 1
35 + ++ - - +mp + + a b 1
) Total Proximal Conversions 139
37 + o+ - a . a b 6
41 + 4+ - 4 - my+ 4+ - a b 1
42 + ++ + o+ -~ M+ -, - -3 b 6.
46 . + ++ + - - my+ - - _ a- + +mp - 4 1
Conversions ' 14

Total Events
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TABLE_lS. ' Configuration of flanking markers of his prototrophi¢ spores
= recovered from dissections of selected -asci. -The flanking
marker configuration of the total his prototrophic spores
isolated from dissections of unselected asci is also included.
. . . / N

Flanking Marker'Arrangement

Source of ' Total
Prototrophic Spores Py P, Ry Ry - . Spores
. : . L S
22367 (315)x(1) 126 17 90 25 . 258
LZ13 (315)x(1) 81 g8 62 . 14 . 165
LZ4 (315)x(1s) 122 10 "2 23 YL a4y
LZ6 (315 1s)x(1) 114 . -1s 65 29 223
LZ10 (30)x(1) . 48 49 71 18 146
o i L g S
LZ11 (315)x(30 1) 102 Y6 - 92 26 - 236 7
Totdl excluding LZ13' 512 67 - . 410 121 1o/ [
; - ,

Total prototrophic : . A B
spores from 28 5 28 : 4 N 65
unselected tetrads

g oL

A
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respect to the occurrence of P1, P2, R1, and R2 configurations. No
51gn1f1cant heterogeneity was found (x = .896,p > .8). In addltlon
pooled data from unselected tetrads were compared to “the po@%@d data from

selected tetrads (excluding LZ13). Agaln, no significant heterogeneity‘

o
-

was found<(x = 2;31,p > .5). It would seem that flanking marker con-

figuratlon d1d not bias the selection procedure

would be a differential selection of temperature sensitive prototrophs
in the three—p01nt crosses Comparison‘of the frequency of the temperature
sensitive prototrophs from the selected angd unselected samples did not ~
suggest that this had occurred In d1p101d L26 the frequency of temper—

_ature sensitive spores:iiiff)total prototrophs in the unselected sample

is 0.95 (20/21) and in selected sample is, 0.93 (208/223) In diploid

LZ11 the frequency of temperature -sensitive spores in the unselected ;

prototrophs is ase (5/9) and in the selected sample is 0.52 (123/236).

Further comparisons of the data erm selected and unselected tetrad
dissections d1d not 1nd1cate any major discrepanc1es, as will'be discussedfiﬁ

later

Proximal Allele Conversion o

Tetrads which contained a Prototrophic spore, two distal alleles and
one prox1mal allele were defined as tetrads which had undergone
conver51on of the proximal allele. These a5c1 are distributed inp classes
11-3% of Tables 10 and 12. This category occurs most frequently for ali
d1ploids dissected reinforcing the observation of strong proximal polar-

-

ization in the unselected tetrads .

The frequency of proximal/g;lele conver51on for each d1p101d is

Lyvpresented in Table 14. Proximal allele conversion in the three point

Cross may occur with or without co- convers1on of the temperature sen51t1ve.'

B
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aliele. " For comparison, Table 14 includes the frequencies of prox1mal
allele conversion among prototrophs recovered from the dlssectlon of
unselected tetrads. Comparisons of the two frequenc1es for each d1p101d
using heterogenelty chi-square tests indicate no 51gn1f1cant variation
between the selected and unselected samples.: Further comparison with the
data from unselected tetrads is made posslble by calculatlng the frequency
of total prox1ma1 events among total single site events (in the three-
point crosses,'51ng1e site events include events wthh co-convert the
temperature sensitive allele with either the proximal allele or the
~distal allele). h Rec1proca1 events were also included in the total.
The use of the§e_data for comparison to the data derived from selected
tetrad‘dissections is valid if parity cf single site gene conversion
exists. An analy51s of the prox1ma1 and distal allele conversion
described in. Table 7 does not 1nd1cate any significant departure from
parity, Accordlngly, the frequenc1es cf proximal allele conver51;n cal-
\culated from the unselected sample were compared to the frequencies of
'prox1ma1 allele conver51qnzcalculated from the selected samples. No
evidence of discrepancy was found

Analy51\ of the proximal allele conversion frequenc1es shown in
Table 13 indicate that the frequency of proximal allele conver51on among
iprototrophlc spores is reduced in LZ10 (30 x 1). A similar reduction
was noted%ln the ana1y51s of the data from unselected tetrad dlssectlons
(Table 7).  The relative frequency Qf«conversion of his]—3157in diploid
LZ11 (315 x 30.1) is also significantly reduced compared with the con—j
version frequency of his1-315 in the other four crosses carrying thls
marker (x3 = ll 5 ,P < .05). This was not seen in the analy51s of the

data from unselected tetrads (Table 7) This analysis however used the

relatlve frequency of conversion of his1-315 to the total events detected
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which included co-conversion events.
Flanking Marker Configurationlof the Prozimal Comvertants

| As with the unselected tetrads prototrophic spofes can be classi-
fied on the basis of the flanking marker configuration, as P1, P2, Rl
end R2. The spec1f1c allele combinations are noted in the prevlous
section, '"Reliability of Selectlon Technique'.

Of the 981-proximal convertant spores 587 are_parental for flank—
ing marker configuration. This proportion is not significantly different
from that observed in the proximal convertants in unselected tetrads.
Tetrads in classes 11 of_TebJes 10 and 12 have the flanking markers

‘ of the prototrophic spore in the P1 configurétiqh. .fhese consist of

a total of 583 tetrads and can mostssimply be eXpléined as being due to
conversion of the proximal allele. Classes 35 and 36 include prototrophic
spores with the P2 parental arrangement of outside markers. These can

be the result of exchanges in both the hom3-hisl region and the hisl-qrg6
region or they can represent.two strand conversion events. There are

o

a total of four such tetrads.

As expected, the more common recombinant marker combination of
flanking markerg is Rl configurafion This arrangement is represented
in classes 27—34, and 1nc1udes 268 tetrads. The most probable origin of
the prototrophic spores in these tetrads is a proximal conversion event
with an exchange taking place either to the proximal or diStal end of
;he conversionuevent.

Classes 21-26 represent tetrads in whieh the prototrophic spore has
the other recombinant configuration, R2. There is a total of 126 tetrads
of this type. These prototrophic spores can be e;plained most simply

by proximal conversion, separated from a distal exchange associated with

an ''unconverted" segment. It is impoxrtant!to determine whether this



KY
distal crossover in the his]-arg6 region 1s a coincidental exchange or
is assoc1ated with tpe proximal conversion event as appeared to be in
the case of the unselected tetrads. If crossovers in the hzs]—arg6
region are occurring at random w1th respect to conversion- of prox1mal
hisl alleles it is expected that there will be about an equal number’-
of eﬁchanges involving non—conversion chromatlds. These_exchanges are
detected in classes 13, 14, 16, 18, 24, 29; 30 and 36 of Tables lO and 12.
There are only 37 tetrads of this type, whereas 126 wopld be expected
on the hypdthésls of independence.

A calculation; analogous to that'perfqrmed for the'unselectedﬁ
tetrads, gives the number of crossovers expected between hisl and argé,
in tetrads of non-R1 configuration as 98 assumingvdo interference;\4Half
of these (49) shopld be associated with the chromatid inydlved in the
proximal conversion event. The observations indicate an excessive number
of exchange tetrads (163). Since 126 of these exchanges involve the
converted chromatid, the excess is‘attributable exclusively to‘events
involving the converted chromatid. Thus the evidence substantiates the
conclusion derived from the unselected data that the distal crossover
is asseciated-with the proximal cenversion event. Furthermore, the )
larger sample clears up any doubts as to whether the unconyerted strands
also have elevated levels of exchanges in this region; they do”nct.
DzstaZ AZZeZe Conversion

Asci which contained a prototrophic spore, one dlstal allele and

two proximal alleles were judged to be asci wh1ch had undergone conversion

<
-

of the distal allele. In the three-point crosses distal allele conversion
may or may not result in co- conver51on of the temperature sensitive

alleles All tetrads showing distal allele conversion'are described in

classes 37 to-53 of Tables 10 and 12.

A

60



61

~

The relative frequencies of distal.conversion among selected tetrads
. are given in Table I'S. A strict comparison of these frequencies in

selected and unselected tetrads was not possible due ‘to the small number
of prototrophic spores resulting from distal conyeréion among the unselected

tetrads. - As-an h}ternative, the frFquencies of distal ~conversion among.

total single site ¢onversion tetrads (reciprocals included) were calcu-

. A,
lated for the unselected tetrads and these are included in T3ele 15. As
[ 44 )

was stated previously, the validity of this comparison depends on parity

of gene conversion. The comparison of distal allele conversion frequencies
among selected and unselected tetrads on this basis did not suggest

N

that the frequencies in each sample were different.
The relative frequency of distal conversion among selected tetrads

is higher in PZlO (30 x 1) than ip the othé% ¢rosses. This does mnot

necessarilyb;mply that.tﬂe basic‘pohﬁéréién‘frequency per total tetrads

of hisl-1 is increased invthis cross. The rélative increase seen is

probably ‘the concqmmifahﬁ result of the decrease in conversion of hisl-30

which has already beén &egcribed.

Flanking Marker Coﬁfiguratfon of Distal Allele Convertants' : &
Of the 168 prototrophic spores classified as distal convertants, 73

are parental for the flanking marker coéfigu%&t{on of hom3 and arg6.

The pfoportion of barental flanking marker configuration accomp/nying

distal ;onversion is not significantly different in the selécted-and "

unselected tetrads. However, the ratio of parental to recombinant

flanking marker>§onfiggration ;s significantly different than Fhat o 1

observed for proximal allele conversion (x2:= 15.75,p ¢ .01). ’

of the 73 distal convertants with paregtgl configurations of flank-

ing- markers 70 prototrophic spores can be classified as P2 (Tables 10

—~

and 12, classes 37-40) and are assumed to represent: spores which have

kY
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- TABLE 15. Frequency of dlstal allele conversion in selected and
' unselected tetrads. ’

. o
o SELECTED TETRADS UNSELECTED TETRADS
Diploid Strain ‘ -
‘ conversionhto + conversion to + or m
total recombinants total recombinants* , -
22367 (315)x(1) _ 5cg = .14 0 - .125

3]
(O3
lea

LZ4 (315)x(1s) == = .09 ) == = .12

[
PN
~
N
[ox

= .22

2
LZ210 (30))((]) m= .25 ‘—9'
) 26 S _
LZ6 (315 1s)x(1) o 53 = 12 5 = .16
¢ | 34 5
L211 (315)x(30 1) 537 = +15 = = -26
L7213 (315)x(1) ' R
165 ~ /)//

<
*

* "total recombinants" does not include co- conver51on events which
encompassed all the markers in the gene
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undergone a distal conversion event. There are three tetrads in whicheathe

o

prototrophic spores have the alternative parental array of flanking

-

markers, P11, (Tables-lo and 12, classes 52-53). These can be the result
of two crossovers (exchanges in the hom3-hisl and hisl-arg6 regidbns) or
a ﬁwo'strand conversion event.,

Seventy-eight protétroﬁhic spores have the RI1 configuratibn of
flanking markers (Table 10 and 12; classeg 42-47). These are assumed
to be the result of a distal convetsionvevent i&mediately associated
with:a distal o?_proximal exchange. |

There are nine tétrads in which the prototrophic spores have the 2

R2 array of flanking markers (Tables 10" and 12, classes 48-51). These

tetrads are explained most simply das the result of an exchange in the

AN

hom3 to hisl region separated -from the didtal conVersion by a segment N
. , : )

which does not show conversion. Tf exchanges in the hom3 to hislI region
occur at random with respect to conversion of distal hisl alleles it
would be expected that an additional nine tefrads should show an exchange

in this region not involving the converted chromatid. The data show
1 o .

only two tetrads of this typé?(Table510—12, class 40). Moreover the

L : ~

total number of tetrads with’an exchange in the hom3 to hiel can be

calculated. Thus among non-R1 tetrads (81), assuming ho interference,
and using the map distance of 2.5 from Table 2 the number of exchanges

expected is 4. The observation of 11 tetrads with an exchange in the

hom3 to hisl region and the fact that nine are associated with the
converted chromatid suggests that these events are not independent, a

conclusion similar to that reached in previous consideration of R2 con-.,

»

figurations.
‘Reciprocal Recombiﬁetion

.

Asci which contained a prototrophic spore, a double mutant spore, one
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distal allele and one proximal aldele were cléssified as reciprocal é
recomb{nants. These'tetrads are described in classes 1-11 of Tables
10 and 12. The flanking marker configuration of the prototrophs in 82
of these tetrads is Rl (Tables 10 and 12, classes.1-6). This can be

the result of an exchange 0ccurring between the proximal and distal

N
N

alleles. There are sevén tetrads wifh the P1 cbnfiguration (Tables 10
and 12, classes 7-10). These‘eouldbarise frdém two ‘crossovers, one in
thg hom3-hisl fegiqn and one between tﬁe proximal. and distal alleles of

the h7sl locus, or from a two strand conversion event.

a

In four of the diploids the reciprocals are detected between

hisl-315 and his]—]. The relative frequencies of reciprocal recomblnd%ts

)

for each of these diploids is as follows- v | '
for 22367 (315 x I), the frequency is 0.062
| LZ13 t315 x 1), the frequency is 0.073;
LZ6 (315,18 x Jj; the frequency ié 0.018;
LZ11 (315 x 30.1), the frequency is 0.102.
These relative frequengies of reciﬁrocal recombination are significantly
heterogeneous (x§ = 14,28 p < .01). This heterogéneity is cagsed mainly
by the decrease shown by diploid Lié and cannot bé attributed to a dis-
tance dependent parameter since in these diploids the event is being
defected within the same interval.
The other two d1p101ds used in thls study carried markers which
are closer together than hts] 315 and hzs] 1. The.frgquency of reci-
procals in LZ4 (315 x Is) is 0.065 and in LZiO (30‘x 1) is 0.116. It
seems that even using closer markers does not effed% an alteration in
the freduency of recipfogal recombination as large as the change found
in LZ6. |

Of the four tetrads from LZ6 which showed regiprocal recombination,
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three of the prototrophic spores are temperature sensitive and one is
not. None of the markers involved in the three tetrads containing

temperature sen51t1ve pI‘OtOtI‘OphS ShOWS an aberrant segregatlon ratio.

The simplest explanation for these tetrads is an exchange between Y

his1-315 and hisl Js 315 X Is +,. »
( + + ]) e

The other tetrad, which contains a non- tempeTature sensitive Spore
has a 31 (+:m) segregation of hisl-Is. This tetrad would be explained

by a conversion of hisl-Isg gccompanied by a crossover either distal or

proximal to his]—;s (315 Y(Js)+ or 315(js)v

+ 0+ 7 1)
Twenty-four tetrads from LZ11 were c13551f1ed as reciprdcal recom-

binants. Seven of these contain-temperature sensitive prototrbphs and
do not show aberrant segregation patterns for any of the muilers, These
tetrads.p?obably.represent the result of an excﬁaﬁge bétween hisl-37

and hisl-1 (3i§g?+ X +). Eleven tetrads contain non-temperature sensi-

30 © 1
tive prototrophic spores and show no aberrant segregation patterns for

any of the markers involved. It is suggested that they represent the .

result of an e*change between his1-315 and hisl-30 (3i5 3ﬁ ;).

The remai;ing six tetrads'contain prototrophic spores which are .
non—femperature sensitive and_show aberrant segregation for.hi31—30
(3:l,+:m); These tetrads could ‘result from the conversion of hisl1-30

to wild type accompanled by an ‘exchange either dlstal or prox1ma1 to

his1-30 315 or 315

“(307’“’—"1@)7)
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DISCUSSION

The reSulpé described in the preceding section indicate that .
different markers have different conversion frequencies and that mar, -
.effect iﬁteractions can occur. In partiéulai ﬁhe analysis of the marker °
effect of his1-30 in the three-point cross.(LZIi) indicates that the
bresence of a garker with a low basic conversion frequenéy.and a ﬁarker
with a rélatively high basic‘conversibn frequéncy results in a reciprocal
altefgtion of both frequencies.  This type of inferaction is similar to
. :
the markér interaction demonstrated in Ascobolus (Leblbn and'Rossignoﬁ
1973). Models of recombination which most easily account for these
effects are hybrid DNA models in which conversion is predominantly the
result of repair of heteroduplex DNA. For this reason. the Resultsfare
discussed in }his section in the context 6f a hybria DNA model of
reEombination. The disc¢ussion will bétconcerned with: (1) indébendent
,correction on one chromatid, (2) position of the cro;s—strand exchange,
(3) reciprocai recomBinétion,'gnd (4) marker effects of hisl-30 and
hisl-I1s. Under thé assumption of a hybrid DNA model of recombination
a unifying‘explanation of most of the observations;is possible.
| Some of the findings described in the Results were not readily
inferpretable and will not be discussed %urther. These findings include:
(1).§hromatid interférence in which the obsérved numbers of tw;—strand,
three-strand and four-strand double exchanges did nof fit the expected
1:2:1 relationship, (2) variation in the ratio of parental to recombinant
configuration of flgnking mérkeré among proximal and distal convertants,
and (3) possible ineqqality of chromatid involvement in conversion events

in diploid LZ4 (3i5~x I1s) noted in the unselected tetrads. However, these

observations do not indicate that a hybrid DNA model is inappropriate.
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Independent Correction on One Chromatid

Independent correction can be thought of a; non—overlapping
correction of two sites of mismafches in one length of hybrid DNA.
Evidence of independent correﬁtion on one chromatid is available‘in
Neﬁ@%spora erassd. Stadler and Kariya (1969j Aetected an appreciable
number of conv?rsion evénts in thrée-point crosses in which the two
6utside sites were converted in fhe same airection and the middle site
was not’éonverted. Similar studies in yeast in which this type of event

could be detected indicate that such events are very rare and the opinion

of some authors (Fogel et al. 1979) is that independent correction

L

&
‘generally does not occur in Saccharomyces cerevisiae. - The argument which

Fogel et al. (1979) use to dismiss the notion of independent'corréctioh
is the following: If -independent correction were the normalAmode of
correction aioﬁg a Tength of hybrid DNA, then«singlé site events should L
always be at lgast as frequent as co-conversion events and theirvrélative
frequencies should be indepeﬁden{ of the distance between them. However,
as their data and the data from this study show, thére is an excess of
co-conversion events ¥or.dlleles in elo;e proximity. This they conclude
is incompatible with independent corréction. T

Thii afguﬁent makes the assumptipn that gbrfgction is either
isdependent or not, and by shdwing‘that in some instances it is not, they
rule out independence as the sole mechanism. However, the possibility
remain; thaf correction of nearby sites might overlap while allowing more
distant markers to be correeted'indepenﬂently of one another. : Furthermore,
this correction could be in either direction. The following discussion

argues that this form of independent correction does occur in yéast.
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The frequent observation of co-conversion of tdg or more sites
within a gene in a co-ordinated manner supports the aséumption that é
| continuous length of hybrid DNA -can span rﬁore than one site.
Correction can also be shown to be continuous. -From fhe data on LZ11
(315 x 30.1) it can bg seen that his]-30 haé an influence on the corré;tion
of hisl-315 and viée versa. This is consistent with the notion that the
same correction event can exéend to two sitgs. The data of Leblon (1972),
which was discussed in the Introductibn,'a1§o SUppofps this view.

Although it seems that-correction doés involve a -continuous length
bf DNA, it can also be shown that it does not necessarily involve the
" total length of hybrid DNA. Fogel et al. (1979) have fetradvdata on'thé'
araé locus of Saccharomyces cerevisiae whicﬁ:;how events in which one
marker is‘conVerted while the.adjacent'markef shows post-meiotic segre-
gation. These results imply fhat the hybrid DNA covered both mdrkers
but only one marker underwent correction., Thus the possibility for
independent correction in yeéé% exists. Certain tetrads described in ‘
thié study suggest ;hatvindependent correction does indeed occur. These

v : o

tetrads exhibit the R2 configuration of flanking’markefs:and were
described (ip Results) és contaiﬁing a spdre that most probably resulted
' from an exChéth\separated frqm a converged marker’by.an un-converted
site. In éffect,'it would be the result of an exchange associated with
‘a length of h}brid-DNA in which the allele immediately adjacent‘
to the ¢xchange was restored to the parentél genotype;vwhile th¢ more
distant allele was éonverted in.the@opposite'diréction.5 Because this
‘event was very common, it could not be explained simply as conversiqn
with coincidental exchaﬁge-in the outside region; rather the two .events

must be associated. Independent conversion is a corrollary of the most

satisfying mechanism to explain the association.
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P051t10n of Cross- strand Exchange

Models of recomblnatlon proposed to account for observed data
show1ng high association of conversion-associated exchange suggest that
in almose all cases ’hybrld DNA is flanked on‘'at least one side by an
exchange ' |

If a crossover event.is symmetricel'if is impossible to estab ish

et'wnich end of the conversion length fhat e#change is. Howener,
events'ere'aeymnetriCal then there are specific predictions dependent
on whether one postulates that“\ﬁ& exchange is outside the gene or gﬁ
a.variable p051t10n within the gene, )

The result descrlbed for recomblnatlon at the hisl locus mey be
useful -in this context since 1t appears that most events are asvmmetrlcal
On1\ flve events in 1471 tetrads requ1;e the 1nvolvement of conversion
on two chromatlds.. Other data on yedst (Fqgel et_aZ. 1971; Fogel and
Mqrt}mer 1974; Esposito 1971) also indicate thée mqg} events can easily

‘be explained by an asymmefrical d;étribntion of hybrid DN@.
If polarity is the result of variable length of hybrid DXA

extending into the gene from a fixed origin, then the polarity pattern

evident at the hisl locus suggggts that most hnyid,DNA lengths originate
>

'proximally. The question to be asked is whether: the exchange is at the
origin or termination of the hybrid DNA.
The data from the unselected and selected tetrads are summarlzed

in Table 16. PrototrOphlc events are classified with respect to whether

-~
)

conversion involved the proximal or distal allele (p vs. g) and the
v coﬁ?ﬁgnration of flénking markere (P1, P2, R1, and R2). In the selected
tetrads the classes which are relevant to the question of pesition of

the cross-strand exchange are the R1,p class; R2,p class; Rl,q class

and R2,q class.



= conversion length

x exchange between higl and out51de marker

_Numbers ' in brackets indicate that the temperature
sensitivé allele was co-converted with m; Oor mj

|
|
|
]
: ** the exchange was arbltrarlly ‘put to the ;ig;\\\\
i
|
|
|
¥

in the three point crosses.

TABLE 16. Summary of recémbinant spores at the hisl locus among
: selected and unselected tetrads )
. : ‘
SPORE CLASS v
UNSELECTED xx Plp  ~ RIp " R2p P2p
—— X — X e T e x . Xaaae X
o+ my+ - + mp+ -~ 0 4+ M+ - + my+ - + mp+ - + mp+ -
22367 6 4 7 5 0 0
Lz4 7 9 7 7 0 0
LZ10 . 1 1 -1 0] 0 1
LZ6 6(6) 4(4) 10 6(1) 1 0
Lz11 404y . 1(1) ¢ 2(1) 4(2) 2(1) 0
Total 24 19 27 22 3 1
SELECTED ,
22367 122 59 25 1-
LZ4 120 67" 21 0
LZ10 47 . 31 15 0
LZ6 114(5) 51(2) 28(2) 0
LZ11 100(55) 52(22) 23(10) 3
LZ13 80 44 14 1
"Total v 583 304 126 - 5.
- - UNSELECTED **
T e sty - X - X X=X
- +m2 + - +m2 + - +m2 + - +m2 + - +Mo + : - +m2‘ +
72367 . 0. 4 10 5 7 0
LZ4 "1, 1 5 1 1 0
LZ10 1 0 4 17 0 -0
LZ6 9(9) 8(8) 5 2 2 0
LZ11 ~5(5) 3(3) C6(4) 4 1(1) 1 0
Total 16 16 = 30 10 11 0
[__ —————————————————————————————— 1

T



UNSELECTED . SPORE CLASS

[P . - x -t X i-—-X
+ ml+ -t Myt - + mpt+ - + mp+ -
22367 1 2 2 0
L24 1 0 0 0
L210 0 0 0 0
LZ6 0 1(1) 0 0
LZ11 0 amn o 0
Total 2" 7 2 0 -
UNSELECTED 24 Rl R2zq  Plq
| — —— e T X e .
Totmp 4+ - 4mp + - - 4mp + i - +my +  Reciprocals ‘
22367 0 0 £ 0 0 1
Lz4 1 1 0 0 2
LZ10 1 S0 1 0 0
LZ6 (1) 2(2)° ‘0 1(1) 0
Lz11 0 L1 0 0 0
Total 3 4 1 1 3
. .
SELECTED .
22367 16 18 0 1 16
Lz4 10 10 2 1 16
LZ10 , 9 23 3 1 17
Lze 15(14) - 10(6) 1 0 4
Lz11 13(3) 18(4) 3 0 24
LZ13 7 7 0 0 12
Total 70 . 86 9 3 89
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Under the aésum?tion that the exchange takes place outside the gene,
. ' L r .
then exchanges in the proximal region can give rise to two of the above

classes. These are diagrammed as follows: : . -

_“_%ngy__fmi“__ which represents a Rl,p class and 1nc1udes
- 303 tetrads, and
- + m2 +
+ m: + - . '
1 - whlch represents a R2,q class and includes
TR 9 tetrads.
- + (m V4 . e .

The R1,p e;ass represents an exchange associated with a short conversion
length in whichlm1 has been corrected to +. The R2,q class represents
an exchange ‘associated with a long converSien length in which iqdependent
correction has occurred and m, hes been converted to #. .
The remaining two classes cannot be explainedvby exchanges at the
high conversion end and must be the fesult of exchanges in the dietal
end. Assuming that theAexchange is_outside the‘éene, the configuration

of these two classes is as follows:

+ - . : . ’ .
* ml,‘ v " which represents a Rl,q class andsincludes

86 tetrads, and

which represents a R2,p class and includes
126 tetrads.

The'Rl,q class represents an exchange associated with e~ihprt conversion
’ . LI , ) .
" length in which mé has been converted to +, and is analogous to the Rl,p

class. The R2,p class represents an exchange associated with a long

conversion length in ‘which 1ndependent correctlon has occurred and my

has been converted to +.

~

W1thout further assumptlons it would be expected that the relation-

e

sh1p of the two klnds of events produced from the proximal exchange would

show similarities to the relatlonshlp of ‘the two kinds of events pro—

™ - ’ !
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duced by a distal exchange. The data indicate that ;this is not so,,

}/ 3 .
the ratios of the proximal events Rl,p:R2,q is 303:9 whereas the ratio

- of distal exchange events, R1,q:R2,p is 86:126.

AIternat%vely; if the assumption is Fhat the exchange occurs at a
variable position within the gene awgy.from the origin then the exchanges
should reflect the polarity séeh in the gene such that Rl,p»woﬁld indicate
events which»ended between ml;and my and would predominate; Rl,q.and

'R2,p would indicate eyents whicﬂ terminated.at the distallend 6f. the

gene'and should be equal and less common and R2,q will not occur. The
o .

observations tend to support this view.
SR,
. . § B ¢ -

The total selected tetrad data show Rl,p = 303, Rl,q = 86, R2,p = 126,

and R2,q = 9. R2,p is possibly elevated by the inclusion of approximately
37 tetrads which may répresent unrelated crossovers in the distal region

and similarily R2,q may include 4 unrelated proximal'crossovers (see

" Result section on flanking marker configuration of selécted tetrads). The

4

corrected values are Rl,p =.303,—R1;q = 86, R2,p = 89, and R2,q = 5.
The presence.of sofe tetrads in the ké,q category may reflect a Very low
level of events cpming in from the aistal origin.

ngerally the data give little support to the hypothesis that the

exchange is outside the gene and do not differ much from eXpeCtations

s

. based on the assumption that the exchange is at a variable position

within the:gene and that¢most events within the hisl,lo;us are .related

to the proximal end of the gene. This supports the configuration used

_ in the Holliday t1964)'and Meselson - and Radding (1975) models and is in

¢

strong disagfeement with the configurations postdlating exchanges outside’
kS <

'thé'gene i.e.,.Whitehousefand Hastings (1965). o : d

Fogel et al. (1979) have published some data which are relevant to
the question .of the position of the cross-strand exchange. ‘They have
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analyzed gétrads in which one of the markers at the arg4 locus in yeast
shows a high frequéncy of post-meiotic segregation. The position of the
‘ . . [
exchange in these tetrads can be determined to be distal or ‘proximal to "

' the hetefodupléx'DNA witho;f'ambigui;y.v Their finding is that the assoc-
iaéed exchange can occur either pfoximal or distal to the site of pdstF
meiotic'ségregatipn.'

A further éonfirmation of this finding is available for the hisI
locus. Linda Freidman (unpublished results) has data on a cross carry-
ing hisl-40. This allelé shows high post-meiotic segregation. In seven
tetrads shqwing bost-meiotic sééregation, three shéwed post-meiotic
segregatipn'associated with a proximal exchange and oﬁe shbwga post-
meidti& segregétion associated with a distal eXcHange. These results on
post—ﬁeiotic segregation are . difficult to reconcile with fhé Meselson-
Radding modgl. However, a further discﬁssion of this point in- relation-
ship to the model is presented in thé aiScussion of reciprocal rec&mbina_

tion. -

- Reciprocal Recombination
The tetrads which contain one prototrophic spore, one double mutant
spore and one each of .the parental alleles were classified as reciprocal

v -

recombinant tetrads. The results of the analysis of.thesé tétgads‘from

the selected tetrad diésections are as follows: (1) In all crogées

the frequency‘of-reciprocai recombinafioﬁ_is lower than thé‘freqhency of
_prbximal or distal conversion; (2) Comparison of the ffequency of reciprocal
: racombination in 22367 (315 x 1), LZ4‘(315 x Ig) and LZ10 (30 x lj
indicate;it is not entirely distance depéhdent; (3) Résults‘for LZ11

(315“x 30.1) indicate that the exchangé isbnot cohfined to a specific
regi'on;‘-*f(éz) Résﬁltg from LZ6 (315.1s x '1')' and 1711 (315 x 30.1) indicate

that conversion may be associated with the reciprocal event; (5) Results

74
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. . . » . 4' F : M - B
. B _0 _-‘»\ . - . . )
from LZ6 (315.1s x 1) 'shok, that an additional site of distal hetero-

zygosity can lower the frequency of reciprocal recombination.
The observations on reciprocal recombination which show that it can
be associated with conversion and that the exchange can occur at a variable '
v

position within the gene support the assumption that the same kind of

general conversion event which gave rise to other recombinant tetrads

1

is' responsible for reciprocal recombination. . v

The Rl,p event which gives rise to a prototrophic\spore by proximal

+ ' ’
conversion. is assumed to look like this (m' * in which the /
R -~ - .
I \__,;’1. A
. . . BN S O
conversion of m, -is to +. The equivalent eveMt initiated on the other

chrbmatid‘would not give rise to a prototroph but would give rise to a

vdoubfé mutant spore. (m

,The results from unseleg%ed tétréds éhow that the conversion events
ori two chromatids are in the ratio of 107:92. This suggests that heterc-
dupLeX,formatiQn occurs/equally frequently on both chromatids. Further-
more, in general, proximal a;leie conversion §hbw§ parity. Thus a heteré’\
duplex heterozygous for ﬁutént aﬁd wild type is equally likely to be
converted to mutént or wild type:‘ It should“follow Phenﬁlﬁat the two
configurations shown above should be equallyvlikely to be corrected ﬁo

*\p;rental;and then give rise to reciprocalfreéombinént tetrads Rl,r.
The data Shéw that this'is not occurring ét the frequency expected.

© .

[for example,'in cross 22367 (315 x 1), there are 16 Rl,r tetrads and 59
. . LI - ‘
Rl,pvtetrads. It would be expected on the aboye analysis that Rl,r

 should actually exceed Rl,p, that is Rl,r should equal 2R1,p. Therefore,_

it seems that if reciprocal recombination were the result of this

r

essentially conventional conversion mechanism, then the restoration of a

hetefoduplex back to the parental strand is not occurring at the same

N

- »



frequency as the frequency of conversion in the other direction. In

the example given (Z2367) it is observed that there are 16 Rl,r tetrads
" . . ’

and 108 were expected. Thus it can be calculated that a heteroduplex,

-

heterozygous for his]—3i$, is eight times more likely to be .corrected

to the genotype of the invading strand than to that of the invaded strand.

There is evidence to support this-idea of strand dispamity in otmer»
‘orgamisms. Neyers and Spatz-(1975),_using lambda heteroduplex molecuies
carrying a mulant allele on one strand_and its wiid type alleie on the
other strand; showed that conversion showed no preference for ohe of the
two markers but rétﬁé§ for one of the two strands. ‘Regardless of the
orientation .of the marker, ceﬂversion'to.the r strand genotype occurred .

almost twite as often as conversion in the opposite direction.

In an earkmﬁ@dstudy, Spa}z and Trautner (1970) showed that this

2 o & )
nd pre erence was in part allele spec1flc however, the

-

disparity in s#

.chemical nature of the mismatched bases was not the only factor involved .

in the conversion pattern. - A model of genetic recombination based on

preferential,strand'correction‘has also been suggested for eukaryotes.

Kushev (1974) proposed a theory of ''directed" correction in which the -
. 4 . :

correction preferentdally”occurs on the doner chromatid. His model

proposes a symmetrical distribution of heteroduplex-formation and several

4assumptions“to accommodate available'data. He suggests also that the
degree of d1rectedness of correction can vary with dlfferent markers

The results presented here suggest that conversion restoration
. v _ ,

disparity may have ailele-specific parameters. The results of eross L210,

which show an increase in reciprocal recombination indicate that' hisI-30
must have a different disparity'coefficient from his1-315. It can be

calculated to have a 3.6: 1 dlsparlty favorlng the' 1nvad1ng strand,

compared w1th 8 1 for hisl-315. Detectable conversion of hisl-30 allele

- -
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is also reduced.

| Although the conversion restoration disparity of proXinal alleles can’
‘account for variation in reciprocal recomblnation‘in LZ10, the reduced
amount_of reciprocal recomﬁination ln LZEI(315.13 x 1) cannot be acgqunted
in the same way. This cross carries the same } ‘oximal marker, hisl-315;
aiﬂthg,d{her crosses showing higher frequencies of aeciprocal events. . In
this cross; lt is as though the extra distal sites are‘hlocking the entry
of the cross-strand exchange into the 315-I region and they must be doing
it by preventing,the entry from a more'distal point. Since most evidence
suggests that events are initiated in ‘the proximal region.it i;éhs the
only satisfactory»explanation is that the»cross—strand exchgiée'can
mlgrate 1n either direction. Sigal and Albert¥ (1972) have suggested
that this can occur as a consequence of rotary dlffu51on of the two DNA
molecules. SeVeral scenariOS'can be devised to:account for the observa-
‘tions; the following is one: Polymerase activity might drive the exchange
from the proximal origin, but after isomerization, the exchange mlght
then migrate back into the genettoward the origin. If, as is p0551b1e
the act Qf cerrecting mismatches blocks the migration back into the gene,
vthen the-additional 'site of heterozygosity in the distal-fegiqn could
increase the likelihood of a correction'complex becoming attached and
thereby prevent back mlgratlon

Ana1y51s of the selected tetrads of LZ& (315 ls X 1) failed to show “

any other significant d1fferences from the two- p01nt cross L2367 (315 x
bl). It would be predlcted that if mlgratlon of a cross-strand exchange
‘back into the gene is reduced, then hybrld DNA length would be 1ncreased
and th1s mlght be then translated into the 1ncreased co- conver51on seen
in the unselected tetrads. Thls reason for 1ncreased co- cenver51on should

Q

result in an increase in frequency of conversion of distal markers. This
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is apparent in the results but is not considered significant.

From the preceding argument; that correction of mismetchee may -
‘prevent the migration ef a cross-strand exchange beck into the region
under étudy, it should follow, that uncorrected miSmatches would‘allow
the migration-back into the gene. If these ﬁncorfected'sites were formed.
in the asymmetrical phase of a Meselson and Radding quel the miération

of the cross-strand exchange back .past these sites would not have the

effect of restorihg homoduplex, but,would in effect maiptain heteroduplex.
. . *

- This s;&e 1f left uncorrected, would give rise to pgst- melotlc segre-

<

vgatlon with the p0551b111ty of an exchange in the proximal reglon Thus
it would seem possible *hat if sites showing high post-melotlc segregation
are~sites which fail to,initiete correction they couldQShowJan associapion
with either proximal or distal. exchange. The results discussed previously
. in the section on positiog of the cfess—etrand exchange indicatee that

they do.

Marker Effect of hisl-30 ’

A’summary'ef the data involving the %is1-30 allele is as follows:

(1) The two crosses carrying hi¢sI-30 have reduced numbers of detectable
recombinational events. The rgduction is greater in LZ10 (3¢ x 1) than.

2

iﬁ:LZII (815 x 30ﬁ1) (Table'9); (2) The presence of %ﬁsl-30.as a proximal

marker in cross LZ10 causes a significant decrease in the conversion
frequency of the distal marker, hisl-I (Table 9); (3) -The inclusion

of hisl-30 as a mid-marker in croSs LZN causes a significant redugtion
o A

in the conversion frequency of th& prox1 al marker hisl- 315 (Table 9); =

A

(4) The conversion frequency of hzsl 30 is 1ncreaied in cross LZ11 as vj

A‘;ompared to its conversion freauency 1n CTross’ LZlO (Tdble" 9) (5) The

4
fr'quency of reciprocal recomblnatlon events among selected tetrads

. N

B

appeafs to be increased fin crosses iﬁvolVing his1-30. E R

Lo

N
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. There are various explanations which canlbe put forth to expiain
the behavior of h7g7-30 and its effect on recembination at the his?
locus. In pert the reduced frequency of events detected in LZ10 might
be due to the positidn of hisl—30 in the gene and the pattern of polarity
of gene conversion.- Given that h7s1-30 is located toward thé ‘middle of
the hfs{ gene and the pattern of polarity reflects-a variable extension
‘a'of hybrid DNA into the gene, from a prOximallorigin, it would»follon

~ that hie1—30 would be included in heteroduplex relatively infrequently

‘ 2

and would therefore show a reduced frequency of events when compared to
crosses carrylng a more prox1mal marker. This effect of his1-30 would
be overcome by the presence of a more prox1ma1 allele i.e.

‘ .
However, LZ11 shows an overall decrease in detectable events in. the presence

, his1-315.

= 0f his1-315, so that this ekplanation is not particularly satisfying.
. i A
There are several more tenable possibilities.

LZ10 and LZ11 might both possess a genetic background which affects

*

the frequency of recombination, ‘Genes which alter Tecomblnatlon are well

R

known 1n ‘both prokaryotlc and eukaryoti¢ systems’ (for reviews see

3
14

Cdatcheside 1974,‘1977).; Ceftain of these genes can be déicribed as genes
which have a general effect on recombination. -These genes reddce or
elj’\ate .recombination thrcughou‘t the genome, Exambles of these in—

- clude the recd mutants in E. coli, ,the meil mutant in Neurospor% the
con mutante in Saccharomyces and the ¢(3)G mutant in Drosophila. In
eukaryotes these mutants are recessive and 1nterfer8 with normal melosrs
The result of thls may be detected by 1ncreased sterlllty, 1ncreased non -
“disjunction and reduced recombination. It is unl;kely that a gene of

' general'effect‘is being expressed in LZ10 or LZ11. Recombination is

. normal in other parts of the genome and there was no evidence of decreased
( 3 o :

sporulation or inviability of. the meiotic products. Thug if the reduction

v o o
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in recombination is due to the genetic background of LZ10 and LZ11, it

must be due to a gene which has a much more local effect, i.e., recombin-
. "\ : -
‘ -

ation at hisl. ~ : \\

/\_“
Séveral genes w1th this type of locaffeffect are well known in
. . +
Neurospora erassa. The dominant variants of these genes (recl , recl ,

ot . . . e
and recd ) act as repressors of allelic recombination ag other, specific

°

loci and may also reduce crossing-over in the interval adjacent to the
target loci. Rec1+ c;uses a reduction of allelic recombinetidn at hisl
but does not appear to affect'noh-ailelic recombination (Thomas and
Catcheside 1969).A It also reduces ellelic recombination at the »ntt2 locus
end affects croseing;e§er eround it - (Catcheside 1970, 1974). .Rec2f is a

~ dominant repreSsor of allelic recombiration at the his3 iocus and of
crossing-over between his3 and ‘ade3 (Angel et al. 1970). Rec3+ reduces
allelic recombination at the aml locus (Catcheside 1966) and also reduces
alleiic recombination at the h7¢sZ locus and intergenic recoinhation
between sn and his2.(Catcheside.and Corcoran 1973). Typically the.actioﬁ
of the rec’ allele affects a reduction or even a reversal of polarity of
conversion at tﬁe target locus (Catcheside 1977) and this is refiected'by
ehanges in the Pl}PZ ratios of the recombinant spores. The suggestion

put forth to. account for this observation was that the reéc’ alleleé¥%duces
the recomblnatlon enterlng from the h gh conversion end and allows for

: re51dual recombination from the opp051te end . e

The,observatlons on LZlO»and LZ11 are‘not strictly analogeus with

" those described for the rec genes. For example, crosses carrying hisl-

to

give no indication th® recombination from hom3 to hisl or from hisl
arg6 is altered in any way, With respect to the conflguratlon of flank- .
1ng markers there is no 1ndlcat10n that events are belng preferentlally

¢

excluded from one end or thehother. The P1:P2 ratio'in,LZIO is 48:9
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and in LZ11 is 102:16. These ratios are not significantiy different from
that of the standard cross 22367 (126:17) . Furfhermore, although there
'is significant reduction in intragenic recombination events in both |
crosses it is sighificantly greater;in LZ10 than in LZ11 (Table 9).

An example of another genetic variant which affects recombination

. - . # X
in Newrospora was discovered in the rec2-his3 system (Angel et al. 1970).

This \particular gene is called cog and was discussed briefly in the '

. . . // .
Introduction. ‘'Its variants are expressed only in the absenc%)of recs’.

In rec2 ETossésqthe frequency of alletic recombination in hZs3 is about
A ‘

' . : . + L ' .
. $¥X times as great in cog crosses as in cog x cog crosses. cog is
¢;¢¢¢? * y
o linked to htsd and cog’ is completely dominant, for no difference in

frequency'is apparent between cog+ x cog and cog+ X d5g+'crosses;
Differences are appafeni however in different cég+ X éog crosées.. In
éog+ heterozygous crosses the h?s3 site<oﬁ the cog+ chromésome,undérgoes
preferential conversion.- It has bqgn suggested that hetergﬁuplex océurs
prefe%entiiﬂly on the cOg+ chromatid and that perhaps a$<a ruie betero—
duplex occurs on only one chidmatid in a tetrad.

There is goéd e;idence to suggest that- the cqg—iike‘situatioﬂ does
not exist in the crosses carrying hisl1-30. Compie{e analogy would require
that ihe three diploids with high iecombination be cog+. Since 22367
supplied the chromatid carrying the markers -'his]—i ++ for LZ10 and the
+ hisj;315 -~ chromatid for LZ11, it woﬁld'béyexpected that if a cog? -
like géne was linked to the hisl locus, tﬁen.one or both of these crosses
shbuld be,earrying the daminant alielé and sﬁow ﬁbrmal.levels of detect-
able events, and show préferential conversion on one'strénd.

"Although the'dapa from the ciosses cérrying his1-30 do not show a

strict analogy to the results in Neurospora crassa there does remain a

possibility that there is a.modifier of
&

-ombination present in these
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crosses. This possibility could be tested genetically. It should be

noted that to date, no modifier of recombination of this type has been

isolated in Saceharomycés cerevisiae.

-
'3}

The remalnlng possible explanatlons of the reductlon of recomhlnatlonal
events detected in Crosses. carrying h181—30 attribute the effect directly'
to the nature of the allele itself. It could be that the heteroduplex
formed at this site results in a specific mlsmatch which is preferentlally )
restored to parental genotype. This model should produce evidence of
vstrand_disparity,_since the mismatch would not be the same in the alterna-
tive heteroduplex; houever, detectable heteroduplex formation on each . \
chromatid was equal in each cross. It is possible to postulate that
preferentlal restoratlon of the mismatch to the parental strand occurs
regardless of which strand the heteroduplexrls on. For exanple b
initiation of correctlon preferentlally on the 1nvad1ng strand would . | . | 1
produce such an effect and reduce- detectlon of recombleatlon events. ThlS
would not necessarlly 1nterfere significantly with ‘polarity prOV1d1ng it
entailed co- restoratlon of distal markers to the parenta% form a’s well
This latter feature would result in decreased conversion of. dlstal markers
(as was observed in LZ10). This explanatlon also accounts for the results .
iw}th LZ11. The decrease in conversion frequency of hisl—3]5 in the_three
‘p01nt Cross would be the result of initiation of'correction:at his1-30,
with its Trestoration and subsequent co- restoratlon of hisl- 315 The
increase in conversion frequency of hi81-30 in the three p01nt CTo’ss ' lv»&é i
; ‘ v

could reflect correctlon 1n1t1ated at hzsl 315 where there is no reason

to suppose the same strand dlsparlty of correction as at htsl 30. ,This - _-';

T

conclu51on that dlfferent alleles could exhibit dlfferent degrees of

- ’.

conver51on restoratlon dlsparlty was also reached by’ the analy51s of

1

rec1procal recomblnatlon discussed in the prev1ous sectlon

N



In view of the preceding discgiiion it seems reasonable to suggest
that the marker effect of his1-30 is due to a preferential initiation of
correction of heterozygosity at that site on the non-parental strand,

i.e., the invading strand. A molecular basis for this is not suggested,
: o /
however the site may have some unusual properties with respect to repair.

{

As was noted in the Materials and Methods, a characteristic ef.this

mutant is a high induced homoallelic reversion rate.

Marker Effects of hisI-Is

- \ — ) B

- s ST

Tﬁe results of 22367 and LZ6 were cgmpaieavto‘see if the inclusion

of hisl-1s as an additional s;te of heterozyg051ty caused a change in .the
.conver51on spectrum of Pesl 315 and hisl-1. |
. THe data from the unselected tetrads showed that the frequency of
dEtectable recombination events was the same for-the two crosses, thus
"~ hisl-1s was not cau51ng a. gross dlsturbance in Tecombination such as that

4

. ) N
caused by the presence of hisl1-30. The significant effect detected, in

the unselected tetrads w an‘increaseugn co—conversio; of hisl-315 ;hd
- hési—l(in the‘th;!E—poiniiBross when compared to the two- p01nt CTOSS.
The frequency of conversion of:hzsl—315 was consistent for the two ~
crosses (X2,¥ .14,'p =/.7). However,'the freeueney of cenversion of
hisl-1 appeared to be increased. ‘The increase was not shown to be
»signifieaet although the y2 approaches signifieaﬁce (x2'= 1.8, p = .18).
-Hoheyer; ifrfhe,increase iﬂ co-conversion of hisl-315 gﬁﬁ hisl-1 were -
ehtifely at the exBense of'single—site convefsion i%bcould-be argued that
’ h ]

co-conversion should have an impact by reduc1ng 51ngle site conversion of

A

the allele with the lower frequency of conversion, i.e. hzsl 1 Then,‘—

. “A

" An the selected tetrads, wh1ch detect only single-site’ eonverlon but

‘ff*\;;_/

~€=;~‘;pn which data is more substantlal, a decrease in distal convertants

y



t(

\

]

. : .

. . N,

-

should be apparent. The amount of distal conversion among selected
tetrads in the two crosses cannot be shown to be different (x2 = .39,
p = .5). | | o | S

The’one Significant difference whicn was detected between the
selected tetrads from the two crosses is with respect to reciprotal
recombination, as was discussed in a previous section (Reciprocal
Recombination). The explanation offered for the observed decrease in.

Y :

reciprocal recombination was that the extra site of distal heterozygosity
resulted in an rncreased probability\ef correction and subsequently
prevented the mlgratlon oé a cross-strand back into the gene. This‘

Tesulted in an apparent increase 1n the extent of hybrld/DNdeGe/;;:

stablllzatlon of the half- chromatld chlasma in a more distal p051t10n

. o 5

ThlS explanation is alsd con51stent with the data ‘from unselected tetrads,.

which show increased co-conversion and probable increase in dlstal
convgrsion. Thus, the marker effect shown by hisl-Is may not be an
allele specific;effect, but may be attributable to the extra site of

migmatch which allows for greater probability of distal correction.

)
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Summary - L 4

The results of the analysis of conversion in five related diploids

. . et . ) . . . x i -
1nd1cates an overall consistency in conversion patterns. The recombln—

.

_ation pattern in all crosses indicates an asymmetrical dlstrlbutlon of

LT

hybrld DNA formatlon a strong proximal polarization of conversion
frequenc1es and an excess of distal exchanges. The pattern that emerges
is consistent with the formation and distribution of hybrid DNA predicted

»

b% a Meselson and Radding model ofirecombination'(1975).

Reciprocal recombination is thought to:occur by the same conversion

»mechanism which gives rise ‘to proximal convertants with an associated
!
({

exchange. The two different outcomes of the event depend on the dlrect—
1on of" correctlon of the heteroduplex The relatlve rarity of rec1procal
recomblnatlon is accounted for by postulatlng a' strand d1spar1ty in the

correction of the heteroduplex. The results suggest that heteroduplex
‘which consists of an 1nvad1ng strand and an invaded strand undergoes
correction on the 1nvaded strand more often than on the invading strand.

Independent support of th15 notion comes|from the marker effect

shown by h%SJ—ZO.‘ Thls allele has a low ba51t conversion frequenCy and f

1mposes this on alleles near it. Event frequencies in crosses involving

v . -
.

hisl-30 are also decreased,’ The observatlons are most easily explalned
! . Q)
byq:uggestlng that the site of hisl- 30. shows more correct7bn on. the

Rz .

1nvad1ng strand than did the other markers The expectaflon of th1sf in
llght ~of the prev1ous dlscuss?gn of rec1procal recomblnatlon would he -
that crosses carrylng htSJ-SO would §how hlgher levels~of rggiprocal e
recombination; The'crosses darrying this alDele‘didfshow‘relatively;

higher frequencies_of reciprocal "events. Higl-30 is gne of the very few

lvmarkers in yeast which has been shown to'have an appreciable m?rker:
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effect on other alleles 1n°h cross. The other exampie was'the deletion

descrlbed by Fink (1974). S i

The 1nc1u51on of hisl- ls in the three-point eross d1d not show the

dramatic marker effect of htsl 30. However, it is apparent that the -

'_extra site of heterozyg051ty does have an effectg.'Co—conversion is

i

increased and this increase is not totally at the expense of single-site *

conversion., Ev1dence 1nd1cates that .the frequency of conversion-of

K-S

hisl- 1 is increased. The second‘observation of an effect of hisl-1s is a

reductlon»of rec1proca1.recombination. These two observations are

‘ compatible with. each other if one supposes that once "isomerization occurs

)

in ‘a' Meselson and Radding model of recombination the cross strand is free "

to travel in both d1rect10nst It may be that movement towards the -

proximal end of the gene is prevented if correctlon has occurred The

5
° \ B

‘presence of two-distal 51tes~may increase the probability of correction'
and thereby prevent a proportion of the exchanges from re-entering the
region urder study. At-the same time this allows/for an increase in.

co-conversion.and should result in an increase in the conversion

(N

frequencies of the distal alleles. The results euggest that this is

B4 e

probably so.
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