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ABSTRACT

We have isolated 15 spontaneous mutants resistant to one or several anti-
biotics like chloramphenicol, erythromycin and spiramycin. We have shown
by several criteria that all of them result from mutations localized in the mito-
chondrial DNA. The mutations have been mapped by allelism tests and by
two- and three-factor crosses involving various configurations of resistant and
sensitive alleles associated in cis or in trans with the mitochondrial locus @
which governs the polarity of genetic recombination. A general mapping pro-
cedure based on results of heterosexual (w+ X =) crosses and applicable to
mutations localized in the polar segment is described and shown to be more
resolving than that based on results of homosexual crosses. Mutations fall into
three loci which are all linked and map in the following order: w—R,~R;—R,.
The first locus is very tightly linked with & while the second is less linked to
the first. Mutations of similar resistance phenotype can belong to different
loci and different phenotypes to the same locus. Mutations confer antibiotic
resistance on isolated mitochondrial ribosomes and delineate a ribosomal seg-
ment of the mitochondrial DNA. Homo- and hetero-sexual crosses between
mutants of the ribosomal segment and those belonging to the genetically
unlinked ATPase locus, O}, have been performed in various allele configura-
tions. The polarity of recombination between R;, Ry, R;; and O; decreases
as a function of the distance of the R locus from the & locus rather than as a
function of the distance of the R locus from the O, locus.

IN a preceding article of this series (Bororin et al. 1971) we briefly reported

some characteristics of mutants coded by the mit-DNA that conferred resist-
ance either to erythromycin or to spiramycin or simultaneously to both macro-
lides. We also proposed a mapping procedure based on the polarity of recombina-
tion and presented an outline of the genetic map deduced from a study of a few
antibiotic resistant mutants.

The purpose of this article is (a) to describe in detail the selection of a series
of mutants conferring resistance to one or several macrolides; (b) to study their
allelism systematically; (c) to perform a recombination analysis between genetic
loci delineated by allelism tests; (d) to analyze the mapping relationship with
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respect to chloramphenicol resistant mutants; (e) to analyze the mapping rela-
tionship of the linkage group uncovered in this manner to another mitochondrial
locus specifying ATPase functions. A biochemical study, carried on in parallel,
has shown that mutants belonging to the linkage group described here possess
altered mitochondrial ribosomes and raised the possibility that they can be
determined by modifications of ribosomal RNA (GriveLL et al. 1973).

MATERIALS AND METHODS

TECHNICAL PROCEDURES
All procedures employed (standard cross, replica plating and aliquot plating) have been
amply described elsewhere (CoEn et al. 1970; AVNER et al. 1973).

MEDIA
For the composition of most media see Coen et al. (1970) and Avner et al. (1973).
The three following media were not previously described.

Bacto- Yeast Buffer Spira-  Chloram-

Medium Bactopeptone agar extract Glycerol Ethanol 0.05 M mycin*  phenicol

N385 1% 2.3% 1% 2% - pH 6.25 05% -
(Sérensen)

N1C4S8 1% 2.3% 1% - 2% pH 6.25 0.8% 0.4%,
(Strensen)

N41S8 19 2.39 19, - 29, pH 5.3 0.8% -
(phosphate/
citrate
Mcllvaine)

* Spiramycine Base, Rhéme-Poulenc.

The N385 medium was used only in early experiments, being replaced in the later work by
a more selective medium N41S8 which differs from the former by its pH, carbon source and
drug concentration.

According to their level of resistance, the mutants studied in this paper show, when repli-
cated on N41S8, a variety of growth patterns ranging from rapid and regular growth of the
whole replica (e.g., Sy;,, ER,, , ER; ) to little and limited growth of the replica as a whole,
accompanied by the emergence after a few days of numerous papillae (e.g., S®,,,). The pres-
ence of papillae results in no ambiguity in distinguishing between resistant and sensitive colo-
nies since the latter shows no growth. A full description of the parameters of resistance at the
cellular level is given in SroNimskr et al. (1974), and at the mitochondrial and ribosomal level
in GriveLL et al. (1973).

STRAINS

Two parental strains were used in the selection of the various mutants 55R5-3C and DP1-1B
(see CoeN et al. 1970).

All genetic studies in the present work were performed using the meiotic progeny of the
diploids listed in Table 1. Some of these diploids (like 11.233, I1.240, 11249, IL.262, etc.) were
constructed by crossing the original mutants and isolating from selective medium (after ca. 20
mitotic generations) single colonies showing the desired phenotype. Other diploids (like 11.287,
11288, I1.292, etc.) were obtained from crosses involving spores of previous diploids (e.g., IL287
is obtained from a spore of 11262, see Table 1), Finally the construction of some of the diploids
is described in other publications (IL16, IL17, IL102, etc., see CoEN et al. 1974); IL778, etc.,
see AVNER et al. 1973).
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The haploid strains obtained by sporulation of a diploid strain are denoted by adding to the
name of the diploid a number (corresponding to the tetrad) and a letter A, B, C, D (correspond-

ing to the spore).

TABLE 1

List of diploid strains

Name of Isolated in the cross Mitochondrial
the diploid a a Phenotype genotype

IL16 55R5-3C/321 x DP1-1B/514 CRES wCE,, ES
W CF, B8 wtCSER,,

IL17 55R5-3C/321 x DP1-1B/514 CSER wtCSEE,
o CE,, ES otCSEE,

11102 55R5-3C/221 x 650-2C/36 CSER «w~CSER,,,
o CSEE,, w+CE, ES

1166 11.103-4D X 650-2C/36 CSESs wTCSES
wt+CR, ES ot+CR, ES

IL.187 IL46-11C x IL8-8C CRES wtCE , ES
«TCSES wtCR_, EE_

11216 I1L126-1C X DP1-1B CSER wtCSEER,,
wCE_, EE,,. w+CSES

11233 55R5-3C/353 x DP1-1B/551 SRER wtSE ER...
o SSEE,_ . ot+SE . ES

11240 55R5-3C/352 X DP1-1B/553 SRER wtSE ER .
=SB, ES wt+SSEE .

11.249 55R5-3C/354 x DP1-1B/517 CSER wCSEE, .,
o CSEE,_, wtCE_ ES

11.251 55R5-3C/354 x DP1-1B/517 CRER wCE_ EE..,
« CSEE__, wtCE_  ES

11.262 55R5-3C/321 x DPi-1B/551 CRSR wtCE,, SE .,
wCE,,, 88 wtCSSE_

11.287 55R5-3C/353 x IL262-2D CRSRER wtCE,, SR, EE, .
w CSSSEE ., wtCFy,, SB ES

11.288 55R5-3C/321 x IL233-3B CSSSER wtTCSSSER,
@ CEy, SSES wtCSSE ER, o

IL.290 IL.166-4B x IL251-6D CSER o+ CSER,
T CSES w+CE_ ER .,

11.292 55R5-3C/324 % IL240-6D CRERSS wCE,, ER, S8
W CFy, ESSS wtCSER, SR,y

11371 55R5-3C/321 X IL8-8C/E41 CRER oCE_, EE_ ,
wCE,, ES pwOCOEE

1442 55R5-3C/336/2x DP1-1B CSER wtCSER,, .
wCE_  ER, .. «+CSES

1L778 55R5-3C/1 X IL16-10B CROR 0 CE_, OF,
«~CSOR, wCE_, 08

IL781 55R5-3C/1 % IL187-7A CROR otCE,, OF,
w~CSOE, otCE 08

TL.841 55R5-3C/1 X IL249-4D ERQR «~ER,  ,OF,
o ESOE | o EER, 08

TL842 1L.836-2A X IL290-3C ERQR otER, . OF,
ot ESOE, otER 08

PS183 55R5-3C/321 x IL8-8C/E41 CRER o CR, EE_ .
wCE,, ES p-COEE

514
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RESULTS

SELECTION AND CHARACTERIZATION OF MUTANTS

The macrolide group of antibiotics, particularly erythromycin and spiramycin
are inhibitors of protein synthesis. In bacteria the acquisition of a high level of
resistance to one of these drugs is usually accompanied by a cross resistance to
the other.

In yeast it is known that spiramycin and erythromycin inhibit growth on non-
fermentable substrates. We therefore set out to obtain mutants resistant to the
action of these drugs on media containing glycerol or ethanol as sole carbon
source.

A simple technique allows for the selection of mutants resistant to either one
or both drugs according to the desired phenotype.

Selection procedure

All mutants were selected spontaneously. They were derived either from
strains 55R5-3C or strain DP1-1B (CoEN et al. 1970). A single colony of one of
these strains grown on non selective medium is picked up and spread out entirely
(ca. 102 cells) over the surface of a single Petri dish containing the selected anti-
biotic (see Figure 1). After about ten days a small number of colonies appear on
the plate. These colonies are replicated on a medium containing the other anti-
biotic. This process allows one to distinguish three phenotypes : S*ES, SSE® and
SEER the latter being obtainable by a primary selection for either E® or S®. The
distribution of mutant phenotypes according to the mother strain and to the pri-
mary selective medium used has not been systematically surveyed. Nevertheless,
the data though preliminary, do outline some trends in the appearance of
mutants.

When the primary selection is performed on N3E5 the mutants obtained from
either 55R5-3C or DP1-1B fall mainly into the EXS® class. Such E®S® clones as
55R5-3C/353 or DP1-1B/553 are rare exceptions.

A different situation arises if the primary selection is performed on N3S5. In
this, the two strains do not behave identically. All clones of 55R5-3C show a
rather large number of S*ES mutants (like S®;5,) and only rare S*E® mutants. As
for DP1-1B, two types of clones exist—one in which there is a majority of S*ES
mutants and another in which this type of mutant is very rare. There is no indi-
cation as to whether the difference between the behavior of the two mother
strains is due to difference in their mitochondrial or nuclear genomes.

Finally, only a single mutant is derived from a given sensitive clone. This
restriction is of particular importance in order to be certain that the mutants of
the same resistance phenotype derive from independent spontaneous mutagenic
events.

Characterization procedure

Each mutant is then purified by subcloning on non-selective medium (N3).
On this medium a single colony is picked up and tested for the retention of the
phenotype of the original mutant colony. If the results are positive, the usual
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Frcure 1.—Schematic representation of the isolation of independently arising spontaneous
mutants resistant to Erythromycin and/or to Spiramycin (for details see text).

critera for testing mitochondrial inheritance patterns are used (CoEN et al., 1970;
BoLoTIN et al. 1971; DruTscH et al. 1974): absence of meiotic segregation, exis-
tence of mitotic segregation, inclusion in the p* factor. The results are shown in
Table 2.

All these mutants were obtained spontaneously by a single selective step. This
leads us to believe that they result from a single mutational event. Nevertheless,

TABLE. 2

Isolation and characterization of mutants resistant to erythromycin and/or spiramycin

Mitotic segregation of

AntR ps. AntS among diploids from the cross Meiotic
segregation
p* Ant® with pt Aut® with p~ from AmE in tetrads
Strain number Phenotype ot AntS tester p~ from AntS tester with p+ AntS tester  AntE vs, AntS
DP1-1B ESSS  NO (all AntS) NO (all AntS)  NO (all AntS) 0:4
DP1-1B/514 ERSR YES NO (all AntR) NO (all Ants) 4:0
DP1-1B/551 ESSR YES NO (all AntR) NO (all AntS) 4:0
DP1-1B/553 ERSS YES NO (all AntR) NO (all AntS) 4:0
55R5-3C EsSs NO (all AntS) NO (all AntS) NO (all AntS) 0:4
55R5-3C/221 ERSR YES NO (all AntR) NO (all AntS) 4:0
55R5-3C/352 ESSR YES NOT TESTED NO (all AntS) 4:0
55R5-3C/353 ERSS YES NO (all AntR) NO (all AntS) 4:0
55R5-3C/354 ERSR YES NO (all AntR) NO (all AntS) 4:0
55R5-3C/336/236 ERSR YES NOT TESTED NOT TESTED 4:0

The second column indicates the phenotype for which a mutant was selected for (see Figure 1).
Diploids from the crosses indicated in the table were tested for mitotic segregation by replica
plating onto N3, N3E and N41S8 media. All other procedures used including those for tetrad
analysis are outlined in CoeN et al. (1970).



1068 P. NETTER et al.

the occurrence of two types of mutants expressing resistance to a single macrolide
ie., SFES and SSER raised the questions about the determinism of mutants
exhibiting resistance to both macrolides i.e., SFEE.

One could suppose that these SRER mutants were obtained in two mutational
steps, at two different loci, the first one conferring only resistance to spiramycin,
the second to erythromycin.

In order to test this possibility, we have crossed the S*'E® mutants with sensitive
strains and searched for the mitotic disjunction of S® and E® (i.e., the progeny of
crosses was replicated on N3E5 and N41S8 media). In the case of %, E;s5, and
EZ,,, neither S*ES nor SSE® colonies were found amongst respectively 287. 186
and 354 colonies scored. This clearly shows that the double phenotype SRE® is
conferred by a single pleiotropic mutation.

This fact does not rule out, of course, the possibility of constructing S*ER
recombinants (e.g., IL.233, I1.240) by crosses between an S*ES strain and an S*EF
strain but in this case, one can, very easily, dissociate the two phenotypes, as will
be seen below (Tables 10 and 11).

Evidence for the Existence of Three Non-Allelic Loci—R:, Ry and R

For the allelism test, we have adopted as a rule to search first for the wild-type
i.e. antibiotic-sensitive recombinants. Obviously, in crosses between phenotyp-
ically identical mutants (for example E* X EF) it is the only recombinant type
that we can recognize. But even when the other recombinant type (e.g., SE~,
as in the SRE® X SSEF crosses) can be distinguished, we preferred to consider, first
of all, the wild-type recombinants. In fact, it cannot be assumed, a priori, that the
cis association of two resistance mutations gives rise to an unambiguous pheno-
type. One has to envisage the possibility of interactions between certain resis-
tance-conferring mutations. An example of such interaction will be given. It has
been observed previously that no p+ C®EF recombinants could be found in crosses
of CE;35 byEF;:, although p+ CSE® recombinants were frequently observed (CoEn
et al. 1970). Subsequent studies have shown that the absence of cells expressing
the double resistant phenotype was due to the fact that the C%;;5 E®5,4 and C®s36
ER,,; recombination leads in a compulsory manner to the p~ mutation which pre-
vents, of course, the phenotypic expression of the resistance genotype. We have
shown this in two ways: (a) a particular C? EE;,, p~ mutant, IL8-8C/E41, trans-
mits 839 of the E® genetic marker to the diploid progeny (see Fayk et al. 1973)
which contains in that case less than 59, of the p~ cells. This is true only when the
p*t E? partner of the cross does not carry the C®;; mutation. In the latter case the
diploid progeny contains about 809 p~ cells and no single p™ C® EF cell. This is
precisely the result predicted if C%;;,ER5:, recombinants give rise to p~ cells. (b)
In a cross pt CRy36 ES X pt+ C% ER,,, one isolates p~ diploid cells and by triploid
crosses to a p* C% E¥ tester (technique described in details in MicxagLts, PETRO-
cuiLo and SronNiMskr 1973) one shows that many did contain simultaneously
CP34s and EE,,; genetic markers, while not a single p* cell could be found contain-
ing the two genetic markers together. It is probable that a combination of two
modifications in the mitoribosome, none of which is individually deleterious, is so
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harmful that mitochondrial protein synthesis is impaired and a p~ mutation
ensues. This “mitochondrial lethality” is characteristic of some specific combina-
tions of heteroalleles at the R; and R, loci, while other E? mutations, like EZ,;,,
are compatible with C%y; (see Tables 2 and 14 of this paper and DuJoN in
preparation; SroNimskl et al. 1974). It should be stressed therefore that if
no double-resistant recombinants are found, it may mean either that the single-
resistant mutants are alleles, or that they are non-alleles, but the genetic
recombinants between them are “mitochondrial lethals” or otherwise pheno-
typically not detectable. This is not the case for sensitive recombinants for which
it has been shown that they are identical by all criteria employed to the reference
wild-type strains (SLoNIMsKI ef al. 1974).

Two facts must be kept in mind when assessing the limits of the analysis
based on the search for sensitive recombinants. The phenotype of the recombi-
nants does not allow the use of a positive selection method. Sensitive colonies
amongst a background of resistant ones must be identifed by replica plating; this
is rarely performed on more than a thousand colonies. The absence of sensitive

colonies in a total of 72 colonies tested can only be taken to mean that their fre-
1

quency is less than . In our case, then, a negative result means that the

frequency of recombinants is less than 0.49.

The selection of recombinants is also limited by several features of the mito-
chondrial genetic system which depends on the mitochondrial » determinant
(see BoLoTiN et al. 1971; CoEN et al. 1974). One of the characteristics of hetero-
sexual crosses (crosses between o~ and ot strains) is the existence of a polarity
of recombination. If the following cross is performed: ot A+B+ X v=A~B- (where
A and B stand for two loci), very unequal frequencies are obtained for the A+B-
and A B* reciprocal recombinants. In such crosses one of the recombinants is
always more numerous and therefore easier to detect. In homosexual crosses the
reciprocal recombinants are equally represented but their frequency is less than
that of the major recombinant in the corresponding heterosexual cross. Keeping
these facts in mind, Figure 2 shows that the best possible configuration for detect-
ing sensitive recombinants, in crosses of two resistant mutants of similar pheno-
type, is that of cross number 2 where such recombinants constitute the major
recombinant class. In the homosexual crosses 3 and 4 they may also be detected
but the conditions are less favorable.

Ideally, one would like to perform both types of heterosexual crosses as in the
case of mutations E%;,, and E®;,, (cf., Table 3). Unfortunately, this is not always
possible. A drug-resistant mutation isolated in a o~ strain can be readily trans-
ferred to an o™ genome (as shown in CoEn et al. 1974); the reverse however is
not easy. To obtain a »~ Drug® strain from a o+ Drug® one, one has first to dis-
sociate the Drug® mutation from the o+ locus. This can be done by obtaining a p~
»® DrugF petite, and thereafter by crossing this petite to a p+ »~ Drug® grande, in
order to isolate p* Drug® diploids. After sporulation, genetic analysis of haploids
shows that the mitochondrial genotype of such a diploid is v~ Drug®. This experi-

1 3.7 is the 95% confidence limit of the term 0 of a Poisson distribution.
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Ficure 2.—Schematic representation of the facility of detection of antibiotic sensitive recom-
binants between two, AR and BR, antibiotic resistant non-allelic mutants as a function of the
ot vs. w= configuration (for details, see text).

2

ment was performed only with the EZ;,, marker (Bororin-Fukumara et al.
1974). Therefore most mutations isolated in o+ strains exist only in »* genome
with the exception of E¥;,,.

It is apparent that the absence of sensitive cells in a cross of two resistant
mutants may result from two distinct causes: either the mutants are alleles or
the mutants are non-alleles, but the cross corresponds to the genetic configuration
1 of Figure 2. To solve this ambiguity we have proceeded as follows. A number
of reference strains were constructed, every mutation being associated with o*
and o (0tERyy = 11216, o EF;y = IL102; otERy, =1117, o ERgy, = 113715
T BBy, = 112905 o ERys, = IL249; o*CFyy = IL187; o CFyy =1IL16, etc.). A
new mutant is crossed by a ot and by a o reference strain carrying tester
markers. Out of these two crosses at least one corresponds to the configuration 2,

TABLE 3

Allelism tests between erythromycin- and/or spiramycin-resistant mutants

Cross otEB,, X wER,
(ER) (ES) Colonies
11.216-1D X PS183-5B 304 0 304
11.216-1C x IL371-1D 380 0 380
11.216-1C x IL371-1D 139 0 139
Total 823 0 823
Cross wtER X wEER,,,
(E®) (ES) Colonies
IL17-1D x IL102-9D 738 0 738
IL17-1D x IL102-9D 361 0 361
Total 1099 0 1099
Cross otER 8% X «ESSR,,
(ERSS) (ESSR) (ERSR) (ESSS) Colonies
11.288-1D X 55R5-3C/352 287 70 0 0 357
11.288-5C x 55R5-3C/352 160 28 0 0 188
Total 447 98 0 0 545

Standard cross conditions. Quantitative analysis by replica plating of random diploid cells onto
N3, N3E and N41S8 media according to the markers present.
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3 or 4 of Figure 2. If neither of the two test crosses yields sensitive recombinants,
the mutant is considered to be allelic to the tester.

The situation is more favorable when the two mutants to be crossed have
different phenotypes since both recombinant types can be detected barring pos-
sible phenotypic interactions in the double resistant recombinant (see above).
For example, in the case of mutation S%;, and E%;;; (Table 3), if these two
mutations were not allelic, one of the recombinant types SPER or SSES ought to be
detectable in a heterosexual cross between these mutants, because, regardless of
the order of markers, one of the recombinant types has to be the major one.

Allelism tests between chloramphenicol-resistant mutants

In a previous publication (Coen et al. 1970) mitochondrial mutations con-
ferring resistance to chloramphenicol, another bacterial protein synthesis inhib-
itor, were described. In order to find out whether these mutations concerned one
or more loci the crosses described in Table 4 were performed; it can be seen that
no sensitive recombinants were recovered irrespective of the configuration of
the cross (homo- or heterosexual). Therefore mutations C%;y7, C®s21, CFas4, CFis,
CF,36 belong to the same locus designated R;. It has been shown previously that
CP%y; is allelic to C®;,, and to CBs; (Coen et al. 1970). The R; locus contains
therefore at least 7 independently isolated chloramphenicol resistant mutations.

Allelism tests between macrolide-resistant mutants

The fact that mutations E®;,, and EE,,, are allelic has already been mentioned
(cf.. Table 3). These two mutants which are EXS® have been used as partners in
crosses with ERSS, ESS® or EFS® mutants, recombinants being characterized by
the absence of growth on N3E5, N41S8 or both.

The results of the crosses performed are shown in Table 5. It can be seen that
there are no ESS® recombinants when mutants $®.;,, E®4;; and E?,5, are crossed
either to E%,,; (homosexual crosses) or to E®;,, (heterosexual crosses). This is in
agreement with the finding that S%;;, and E®,;; when crossed to each other be-
have as alleles. We can therefore define a locus including mutations EZz,, E®54,
EF;4, SEi50 and EFy;,. We have designated this locus Ry,

TABLE 4

Allelism tests between chloramphenicol-resistant mutants

55R5-3C/321 55R5-3C/324 56R5-3C/325 IL187-4C or 7A
@ CRy @ CFy 0 CFys @ CPy

DP1-1B/517 CR = 1401 col. CE = 1374 col. CR = 1501 col. CR:= 376 col.
otCE, C8= Qcll. C8= Ocol. C8= Ocol. CS= Ocol
IL 16-5A CR = 775 col. CE = 342 col. CR = 616 col.

o CB_,, Cs = Ocol Cs = Ocol CS = Ocol

55R5-3C/336 CR = 1375 col.
o CB, . Cs = Ocol

Conditions as in Table 3. Replicas onto N3 and N3C media.
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TABLE 5

Allelism matrix of erythromycin- and spiramycin-resisiant mutants

ERg 1, SBg50 ER s ERyy, SPgs1 EE g
ER,,. — — — -+ not tested  not tested
ER514 _ - + + +
SR'352 - + + +
Ry, + + +
ER354 ‘— -
SEer not tested

Summary of experiments performed as in Table 3. .
(—): no recombinant ES S8 colonies found in a sample of 1000 (or more) colonies replicated.
(+): presence of recombinant ES S8 colonies.

Mutants EF,;,, 8% and ERss; when crossed to mutants belonging to Ry
always produce sensitive recombinants. Furthermore, when crossed to each other
they do not give rise to sensitive cells. This means that they constitute another
locus, we have called locus R;;.

Table 6 presents the results of a series of isonuclear crosses for which the values
may be compared quantitatively as well as qualitatively. It can be seen that
those mutants we have classified as alleles—i.e., S®s5, and E?s55 or S%s55; and EF;;
—behave in a very similar manner when crossed to the same partner.

In conclusion, mutations conferring resistance to the macrolide group of anti-
biotics can arise at two loci at least; one includes mutations EFy5,, E¥555 and S%55

TABLE 6

Frequency of wild-type CSESSS recombinants in isonuclear anisomitochondrial crosses

DP1-1B
(e hitr) pF ot
/514 /551 /553
EEg, 8B, ER__.
/321 21.6% 1.79 5.8%
CEysy (1368/6332)* (7/389) (63/1078)
/352 0% 1.0% 1.19
55R5-3C SBy5a (0/587) (15/1568) (8/708)
(aur) pt o /353 0% 1.0% 139
EB, ., (0/596) (20/1988) (9/697)
/354 12.29, 0% 0%
BBy, (126/1038) (0/233) (0/808)

Standard cross conditions. Quantitative analysis by replica plating of random diploid cells. The
frequencies of wild type CS ES S8 diploids among total p+ diploids are given and the number of
colonies scored is given in parentheses.

*In a single cross ca. 200 diploid colonies are scored. The data give the sum of colonies scored
in successive repeats of the cross. In this case there have been 25 repeats performed over a period
of 3 years (see Table 5a, CoEN et al. 1974).
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(].OCuS Ru); the Other iIlCludeS ERggl, ER514, ER236, ER'353 and SR352 (locus RII[) . RU
and Ry can both be shown to be distinct from R; by the occurrence of recomb-
Inants in crosses to mutants of that locus.

Topology of loci Ry, Ry, Rint in relationship to each other and to the o locus
Two-factor heterosexual crosses

The demonstration of the existence of three loci gives no indication as to their
location on the mitochondrial genome. To establish topological relationships
among them, the influence of the mitochondrial determinant » on recombination
must be taken into account. It has already been stated that in heterosexual crosses
involving two mutations at different loci, one of the recombinant classes is much
more frequent than the other. One cannot explain this result by simply consider-
ing the distance between the markers since the reciprocal recombinants should be
present in equal numbers, as indeed they are in homosexual crosses.

In heterosexual configurations, recombination depends not only on the distance
A-B but also on the topology of A and B in respect to o. As shown elsewhere
(Borotin et al. 1971; Coen et al. 1974), all recombinants are % in such crosses.
To be present in a recombinant genome a resistance marker introduced in the
cross by the »~ parent must be separated not only from the other parental resis-
tance marker—this event being dependant on the distance between the two
resistance markers—but also from the o~ allele; the latter event will happen all
the more often as the distance between the resistance marker and the - allele
increases. A heterosexual cross involving two resistance markers A and B behaves
in fact like a three factor cross involving loci », A and B, with a strong selection
operating in favor of the o+ allele. These characteristics confer an orientation to
the mitochondrial genome with respect to the » locus. The frequency of recomb-
inants in heterosexual crosses is therefore a function of the position of the alleles
considered with respect to o* and a function of the distance between the loci. Let
us consider a cross of o+ A+B+ X o= A~B-. Both recombinants A*+B~ and A-B+
will be »+. We would like to distinguish between orders v—A—B and «—B-A. If A
is closer to » than B the recombinant o+ A~ will be less frequent than the recom-
binant »+B-, Therefore

T Sy

A~ Bt
Now, using the convention introduced in Bororin et al. (1971),  is placed to the
left and the other markers are located with respect to by applying the following
rule:

LR

L- Rt

In this formula, L stands for the marker on the left and R for the marker on the
right.

The methodology, outlined above, can be used to locate the three loci Ri, Ry,
Ry, and the results will be given in the following paragraphs. Amongst all the
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theoretically possible combinations of mutants, only a subset was studied. This
is due to the fact that one must be able to detect phenotypically both recombinant
types in order to apply the method. This precludes the two factor crosses between
mutants of identical or similar phenotypes, since only one recombinant, the sensi-
tive one, would be detectable in these crosses.

Crosses of mutants at the locus R, by the mutants at the locus Ry

Table 7 gives the detailed results of crosses between EF;, on the one hand and
CEy21, CF304 and C%y; on the other. Signs R+ and R, stand for the alleles of locus
R; brought into cross by the ot and »~ genome respectively. This nomenclature
holds no implication as to what type of resistance is involved (C, S or E), nor
does it specify whether the allele referred to is the resistant or the sensitive one.
The same nomenclature will be used for the other two loci.

The first remark one can make is that the homogeneity of the results of similar
crosses is satisfactory. For instance, the eight crosses in the upper part of Table 7
give very similar results for both parental (R;* R, +; R Ri~) and recombinant
(Rr Rut; Rt Ry) categories, although the nuclear genotypes of the diploids
vary from one cross to another.

Furthermore, there does not seem to be any selective advantage of one or the
other cell types, resistant or sensitive, since it can be seen by comparing the two
parts of Table 7 that each of the four genotypic classes R;t R+, R Rir, Ri™ R
and R Ryt is present at comparable frequencies from one set of crosses to the
other, independent of the actual phenotype—e.g., R;™ R+ is CSEF in the upper
set of crosses and CRES in the lower one, etc.

Once the risk of distortion due to selective pressures has been eliminated, one
can compare the frequencies of the recombinants: it appears that the recom-
binant carrying the plus allele at locus R; and the minus allele at the site of Egs,
is always the more numerous; on the average

RI+ E—354 _ 280

RrEty, 4
We therefore deduce that the order on the genome must be o—R~E®;;,. The
same analysis can be done on crosses of CE,,; with 8%, (cf., Table 8) (notice

that in one case, for IL262-2D, the resistant markers are in a cis configuration).

Again little influence of nuclear genome or mitochondrial allele type is notice-
able.

=70>>1;

RI+ S‘;—,sl 22
Rr S+5;— N —0__ >>1
This implies that the order is o—R—S%;5;
Similarly it can be seen that (cf., Table 9)
Rt By _ 116
R E+g,; 1
establishing that the order is o—R~E%;;;.
The data obtained in these experiments do not conflict with those obtained

>>1
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TABLE 7

Heterosezual two-point crosses:

Respective order of w, CR,,, and ER
324
517

354

Cross wTCSER, ., X & CE,, ES
324
R+ R+ R~R~; R+R~; RRty
(CSER) (CRES) (CSES) (CRER) Colonies

11.290-3C X 55R5-3C/321 203 16 5 0 9224
11.290-5C X 55R5-3C/321 166 61 5 1 233
IL.290-5B X IL16-10B 497 18 21 0 536
11.290-5C x IL778-3D 113 18 2 1 134
11.290-4B X IL778-2B 130 24 1 0 155
IL842-6A X 55R5-3C/321 84 20 2 0 106
TL.842-6A X 55R5-3C/324 83 30 3 1 117
I1.290-5C X 55R5-3C/324 97 47 4 1 149

Total 1373 234 43 4 1654

Average 83.0%  14.19 2.6% 0.29%

Cross 0tCR, ES X wCSER,,

517
R+ Rty R-R~y  R+R~y  RRty
(CRES) (CSER) (CRER) (CSES) Colonies

11.187-4C x 1L.249-4D 161 12 17 0 190
IL187-7A x 11.249-2D 402 8 43 0 453
DP1-1B/517 X 55R5-3C/354 296 13 12 0 321
11.187-4B x IL.841-2A 135 0 3 0 138
IL187-2D X IL841-3A 134 6 18 0 158
IL187-6D X IL841-1A 167 1 22 0 190
IL781-3A X IL249-7B 292 6 30 0 328
11.781-1A x IL249-8C 309 0 4 0 350
IL.781-1A X IL249-4D 415 3 40 0 458
1L187-4C x IL841-2D 123 6 11 0 140
Total 2434 55 237 0 2726
Average 89.39%, 2.09% 8.7% 0%

Standard cross conditions. Quantitative analysis by replica plating of random diploid cells on to
antibiotic containing media (N3, N3C, N3E, N3CE, N41S8, N1C4S8) according to the markers
present in the cross. Each line corresponds to a different cross and the last column indicates the
number of colonies replicated. The mitochondrial genotype of the two haploid parental strains is
given in the headline in the same respective order as the names of the strains given in the first
column. The symbols in brackets (CSER, CRES, etc.) represent the types of cells found amongst
the diploid progeny and the corresponding numbers the frequency with which they are observed.

The symbols R;, Ry; and Ryy; designate the three ribosomal mitochondrial loci, and the super-
script + or - designates that the allele at a given mitochondrial locus is derived from the o+ or o~
parent irrespective of whether they are resistant or sensitive.
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TABLE 8

Heterosezxual two-point crosses:
Experimental conditions and symbols as in Table 7.

Cross ot+CSSE, . X o CE,, S8
Rt Rty R~ R~ Rt B~y BBty .
(CSSR) (CRSS) (C888) (CRSR) Colonies

11.233-3B X 55R5-3C/321 523 26 13 0 562
DP1-1B/551 X 55R5-3C/321 369 12 7 0 388

Total 892 38 20 0 950

Average 93.9% 4.0% 2.1% 0%

Cross wtCE,, S ., X o CSS8
(CRSR) (CsS8) (CRSS) (C8SR) Colonies

11.262-2D X 55R5-3C/353 324 7 2 0 333

Total 97.3% 21% 0.6% 0%

for the allelism tests. If the value for the major recombinant class is taken as a
basis for an estimate of the genetic distance between locus Ry and locus Ry it is
found to be 6.4%, 1.79% and 3.7% respectively for mutants EFy;,, SB551, E®555 in
combination with various locus R; markers. These values are compatible with
the order «-R Ry with the average value for the major recombinant class

TABLE 9

Heterosexual two-point crosses:
Respective order of w, CR,,, and ER .,
or 324

Experimental conditions and symbols as in Table 7.

Cross wHCSEER,, X o CRy ES
324

Rt Rty R-R+y  RtR~y  RRYy

(CSER) (CRES) (CSES) (CRER) Colonies
DP1-1B/553 X 55R5-3C/321 435 18 16 0 469
DP1-1B/553 X 55R5-3C/321 208 6 10 0 224
DP1-1B/553 X 55R5-3C/321 303 45 37 0 385
DP1-1B/553 X 55R5-3C/324 655 17 29 1 695
11.240-6D X 55R5-3C/324 160 13 7 0 180
11.240-6D X 55R5-3C/324 244 17 3 0 264
1L.240-8A X 55R5-3C/324 288 11 7 0 306
Total 2293 127 102 1 2523
Average 90.9% 5.0% 4.0% 0.04%,
Cross wtCE BB . X o CSES
(CRER) (CSES) (CRES) (CSER) Colonies
1L.292-6A X 55R5-3C/352 224 12 2 0 238
1L.292-2B X 55R5-3C/352 315 34 12 0 361
Total 539 46 14 0 599

Average 90.0% 7.7% 2.39% 0%
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between these two loci being 4.8%, as determined on 30 crosses and 8785 colonies.
(Minor recombinant = 0.059%).
Crosses of mutants at the locus Ry by the mutants at the locus Ry
In these crosses the following figures were obtained in cis or trans associations
of resistance markers (Table 10).
E+ 555 S8 352 . 716
E=555 Stise - 20
In this case a fairly large fluctuation is observed for the major recombinant
class frequency, but this does not blur the order of the markers which most
probably is o—E®;5;~SE;5,.
From Table 11 it can be shown that
S+ts51 Euss 280
87551 Et 353 22 > 1
The order o—~S®;5:~E®554 is therefore probable.
These results point to the order w—R;—Ry;. The average frequency is close
to 18.99 for the major recombinant and to 0.80% for the minor recombinant as
determined on 15 crosses and 5266 colonies.
Crosses of mutants at the locus Ry by the mutants at the locus Rur:
The crosses of Table 12 give the following results:

Rt Sy 540
Ri Sty5 7

>>1

>>1

TABLE 10

Heterosexual two-point crosses:
; R R
Respective order of w, ER__. and SR,

Cross wtEE .88 X o ESSE,,
RtyR+y RyRy RtpRyy RyRtyy .
(ERSS) (ESSR) (ERSR) (ESSS) Colonies
Experimental conditions and symbols as in Table 7.

DP1-1B/553 X 55R5-3C/352 257 5 20 2 284
DP1-1B/553 X 55R5-3C/352 308 36 74 6 424
DP1-1B/553 X 55R5-3C/352 300 42 80 5 427
11.292-6A X 55R5-3C/352 177 14 47 0 238
1L.292-2B x 55R5-3C/352 192 42 123 4 361

Total 1234 139 344 17 1734

Average 71.29, 8.0% 19.8% 1.0%

Cross otEE, SR _, X wESSS
(ERSR) (ESSS) (ERSS) (ESSR) Colonies

11.240-6D X 55R5-3C/324 91 18 69 2 180
IL240-6D x 55R5-3C/324 154 20 90 0 264
I1.240-8A X 55R5-3C/324 160 17 128 1 306
11.240-8A X 55R5-3C/1 289 17 85 0 391

Total 694 72 372 3 1144

Average 60.8% 6.3% 32.6%, 0.3%
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TABLE 11

Heterosezual two-point crosses:
Respective order of », ER,., and SR,

Experimental conditions and symbols as in Table 7.

Cross wtESSE, . X o EF, 8%
R+ R+, R-yR-y RtyRy RyRtyy

(ESSR) (ERSS) (ESSS) (ERSR) Colonies
DP1-1B/551 X 55R5-3C/353 337 25 1 48 411
DP1-1B/551 X 55R5-3C/353 576 26 16 95 713
DP1-1B/551 X 55R5-3C/353 212 3 2 29 246
DP1-1B/551 X 55R5-3C/353 324 6 1 24 355
DP1-1B/551 X 55R5-3C/353 210 16 0 37 263
Total 1659 76 20 233 1988
Average 83.5% 3.8% 1.0% 11.7%
Cross wtER, SE . X o ESSS
(ERSR) (ESSS) (ERSS) (ESSR) Colonies
I1.233-1C x 55R5-3C/1 301 53 2 47 403
Average 74.7% 13.1% 05% 11.79%
TABLE 12
Heterosezual two-point crosses:
Respective order of w, CR,,, and S®,,,
517
Experimental conditions and symbols as in Table 7.
Cross wtCR, .88 X »C8SE,,
324
RtR+yy RRyy RY Ry RRYy
(CRSS) (C8SR) (CRSR) (CSS8) Colonies
DP1-1B/517 X 55R5-3C/352 225 6 20 2 253
DP1-1B/517 x 55R5-3C/352 266 2 34 0 302
IL.292-6A x 55R5-3C/352 177 12 49 0 238
1L.292-2B X 55R5-3C/352 192 30 135 4 361
Total 800 50 238 6 1154
Average 74.5% 4.3%, 20.6% 0.5%
Cross wtCSSE, ., X o CE,, S
(CSSR) (CRSS) (CSSS) (CRSR) Colonies
IL240-6D x 55R5-3C/324 93 13 74 0 180
11.240-6D x 55R5-3C/324 154 17 93 0 264
1L.240-8A X 55R5-3C/324 160 10 135 1 306
Total 407 40 302 1 750

Average 54.39%, 53% 40.3%, 0.19
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The order is o—R;—S%;s,
Similarly crosses of Tables 13 and 14 establish that

Rt E-35; _ 201 Rt Eys _ 82
Ry Etys; 1 >> 1 and R Etyy T4
The orders are w—R;—EF5; and o—R—E®,46

If one considers the results obtained by Corw et al. (1974) (presented in Table
11) with other mutants at the R;;; locus (especially E®;,, and E®5;,) one obtains
the following results:

>>1

Rt Ry 17057

= >
Rf R+111 14‘5 > 1

The conclusion is therefore that the order 1s o—Ri—Rin.

TABLE 13

Heterosexual two-point crosses:

; R R
Respective order of w, C®,,, and ER,,
517

Experimental conditions and symbols as in Table 7.

Cross wtCE,, ES X o CSEE,,,
517
R* R+, R~ Ry RY Ry RyRtyg
(CRES) (CSER) (CRER) (CSES) Colonies
11.262-2D X 55R5-3C/353 316 7 10 0 333
DP1-1B/517 X 55R5-3C/353 144 3 12 1 160
DP1-1B/517 X 55R5-3C/353 266 4 28 0 298
DP1-1B/517 X 55R5-3C/353 360 4 40 ] 404
Total 1086 18 90 1 1195
Average 90.99% 1.5% 75% 0.19
Cross
wtCSEE, .. X o CR,, ES
(CSER) (CRES)  (CSES) (CRER) Colonies
1L233-3B x 55R5-3C/321 495 26 111 0 562
Average 75.6% 4.6% 19.7% 0%
TABLE 14

Heterosexual two-point crosses:
) . Respective order of w, CR,,, and ER, .
Experimental conditions and symbols as in Table 7.

Cross wtCSER, . X o CR,, ES
R+t Rty RyBpy R Ry BBty
(CSER) (CRES)  (CSES) (CRER) Colonies

IL442-4A X 55R5-3C/321 317 15 82 4 415
Average 76.49, 3.6% 19.7% 0.249%,
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The average frequency is 25.09% for the major recombinant and 0.229, for
the minor recombinant (71,574 colonies counted). The frequencies obtained with
only the three mutants S,;,, E®,;; and E®;,s were 20.29% for the major and 0.3%
for the minor recombinant amongst 4076 colonies, results compatible with the
overall frequency involving the five alleles at the R;; locus. Table 15 summarizes
the data for two point crosses. All the results are consistent and lead to the unique
order

WRI—RII_RIIP

Two-Factor homosezual crosses.

Homosexual crosses o1 X ot and o~ X o~ do not exhibit a polarity of recombina-
tion and therefore do not yield any information on the situation of the markers
with respect to . However these crosses do allow another estimate of the genetic
distance between the markers by postulating that this distance is proportional to
the frequency of the two recombinants which are approximately equal.

Homosexual crosses between EZ,;, and the mutants of locus B; (Table 16) call
for a special comment: in both homosexual configurations o~ X o~ and o+ X o™
there appears to be a deficit of CSES recombinants (0.2/3.3% or 0.3/1.3%). This
deficit does not occur when the recombinants are CRES and CSER, found with 2.1
and 1.5% frequencies (in crosses where the markers are in the cis configuration
instead of the trans configuration). It is improbable that wild-type cells would be
strongly selected against. The deficit could be due however to a very slow mitotic
segregation in these crosses since in order to be scored as CSES, a colony must be
devoid of any CRES or CSEF cells. Consequently, a late segregation could possibly
lead to an overestimate of the CREF recombinant.

In order to minimize such effects, the frequency of recombinants in homo-
sexual crosses shall be expressed as the sum of the frequencies of reciprocal
recombinants.

TABLE 15

Summary of two-factor heterosexual crosses and deduced order in respect to o

Data from: ® R, Ry Ry
Table 7 CEyo ER'354
324
517
Table 8 CE,,, Sy
Table 9 CE,y, EE, .
324
Table 10 ER g, SBgs0
Table 11 SBy o1 ERy5y
Table 12 CE,,, SB45s
517
Table 13 CE,,, ER s,
517
Table 14 CE_,, EEyq
CoEN et al. (1974) CE,,, ER,y

514
and others and others
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TaBLE 16

Homosexual two-point crosses involving Ry and R,; loci

-CE.__ES ~CSER
Cross wCE,, ES X o CSEE,,,
324
325

(CRES) (CSER) (CSES) (CRER) Colonies

55R5-3C/321 X IL.249-4D 104 140 1 15 260
IL.16-10B x 11.249-2D 129 254 1 28 412
IL16-10B X 55R5-3C/354 175 187 2 7 371
1L778-3D x IL.249-4D 70 104 0 6 180
IL778-1A X IL249-1A 79 151 1 6 237
IL778-2B x IL249-2A 115 134 1 9 259
55R5-3C/321 X IL.249-1D 291 171 0 11 403
55R5-3G/324 X IL249-1D 279 136 0 10 425
55R5-3C/325 X IL249-1D 173 115 0 3 291

Total 1345 1392 6 95 2838

Average 47.5%, 49.09%, 0.2% 3.3%

Cross wtCR, ES X ot+CSER, .,
(CRES) (CSER) (CSES) (CRER) Colonies

11.187-4C x 1L.290-3C 298 146 1 8 453
IL187-7A x IL290-5B 156 58 1 2 217

Total 454 204 2 10 770

Average 59.0% 26.6% 0.3% 1.3%

Cross otCR ER ., X otCSES
(CRER) (CSES) (CSER) (CRES) Colonies

11.251-6D x IL166-4B 314 98 5 7 424
11.251-7B X IL166-4B 158 72 5 7 242

Total 472 170 10 14 666

Average 70.99% 25.5%, 1.5% 2.19%

Recombinants 137/4274=—3.29%

Experimental conditions and symbols as in Table 7.

This leads to a frequency of 3.2% between loci R; and Ry, as estimated on 4274
colonies in 13 crosses (Table 16).

The same operations can be done for homosexual crosses between loci R;; and
Ry and lead to a frequency of 8.99% (Table 17).

The detailed results of homosexual crosses between locus R; and locus Ry
involving E%,,, or E;,, for the latter locus are presented elsewhere (CoEw et al.,
1974). In addition we now have the results for crosses involving EZ;;, S®.5, and
EFy (Table 18). The recombination frequency between R; and Ry stands at
9.09% in 5 crosses and 2188 colonies scored for these three mutants.

If one includes the data of Coen et al. (1974), (Table 11), the frequency of
recombinants between R; and Ry;; becomes 9.69% (63255 colonies scored).

In summary, the frequency of recombinants between R; and Ry, is 3.2%,, that
between Ry and Ry is 8.9%, while that between R; and Ry is 9.6%. These
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TABLE 17

Homosezxual two-point crosses involving R;; and R, loci

Cross wtER SR, ., X oTESSS
(ERSR) (ESSS) (ERSS) (ESSR) Colonies
I1.240-8A. x I1.166—4B 243 180 20 17 460
1L.240-8A X IL166-4B 126 62 7 3 198
11.240-6D X IL166-7B 75 144 13 5 234
Total 444 383 40 25 892
Average 49.89, 42.99, 4.59%, 2.89%
Cross 0tSB ER, . X o+SSES
(SRER) (SSES) (SRES) (SSER) Colonies
11.287-7C X DP1-1B 176 256 22 20 474
11.287-10D X DP1-1B 175 228 28 26 457
Total 351 484 50 47 931
Average 37.7% 52.09, 5.49, 5.0%
Recombinants 162/1823 —= 8.99,
TABLE 18
Homosezxual fwo-point crosses involving R, and R, loci
Cross 0 CR,, ES X «CSER,,
(CRES) (CSER) (CSES) (CRER) Colonies
IL.16-10B x 55R5-3C/353 233 201 16 44 494
Average 47.29, 40.7% 3.2% 8.9%
Cross wTCR_, ER, . X otCSES
(CRER) (CSES) (CSER) (CRES) Colonies
11.287-7C x DP1-1B 175 257 21 21 474
11.287-10D x DP1-1B 175 298 26 28 457
Total 350 485 47 49 931
Average 37.6% 52.19 5.0% 53%
Cross wCR_,, 88 X wCSSE,,
(CRSS) (CSSR) (CsS8) (CRSR) Colonies
IL16-10B X 55R5-3C/352 268 178 4 14 464
Average 57.8% 38.49, 0.9% 3.0%
Cross wtCk, ES X ot+CSEER,, .
(CRES) (CSER) (CSES) (CRER) Colonies
11.187-4C x IL442-4A 131 144, 8 16 299
Average 43.8% 48.29% 2.8%, 5.3%

Recombinants 198/2188 = 9.09,
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results indicate that R; and R,; are more closely linked than any other combina-
tion of loci and are therefore compatible with the order deduced from the hetero-
sexual crosses—i.e., o—R,—~Ri—R ;1.

T hree-factor heterosexual crosses

Although the results of all the two factor crosses are in good agreement, this
type of cross suffers from the obvious disadvantage of not allowing the analysis
of events at the three loci simultaneously. The great variety of nuclear and mito-
chondrial genomes used for the two factor crosses is a guarantee against possible
experimental bias, nevertheless three factor crosses offer a necessary confirma-
tion of the presumed order.

The derivation of the necessary double mutant strains (IL233; T1.262; 11.240)
is described in Table 1. The results of the three point heterosexual crosses are
summarized in Table 19.

The frequencies of genetically equivalent classes may vary considerably from
one cross to another. Nevertheless in all cases the relative frequency, within any
one cross, of the 8 cellular types follows the same rule:

Rt; R+ Rty greater than

R*; R+ Ry greater than

R-1 Ry Ry greater than

R+; Ry Ry greater than

RY Ry R, Ry RYy RYyyy R Ry Ry and R Ry R .

Setting aside the parental classes, the major recombinants of each reciprocal
class are R*;R*; Ry (25.2%) followed by R*t; R Ry (1.9%) and Rt
Ru R (0.2%).

This result confirms the order R, Ry, R;;. The Rt; R~ R*; class represents
the double recombinant, and its frequency is in agreement with the expected
value which is the product of the frequency of the R+; R+, R, class (25.2%)
by that of the R+, R~y R~y class (1.99).

The minor recombinants of each reciprocal class are present at very low
frequencies. In certain configurations of the resistance markers (see Table 19)
this low frequency can be determined by the aliquot plating on one type of selec-
tive media followed by replication on the other type. Amongst these minor
recombinants the R~; R-;; R+, appears to be more frequent (0.088%) than the
Ry Rt Ry (0.049%), the R Rt R*y,s being the least frequent one
(0.0073%). Superficially these results may appear to be incompatible with the
order R;, Ry, Rin. As will be seen in a later section, results of this type reflect
rather a general characteristic of recombinant frequencies in heterosexual crosses.

T hree factor homosexual crosses

As expected from two point crosses, the frequency of recombinants between
leci R; and Ry is so low that an unambiguous order cannot be deduced from
homosexual crosses. The data of Table 20 are nevertheless compatible with the
order R; R;; Ryt



P. NETTER ef al.

1084

“(£46] ‘1P 79 WANAY 99G) "BIDOW

9AIA[RS SurjeurwLIosTp Jo ad£) puodas e 0} wo Juneorides Aq pomorol ((L6] v 12 NEOT) 99s) TGN 0 NEN BIPOUI 3A11091as U0 aanpsdoxd Sunerd
jonbiye a1} £q pOUTULISISP §9SSE[O JOUTW JO SAIUSNDaI} 0} pucdse.Liod PAUILIOPUN SISqUINN] “/ S[qR], UT Se S[oquIAS pue suonipuod [epusmuLiadxy

%S %8800 %6v00  %EL000 %L %r10
%1'S %30 % 0 % 0 %61 %% 0 %% 56 % L9 aferaAy
3G 61l g 0 0 122 S 995 B16T %101
%V'3 %10 298 958D NN i)
19¢ 0g b 0 0 31 0 €31 361 BGE/DE-GUSE X 4586511
Q{ooﬁ %+1°0 898 SeHsD N
83 31 0 0 0 3 0 b 221 BGE/DE-6USS X V9-E6T I
(uSsdsD) (sSsdsD)  (uSudsD) (sSudsD) (uSsHuD) (sS5HxD) (aSuHuD) (sSuHaD)
§TsS 50 BT uSsD
399 9% 0 0 0 o1 € 101 Ve d 13€/0¢-645¢ X ae-€¢511
(sHsSuD) (wHsSuD) (sHuSuD) (wduSud) (sHsSsD) (wHsSsD) (sHuSsD) (wHuSsD)
FETsSsD 57 uS 40
gee 2 0 0 0 g 0 8 91¢ £6¢/06~6HS6 X U093l
(a¥sSsD) (sHsSsD)  (aHuSsD) (sHaSsD) (wHsSuD) (sHsSuD) (¢HuSaD) (sHuSuD)
%8G %F10 %0800 %0100 $SsT %90 TSt udsD
90¢ o1 1 0 0 i 0 831 091 YEE/DE-GUGS X VS-0FEl
%8 %le00  %B8IOO %4000 sSsT w0 ST udsD
+93 A3 0 0 0 ¢ 0 06 bS1 +8e/0E-6d5s X A9-0+3 Tl
sSsd %840 RPN %0}
081 €I 0 0 0 g 3 69 16 YEE/DE-GUES X A90F3TI
(sSsHuD) (uSsHuD) (sSuHuD) (aSaduD) (sSsdsD) (uSsds)) (sSuHsD) (uSudsD) o X 4o
satuo[oD 11 HImHHLHHLm H=+m:umb|m H:\MHHLHH:M HE+ME+MHFMH HHHlﬁ:lmuﬂm HHH+MHmeb+m HHmlmHH+MH+MH :~+MHH+M~H+MM $5017)

w07 g pup 10y Iy ay1 v suoywimu §urajoaul $asso4o 1u10d-22.41] [ENTISOLIIIE]

61 d19V.L



1085

RIBOSOMAL LOCI OF MITOCHONDRIAL DNA

'/ 9IqeL ut se wHOn_.S%w pue suonIpuod ﬁm“—ﬁwsﬁwﬂumm

%10 % "0 %10 % "0 %6% %€ %03 %9°L€ a3emeAy
166 1 0 1 0 9 6 8 0s¢ re0L
§AsSO+®  FTyT s 0 o
LS 0 0 0 0 93 83 835 Gl1 g1-1dd X Qo1-/83T1
sHsSsD+® Rl (T kg W)
b Lb I 0 1 0 03 13 995 S/1 g1-1dd X 0/-/8311
SOIUOTOD) sHuSsD  gHsS¥D  uwduSsD  §HsSuD gdsSsD  sHaSuD sdsSsD adaSad urens» X ulense

07 I pup I Iy ay1 v suonwimu Suiajoaul sasso.o Julod-22.4y3 [PNTISOULOL]

0¢ 4'IdV.L



1086 P. NETTER et al.
Mapping by transmission

It has been shown that the transmission of a given mitochondrial allele
depends not only on the localization of this allele with respect to », but also on
the nuclear genetic background (Avner et al. 1973; CoEN et al. 1974). There-
fore, a meaningful comparison between various mitochondrial mutations has to
be performed in a constant nuclear background. This has been done in crosses
involving always 55R5--3C by DP1-1B. Summing up all the data from tables 7 to
13, one finds the following result:

Transmission of the alleles at the R+, locus: 95.5% (= 0.8%)

Transmission of the alleles at the R+, locus: 92.79% (= 0.7%)

Transmission of the alleles at the R+ ;;locus: 84.29, (= 1.1%)

Figures in brackets give 95% confidence limits of the sampling error. These
results are in agreement with the previously deduced order o*-R* R+, —R*

Relationships between the linkage group comprising loct
Ry, Ru, Ruyc and the locus O

Until now we have considered the relationships between the three ribosomal
loci, one with respect to the others. In this section we shall analyze the relation
between these three loci, R;, Ry, Ry and a gene the function of which is quite
different from the ribosomal ones. We shall consider the locus O; conferring the
resistance to oligomycin which has been studied in details by AvNER et al. (1973).
One shall find in this paper an exhaustive description of the present status of
knowledge concerning the oligomycin-resistance in yeast. In addition to the
experimental data obtained by us, we shall frequently use for comparison the

TABLE 21

Recombination between R,, R;; and O, loci in homosezual crosses

Cross
a X a (Re,0e, + Re0¢)  (ReyOe; + Rey0%)  Colonies

11.249-2A x IL778-2B 30 + 14 37 + 13 259
»CSER,, 08 o CR,, ESOR,

I11.778-3D X I1L249-1D 18 4+ 18 17 4 23 180
0 CE,, ESOE,  »CSER_ 08

IL778-1A X IL249-1A 26 -+ 43 23 + 45 237
wCE,, ESOR,  CSEE . 08

55R5-3C/1 X IL249-4D - 7+ # 167
o ESOR, o ER,, 08

Total of recombinants 74+ 75 =149 84 - 122 = 206 843

Average 22.0% 24.49%,

Experimental conditions and symbols as in Table 7. Colonies replicated onto N3, N3C, N3E,
N3CE, N30, N3CO according to the markers present in the cross. Number of colonies of the
corresponding recombinant type observed and the total of colonies replicated are given. The
superscript ¢ or @ designates that the allele at a given mitochondrial locus is derived from the a
or « haploid parent irrespective of whether this allele is resistant or sensitive.
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results obtained by AvNER et al. (1973) and by WoLr, Dujon and SLoNIMsKI
(1973).

Two factor homosezual crosses—PRy by Oy, Ry by Oy, Rur by Oy

Numerous crosses have been made with these markers in different genetic
configurations cis or trans, resistant and sensitive, involving various nuclear
genetic backgrounds. Tables 21 and 22 give the results. In these crosses, which
are all of the non-polar type, the total frequency of recombinants between Ry and
Or, Ry and Oy, Ry;; and O is respectively 19.3%, 23.4% and 19.6% (see Table
22). All these values are not significantly different. It is reasonable to conclude
therefore that, in homosexual crosses, the loci R;, R;; and Ry, which are certainly
linked (see above) are not genetically linked to locus O,.

T hree factor homosexual crosses

Table 23 shows the results obtained in crosses involving R;, Ry; and O;. It is
clear that two orders are possible R—R;~O; and O,—R—Ry;. On the other hand the
order R,—O,—R); can be eliminated, as shown in Table 24. This is in agreement
with the results obtained by Avwer ez al. (1973).

Two-factor heterosexual crosses
Major recombinants:

The frequencies of recombinants R+:07, R+,07 and R+;,0; are 44.3%,
39.4% and 21.6% respectively (see Tables 22 and 25). Based on these fre-
quencies, a genetic linkage could be postulated between loci Ry, Ry and Ryr on
the one hand. and locus O; on the other hand. The order deduced from the values
of major recombinants would be: '

R, " Ry R O,
o o ) o
44.3%,

4.89, 39.49,

18.99 21.6%,

25.0%,

By this criterion, O; seems to be linked to the ribosomal cluster of loci (addi-
tivity of frequencies is satisfactory), whereas O; appeared to be independent in
homosexual crosses.

Minor recombinants:

If we consider now the frequencies of recombinants R-0+,, R;O%; and
R~1,0% in the previously analyzed crosses (Tables 22 and 25) we get 0.3%,
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TABLE 24

Possible orders and observed frequencies of recombinants resulting from one or two
crossovers in homosezxual three-point crosses

Possible orders

Number of crossovers and resulting genotypes

One

One

Two

RIR IIOI

Ro R 00 = 10.4%
ReRey 00, =10.79%

RoReyO0; = 0.6%
Re,Re 0% = 0.49%,

R Re 00, =139
Re Re 00 = 1.0%

RIOIRII

Re,0%Rey; = 1.3%
Re,0w Re = 1.0%

Re,0x Ry, = 0.6%
Re,00, Ry, = 0.49%

RIIRIOI

Rey R% 00, = 10.49%
Re Ray0e =10.7%

R0 Re, = 10.4%
Re,0% Ray = 10.7%

RoyRe O = 1.0%
Rey Re0% = 13%

RoyRe,00; = 0.49
Re Ry, 00, = 0.69%

Data from Table 23.
1.29% and 6.3% respectively. Taking into account the values obtained previously

between Ry, R;r and Ry, the most probable order would be:

O, R, Ry R
o o o ®

6.39%

1.29 0.8%

0.3% 0.05%

0.229,

This order is much less reliable than the preceding one, because the determi-
nation of frequencies of minor recombinants is less accurate and the additivity
of frequencies is not satisfactory. The order is a circular permutation of the
preceding one, in which O; was placed on the right of the ribosomal segment.
Although tempting, one should not hastily conclude from these data that the
genetic map of mitochondrial DNA is a circular one.

T hree factor heterosezxual crosses between Ry Ry and Oy or between

RII Ruir and O

For each of these two associations of markers, there are, a priori, three possible
orders. We can ask whether at least one of these three orders is compatible with
frequencies of the six recombinant types scored (Tables 26 and 27). To do this,
we have to postulate that the recombinant type resulting from two recombination
events should be less frequent than each of the two recombinant types resulting
from a single recombination event. The predicted results and the observed fre-
quencies in each case are listed in Table 28. Tt is apparent that the orders R,O:Ry;
and R,O.R;; can be excluded, for in these orders, the classes issued from two
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Recombinants between R;, Ry, Ry loci and Oy locus in heterosexual crosses

Crosses

o X e R+ 0= /R 0% R 0 /R- O Re  0"/R" O% Colonies
11.290-4B X IL778-2B 71/1 70/1 — 155
CSER354Os CRSZIESORI
IL290-5C x IL778-3D 83/1 82/1 — 134
CSER,;, 08 CE,,, ESOF,
I1.233-1C x 55R5-3C/1 — 122/3 102/28 403
SR551ER35SOS SSESORI
I1.240-8A X 55R5-3C/1 — 164/2 89/14 393
ER553'S'RSSZOS ESSSORI
IL781-1A x I1L249-4D 237/0 201 /4 — 458
CR321ESOR1 CSER354Os
IL781-1tA x IL249-8C 194/0 157/4 — 350
CR321ESOR1 CSER354Os
IL781-3A x IL249-7B 149/0 122/3 — 328
CR321ESOR1 OSER354Os
IL842-6A X 55R5-3C/324 57/0 55,/0 — 117
CSER3540R1 CR324ESOS
11.842-6A X 55R5-3C/321 41/1 39/1 — 106
CSER354OR1 C‘RZ?tZIES(:)s
IL187-6D X IL841-1A 104/0 84/2 — 190
CR321ESOS CSER354OR1
IL1872D x IL841-3A 65/1 52/6 — 158
CR321ESOS CSER3540R1
IL187-4B  x IL.841-2A 40/0 38/1 — 138
CR321ESOS CSER3540R1
I11.187-4C  x IL.841-2D 51/0 40/0 —_ 140
CE,, BSOS GER,, 0%y
Total of recombinants 1092/4 1226/28 191/42
Polarity 273 44 4.5
Limits 136 546 32 60 3.4 6.0
Percent recombinants 48.0/0.18 40.0/0.9 24.0/5.3

Experimental conditions and symbols as in Tables 7 and 21. Limits of polarity cf. Table 22.

putative recombination events are always more frequent than at least one class
issued from a single putative recombination event. None of the remaining orders
(BR,0; and O,R,R;; on the one hand, R;R;;;0; and OB Ry on the other hand) is
satisfactory: in each case, at least one putative double recombinant is found more
frequently than at least one putative single recombinant—(e.g., R Rt 1,01 =
0.109% > RRT,,01; = 0.0046%, etc.).
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Possible orders and observed percentage of recombinanis resulting from one or

P. NETTER et al.

TABLE 28

two crossovers in heterosexual three-point crosses

Number of crossovers and resultingo genotypes

Possible orders One ne Two

R-R;-O; Rt R+ O 412 R+ R0~ : 68 R+R-,0t, : 0.8
R-RB~;0+; : 02 R-R+,,01; : 0.0046 R~R+,0~ : 010

O-R-Ry; O+t R+ R~ : 08 O+ R~R~ : 02 O+.,R- R+, : 0.0046
O-R~R+y : 010 O R+ Rt 4.2 O~ R+ R~ : 68

R-Or-Ry; R+,0+R~ : 08 R+,0~R~; : 68 R+ 0~R+, :412
R~O~ Rty : 010 R-O+;R+t; : 0.0046 RO+ R : 02

Ry Ry O Rt R+ 0238 Rty RO :12.0 R+ ROty 47
R {B~,0F;: 06 R R0t 0.0 R R+ 0O : 03

Or-Ry—Ryy O+ RtpRyp: 47 O+tRyRyy : 0.6 O+ Ry Rty 0.0
O~ R~ Rty 2 03 O~ R+ Rt1:23.8 O~ R+ Ry :12.0

Ry ~O1-Ryy; R+ Ot Ry 47 R+ O~ Ry 1120 R+IIO—IR+III:23'8

R OR+y;: 03

RO+ Rty 00 RO+ Ry

0.6

Data from Tables 26 and 27.

Another point of interest concerning three point heterosexual crosses is shown
in Table 29. The allele at the locus distant from , which is brought into a given
recombinant type by the o~ parent (for example Ry in crosses involving R, Ry
and Ry;;) is always more frequent than the allele at the same locus brought by the
ot parent. This is true for both minor and major recombinants between the two
markers close to o.

The constraints concerning apparent contradictions in the orders estab-
lished from frequencies of major and minor recombinants (see Table 27) and

TABLE 29

classes for two others in heterosexual crosses

Distribution of a third marker among different pair-wise recombinant

Among the
recombinant type

Frequency of the recombinant
carrying as third marker

Rt;R
R~ Rtp
RtpyR

RRtyy

O+ : 0.8% Rty :
O :68% Ryr
O+ : 0.0046% Rty :
O : 0.10% Ry
O+t : 479%

O :12.0%

$O+ : 0.0%

lO‘ : 03%

0.14%

: 1.7%

0.0073%

: 0.049%

Data from Tables 19, 26 and 27.
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those concerning the excess of the third allele brought by the o~ parent are charac-
teristics of all heterosexual mitochondrial crosses and have been found in other
combinations of markers (see AvVNER et al. 1973 and Worr, Duson and
Sconimski 1973). Any model attempting to explain the main features of the
mitochondrial genetics have to take this into account. A model which explains
the data will be presented elsewhere (DuJson, SLonNtmskr and WEeILL 1974).

DISCUSSION

The aim of the present article is to demonstrate the existence of a linkage
group involving three loci conferring resistance against certain antibacterial
antibiotics to the mitochondrial rihosome. It is the first time in our knowledge,
that a group of three genetically linked loci is shown to be located on the mito-
chondrial DNA. We have studied the topological relations in between these three
loci and with respect to another locus, genetically not linked to them.

THREE RIBOSOMAL LOCI

Allelism tests based on the appearance of wild-type recombinants have allowed
the definition of three loci on the basis of the following criteria: (1) two mutants
belonging to the same locus do not give any wild-type recombinants among some
thousand colonies scored (2) two mutants belonging to different loci give a
significant frequency of wild-type recombinants.

It is important to stress that mutations at a given locus do not confer neces-
sarily identical phenotypes. The main criteria which allow the distinction
between mutants belonging to the same locus are cross-resistance to antibiotics
other than the one used to select the mutant, and physiological and biochemical
interactions with other mutations which do not belong to the same locus.

1. At the locus R; there exist at least three different types of mutations: CFss,
confers resistance to chloramphenicol, a low degree of resistance to spiramycin
and does not interact with the mutants belonging to the locus Ry; CFs.4 confers
resistance to chloramphenicol, does not confer cross-resistance to spiramycin and
does not interact with the mutants belonging to the locus Ry;r; CF336 confers resist-
ance to chloramphenicol and strongly interacts with certain mutants belonging
to the locus Ry.

2. At the locus Ry; there exist at least three different types of mutations: E®;;,
confers resistance to erythromycin and spiramycin and interacts with C%s.1;
ERg5, confers resistance to erythromycin but not to spiramycin; S%;5; confers a
weak resistance to spiramycin but not to erythromycin.

3. At the locus Ry, there exists at least four different types of mutations: E?;.
confers resistance to erythromycin, spiramycin and interacts strongly with C¥ss¢;
EF,;; confers resistance to erythromycin, spiramycin and does not interact with
CZ3365 E 155 is resistant to erythromycin, weakly resistant to chloramphenicol and
sensitive to spiramycin; S¥ss, is resistant to spiramycin, weakly resistant to
chloramphenicol and sensitive to erythromycin. It is therefore not possible te
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allocate a mutation to a given genetic locus on the basis of its resistance pheno-
type alone. A genetic analysis is necessary for this purpose.

The next question to be asked is whether phenotypically different mutations
allocated to the same genetic locus affect the same nucleotide site of the mito-
chondrial DNA or not. Although it is theoretically possible by substituting the
same site to obtain four phenotypically different homoalleles, it seems more
probable that mutations are heteroallelic rather than homoallelic. Two lines of
circumstantial evidence argue in favor of this position: (a) A quantitative anal-
ysis of the degree of resistance, cross-resistance and pleiotropic biochemical inter-
actions during the exponential growth (Sronimsxi et al., 1974) discloses a much
greater diversity of phenotypes which can be found at the same locus than the
one observed here and which is based essentially on the plate growth. (b) An
estimation of the physical length (i.e., number of base pairs) as related to the
genetic distance (i.e., frequency of recombinants) discloses that the operational
limit of allocating two mutations to the same genetic locus (< 0.1% recombi-
nants) corresponds to some 20 to 50 base pairs. The latter value is computed from
the kinetic complexity and DNA/DNA hybridization data concerning p~ petites
which have retained the ribosomal loci R, R;;, B (see FaYE et al. 1973; MicHEL
et al. 1974; Lazowska et al. 1974).

The last question to be discussed concerns the relations between the genetic
loci and the functions which they specify. A parallel study (GriverL et al., 1973)
has shown that representative mutations at each of the three loci alter the in vitro
properties of purified mitoribosomes. In our opinion these results render improb-
able the claim advanced by Bun et al (1970) and TrEmBATH et al. (1973) that
erythromycin-and/or spiramycin-resistant mutations are mitochondrial mem-
brane alterations or result from mitochondrial membrane-ribosome interactions.
It is not known whether the ribosomal loci R;, Ri; and Ry;; belong to the same unit
of function or not. There is indirect evidence that at least one locus, R, either
specifies or is very closely linked to the large ribosomal rRNA molecule (FayE
et al. 1973, FuKUHARA et al. 1974). In the first case, if the two other loci also
specify the large rRNA, it would mean that there are three specific regions in this
molecule where nucleotide sequence alterations selectively engender antibiotic
resistance. It would also indicate that an intracistronic frequency of recombina-
tion could be exceedingly high (25% recombinants between R; and Ry;;!). In the
second case, if Ry is simply closely linked to the large rRNA cistron, the data
would indicate that another component of the ribosome (a protein or a small
rRNA) is specified by a cistron adjacent to the large rRNA one. Further work on
biochemical characterization of various R, Ry and R;, mutants is obviously
needed.

RIBOSOMAL LOCI IN RELATION TO ONE ANOTHER

Homosexual crosses

These crosses are instructive for allelism tests but not very informative for
mapping the loci in relation to one another. The overall frequencies of recombi-
nants are: 3.29% between R; and Ry;; 8.9% between R;; and Ry; 9.6% between
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R; and R,;;. The order B,—R;—Ri; can therefore be eliminated but the last two
frequencies are not sufficiently different to discriminate between the orders
R~Ri—Ryy and Ry—R-Ryy.

The transmission of mitochondrial alleles is variable from cross to cross and
may be as low as 209 and as high as 809,. There is, however a covariance of
transmission, that is when the allele of one locus from the a parent is highly
transmitted to the progeny the allele of the other locus is also highly transmitted
and vice versa (see Figure 3). This observation extends to the locus R;; the rule
of covariance previously established for the alleles at the loci R; and R;; (CoEn
et al. 1974) at the loci O;, Oy and P (AvNER et al. 1973, Worr, Duson and
SroNimskr 1973). Covariance of transmission is a strong argument in favor of
the idea that all these genes are located at the same mitDNA molecule (see
DuJson, Sconimski and WerLL 1974, for the discussion).

Heterosexual crosses

The polarity of recombination and the Left-Right rule of assignment allows the
deduction of an unambiguous order of loci in relation to one another and in
relation to ». Table 15 summarizes the results of all pairwise combinations
studied. The results are compatible with the order v—R—R;—R;; only. The results
are also coherent with the allocation through allelism tests of various mutations
to different loci. Heterosexual crosses permit therefore the discrimination
between map orders which could not be resolved by homosexual crosses alone.
Taken together the two types of crosses allow the localization of Ry in a closer
linkage to R; (3.2% of recombinants in homosexual crosses) than to Ry (8.9%
of recombinants).

This order and the respective distances have been confirmed by an independent
method based on the study of linkage between mitochondrial genes in the petite
mutation. It will be shown elsewhere (Borotin-Furunara et ol 1974) that the

100 100
©H -
& 80+ mE 80 4
= =
9 o 9 o
A 60 @ 604
= s
2 40 4 ° 2 4
b=t =
o [a s
£ 20. = 20-
2 2

0 20 40 60 80 100 0 20 40 60 80 100
% TRANSMI!SSION RI ° TRANSMISSION R

I

Ficure 3.—Covariance of transmission in two point homosexual crosses involving R, and Ry,
loci, or R, and R,;; loci. Data from Tables 16 and 17 (for details see text). Each point
represents one Cross.
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loci R; and R;; are always deleted or retained together while the loci R; and R
can, although rarely, be separated by deletions covering one locus without
impinging on the other (DeuTscH et al. 1974; Faye et al. 1973).

RIBOSOMAL LOCI IN RELATION TO THE ATPase LOCUS

Biochemical studies (GrirFiTHs et al. 1972; SomLo et al. 1974) point out that
mutations at the O; locus alter the properties of the ATPase complex.

In homosexual crosses the locus O; appears unlinked by recombination to the
ribosomal segment. It can not therefore be localized by this method. In hetero-
sexual crosses the Left-Right rule of assignment would place it at the right of the
ribosomal segment. The existence of a single petite mutant that has retained loci
R and O, and lost all the other loci tested also argues in favor of this localization
(see AvNER ef al. 1973; BoLoTIN-FUKUHARA et al. 1974).

It may be of interest to analyze how the polarity of recombination changes
with respect to various combinations between ribosomal loci and O,. Table 22
gives the numerical values. The polarity is very high when a locus is close to »
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Ficure 4.—Graphic representation of percentage of recombinants in homo and heterosexual
crosses involving the O, locus, as a function of the distance between & and the second locus in-
volved. Relative distances R,~R,;; and R;~R;;, on the abscissa were determined on the basis of
the values obtained in homosexual crosses between R; and R, or R,; and R,;; (3.2% and 8.9%)
respectively (see Tables 16 and 17). Symbols @ and © represent recombinants in e+ X o~
crosses. Symbol @ represents recombinants in - X &= or @+ X wt crosses. Data from
Table 22 and from Worr, Duson and ScoNimskr (1973).
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(138 on the average between R; and O;), intermediate when it is more distant
from it (33 on the average between R;; and O;) and finally moderate when it gets
farther away (3.4 between R;;; and O;). This diminution of polarity results from
a decrease in the frequency of the major recombinant concommitant with an
increase in the frequency of the minor recombinant. Graphic presentation shown
in the Figure 4 allows the comparison of the results of hetero- and homosexual
crosses. Three cases are envisaged:

1) a gene is linked to o and not linked to O. In this case heterosexual crosses
yield different frequencies of recombinants from the homosexual ones. This
difference decreases monotonously as the distance from o increases.

i1) a gene is unlinked to » and unliked to O. This case is exemplified by the
paromomycin-resistance-conferring locus studied by Worr, Duson and StoNIM-
sk1 (1973). Homo- and heterosexual crosses yield similar results. The frequency
of recombinants is close to the limit to which the major and minor recombinants
from the preceding case tend to.

iii) a gene is unlinked to » and linked to O. As no case of this kind is known,
this example is entirely hypothetical.

GENETIC MAP OF THE RIBOSOMAL SEGMENT OF MITOCHONDRIAL DNA

Main conclusions of this article are depicted by the following map:

o R; R R
CBs EFg, ERou1
CEy, S®551 E®q5
C®yes E®; S50
C®s4 EEyss
CE s . EF;,,
CR,?.?G
CR517
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