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    ABSTRACT To iRvestigate the mitochondrial generne, the genetic analyses were per'formed
using a strain with the three mitechondrial genes, (OLGr>, (ERY') and (CHLr), conferring resistance

to o!igomycin, erythromycin and chloramphenlco}, respectively.

    1. The rate of somatic segregatien of the mitochondrial genes was examined analysing zyotic
clones obtained from the various growth phases of zygotes. Segregation rate was the highest with
(CifL), followed by (ERY) and (OLG), in the order.

    2. Analysis of the zygote progeny fi'om three-factor crosses showecl that the averages of recom-

bination frequencies were O.19, O.le and O.l9, respectively, between (OLC> and (ERY), between
(ERY) and (CHL), and between (OLG) and (CllL).

    3. The t'requency o"oss o{' each mitochondrial gene in the petites induced by ethidium bromide
treatment was examiRed. The results indicated that the l'requency of' ioss of the genes was in the
order of (CHL), (ERY) and (OLG), and that (Il)RY) was retained or lest together with (CHL) with a

high frequency, but (OLG) was readily separable from either (ERY) er (CHL).
    4. From these results, the gene arrangement in mitochondrial genome is in the order of+ (OLG),

(ERIX) and <CHL). T, wo genes, (ER}') and (CHL) are closely linked together.

                                 Introduction

    Cytoplasmically inheritable drug-resistaRce factors of yeast (S. cerevisiae) have

been generally regarded as the genes }ying in mitochondria} genome and as a useful

tool for studying mitochondria on the genetic bases. However many technical
difficulties were under}ayed and hindered prompt progress. It is quite recent that

plausible experimental results have become availab}e (l"v 12).

    The present paper wil} describe some resu}ts of experlments uslng a haploid
strain which posseses the three mitochondrial genes, o}igomyciB-resistance (OLG'),

Abbreviations: (
chloramphenicol; r

 ), cytoplasmica}ly inheritable gene; OLG, oligom}rcin;

, resistance; s, sensitivity; o, loss o{' the gene.

ER Y, erythromycin; CHL,
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erythromycin-resistance (ERYr) and chloramphenicol-resistaRce (CllLr). rlrhe ex-

periments were conducted in three different ways; l) the rate of somatic segregation

of each resistance factor during the vegetative growth of zygotes, 2) recombination

anaiysis by the three-factor crosses, and 3) the rate ofloss ofthe resistance factors by

the treatment of ethidium bromide.

    I]he results indicated that the three genes were arranged in the order of (OLG),

(ERY) aRd (CHL).

                        Materials and Methods

    Strains. OECI222 (a, adel, his4, thr4, (OLGr, lfRYr, CHLr)) which carries
the three cytoplasmic resistance factors to oiigomycin, erythromycin and chlora-

mphenicoi was obtained as previously described (5). Sl1-l7R (a, ura3) and DB51
(a, ura3) are sensitive strains to the three drugs.

    i}{Tedia, nzating Procedure, determination of drug-resistances, ethidiztin bromide treatment

and determination gfretention or loss of the drug-resistancefacters were described previously

(5, 8, l2).

    S]nchronozis aygote formation. Cells of the parental haploid strains were grown

in the complete glucose medium for 1 day at 300C. One teBth ml of culture of
OECI222 was mixed with O.9 inl of the cu}ture of Sl1-l7R, aRd O.OJ" inl of 50 C/,

glucose was added, and centrifuged. rl"he supernatant was discarded and the ceils

precipitated at the bottom of the tube were aliowed to stand fbr 1 day at 30"C to

form zygotes.

                                Results

1. Somatic segregation of the n?,itochondria,l genes.

    7uygotes formed as described in Materials and Methods were inoculated in tl}e

liquid minmal glucose medium and incubated at 300C with "slaaking. A typical

growth curve of the zygotes is shown in Fig. 1. At appropriate times ceils were

sampled and piated on the minimal glucose plates. Thirty celonies derived from

O hy-, 6 hr- and 9 hr-incubation were picked up and respread on the minimal gluco, se

plates. Twenty six subclones grown on the plates were isolatetl ancl analyseCl {br dru,(.r

resistance or sensitivity by spotting on the minimal glycerol and drug plates, which,

contaiRed 20 vctg oligomycin, i mg erythromycin or 4 m.cr chloramphenicol per ml.

The results were shown in Table 1-A (O hr), B (6 hr) and C (9 hr).

    When a clone gives rise to mixed subclones resistant and sensitive to the drug,

the clone shou}d be heterozygous for the geRe. On the other hand a cl,one yields

solely resistant or sensitive subclones, the clone should be homozygous. Å}Numbers
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   Fig. I. C}rowth curvÅë of the zygotes. Synchronous zygotes fbr-med by crossing, OEC1222
          Å~Sil-I7R, were transferred in the liqttic{ minima! glucose mec{ium and incubatec{
          at 300C with shalcing. At given times of incubation, the samples were diluted ap-
          propriately ancl spread on, the minimal glucose plates. At'te• r a few clay's incubation,
          diploid celenies formed were scorecl.

and fractions of heterozygous clones are s}aown in Table 2. 0ne can see that Åíhe

a}most of primary zygotes were heterozygous for the three mitochondrial genes, but

that the fractions of heterozygous clones decreased with the subsequent growth.
The rate of somatic segregation of (CHL) is the highest and that of (OLG) is the

lowesÅí, The all three genes are segre.crated with a considerab}y high rate.

2. Recombination qf th,e mitocliondrial .aenes.

    rlrhree-factor crosses vNTere perfo,rmed using the strain, OECI222 (a, (OLGr,
ERYr, CULr)), and the strains sensitive to the drugs, as clescribed previously (5, l2).

'IR the previous section it was mentioned that the almost of primary zygotes are

heterozygous fbr the drug-resistance factors and the fractions o{' heterozygotes de-

crease after theiy growth. To complete the segregaÅíion, zygotes were grown in
the minimal glucose iinediuiin over 20 generations, after which isolated progeny
cells were provec{ to be homozygous for resistance and seRsitive factors to each drugs,



   
   

  T
ab

le
 l

A
. O

hr
-in

cu
ba

tio
n

P
he

no
ty

pe
s 

of
 c

ol
on

ie
s 

is
ol

at
ed

 a
t t

h
e 

va
rio

us
 g

ro
w

th
 p

ev
ie

d
s 

of
zy

go
te

s 
(O

E
C

12
22

X
S

I1
-1

7R
-)

pe
ty

no
he P

tS
tg

g'

Z
yg

ot
ic

 c
io

ne

g
:

x
z

:
ili

9.
%

:Il
2

z
2

Å
é

:
:

:
x

iil
ill

7
iil

lil
sl

:
:

*<
7

s
e

ii
ii'

i8
1

lk
lg

li
l

lk
lg

   
   

2
lo

i
lg

ii
i8

is
il

2
ii

ik l

; 1
1

ik
2

i.
il

16
l

ig
/1

ij

IA
,

B
. 6

hr
-in

cu
ba

tio
n

P
he

no
ty

pe

A
A

A
R

 it
 S

D
 k

l
   

   
 v

vv
v

Z
yg

ot
ic

 c
lo

ne

g
:

[II
E

II
S

il
z

$
z

ill
x

)ll
iZ

cV
,

g
z

g
td

i

g
iii

S
E

Ii
ig

s
S

5
z

z
s

lii

ii
i,•

•l
il

1:
2

ik
  l

   
   

2
i•

2
'lk

ii
1#

   
  2

ili li8
2

i8
2

2
'g

 2
1

/fi
2

ll
ii,

1

C
. 9

hr
-in

cu
ba

tio
n

P
he

no
ty

pe
Z

yg
ot

ic
 c

lo
ne

'

g
g

g
g

g
5

g
g

g
3

g
g

g    
   

  ,
lll

S
i'

g
g

6'
6'

g
I

g
'6

S
-

g
's

Å
é

S
5'

I
'6

g
g

ii 
,

l'
ig

ik
'

   
   

2
ii

2
2

l.
   

   
2

   
   

  .
2 

-ll
t

'i
'g

lk
2

ik
1:

   
   

2

is
2

 2
6

  o   o   o   o   o   o ...
 o

,

lt'
is l

'i
ig

'

s.
'i

is
ik

g 'l



             Genetic Analysis of Mitochondrial Genome

Table 2 Change of numbers ofheterozygous clones after the growth ofzygotes.

61

Experiment

A B c

(OLG)

(ERY)
(CHL)

24 (80)

23 (77)

23 (77)

11 (37)

10 (33)

6 (20)

7 (23)

4, (l3)

2( 7)

Data is taken from experiments shown in Table 1 and numbers in brackets denote frequencles

m per cent.

        Table 3 Phenotypes of the zygote progeny fyom three-factor crosses.

Phenotype Cross

(OLG) (ER Y) (CHL) A B

'l il ili 65 (17.0)

 IO ( 2.6)

 li ( 2.9)

21 ( 5.5)

29 ( 7.6)

 6( 1.6)
 9 ( 2.4)

230 (60.4)

94 (24.6)

11 ( 2.9)

le ( 2.6)

 l9 ( 5.0)

31 ( 8.1)

 13 ( 3.4)

 l3 ( 3.4r)

l93 (50.5)

Total 381 384

   OECI222 (OLG", EI{Yr, CHLr) was crossed to the different sensitive strains, Sll-l7R (A)
   and DB51 (B). NTumbers in brackets denote frequencies in per cent.

so far tested. Parental and recombinant phenotypes of the progeny are shown in

Table 3. Although the sensitive strains used were different in the experiment A

B, the recombination frequencies of two experiments are very close. The recom-
bination frequencies were O.I8 between (OLG) and (liRY), O.09 between (ERY) and

(CHL), and O.l8 between (OLG) and (CHL) in the experiment A, and O.l9, O.l2
and O.l9, respectively in the experiment B. The averages of recombination fre-

quencies between (OLG) and (ERY), between (ERY) and (CHL), and between
(OLG) and (CHL) are e.19, O.le and O.I9, respectively. From tlae data in Table
3, frequencies of the mitochondrial genes recovered from the a parent were calcu-

iated; they were O.28, O.29 and O.3e for (OLG), (ERY) and (CHL), respectively, in

the experiment A, and O.35, O.39 and O.39, respectively, in the experiment B. Thus,

these frequencies deviated fiom O.5 aRd were characteristlc of each cross employed.

But, irrespective of the crosses, the recovery of (OLG) of the a parent more deviated

from O.5 than those of (ERY) and (CHL), while the deviation of recovery of (CHL)
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was less than or equal to that of (ERY). The ordered frequencies of recoveries o{'

the genes would be suggestive of the arrangement of tke genes concerned (5).

3. Retention or loss of tlte mitochondrial genes b), the treatn?ent of ethidittm bromide.

    Ethidium bromide is knowR as a potential inducer of cytoplasmic petite mu-
tation <!3). Petite induced by the treatmint of the dye had a decreased molecular

size of mitochondrial DNA (I4), and longer treatment lead to eventual loss of mi-
tochondrial DLTS3A (15, I6)•

    The effect of ethidium bromide was examined on the ioss of the three mito-
chondrial genes in the petites of the strain, OEC1222 (OLGr, ZIRY", CHL"). Cells

were treated by ethidium bromlde as described for legend to Table 4 and plated on

the complete glucose plates. Petite colonies wei'e scored by colony formation ac-

cording to the adel marl<er (17), and non sectored colored colonies x4rere isolated.

The higher the doses of ethidium bromide, t}ie more petites and loss of drug re-

sistances were iRduced, so far as the same experimental conditions concerned. To

analyse drug resistance of the petites, they were c}'ossed to respiratory suMcient,

drug sensitive cells, Sl1-l7R or DB51. [['he resu}tant zygotes were further grown in

the iiquid minirnal glucose medium for over IO generations and zygote suspension

Table 4 GeRetic constitutions o{' the petites induced by ethidium bromide treatmeRt.

Genetic constittition Experiment

(OLG) (ERY) (CHL) A B c D E

ill ii 28 (23.3)

 o ( o,o)

 o( o.o)

24 (20.0)

 6( 5.0)

 o( e.o)

 o( o.o)

62 (6l.7)

2tl, (l2.3)

  l ( O.5)

 o( o.o)
29 (14.{)

 I6 ( 8.2)

 2 ( 1.0)

 o ( o.o)

l23 (63.0)

 17 (11.3)

 e( o.o)
 o ( o.o)

LO (13.3)

 11 ( 7.3)

 o ( o.o)

 o ( o.o>

102 (68.0)

l7 (l7.3)

3( 3.1)

 l( l.e)

IL (12.r))

 7 ( 7.3)

 e ( o.o)

 e ( o.o)

56 (58.3)

38 (l2.8)

 rl ( l.7)

 o( o.e)
tl,l (13.8)

 9( 3.0)
 6 ( 2.0)

 1( e.3)
197 (66.3)

rrlbtal 120 195 15e 96 29. 7

' ll ractiQn ofrEsiilratery

 sttgecient cells O.82 O.51 O.4,l O.4•O O.18

Cells ofOEC1222 were preculture• cl in the complete meclium containing l"/. glucose t'or l day
uncler the static conclition for A, D and E, in the complete medium contalning 2.5"/. glucose
lhr l day under the static condition for B, and in the complete medium containing 10/.
glucose fhr 2 days with shaking for C. Cells ofOECI222 were treated by ethidium bromicle;
1pag per ml for l5 min (A and B), 5ptg per ml for l5 min <C), 5ptg per ml fhr 30 min (D), and
10ptg per ml for 15 min (E). Genetic constitutions wex'e determined after the petites were
crossecl to respiratory stiMcient, drug sensitive haploicl strain, DB51 or Sll-l7R. )StTumbers
in bx'ackets denote frequencies in per cent.
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was spotted on the glycerol drug plates. ["he ability of the zygote progeny to grow

on the glyceroi drug plate indicates that Åíhe corresponding drug-resistance factor

was retaiRed in the peÅíite clone (18).

    Table 4 shows genetic constitutioRs of each petite isolated. (OLGr), (ERYr)
and (CHLr) in the table denote the retention of the resistance factors to oligomycin,

erythromycin and ch}oramphenicol, respectiveiy, whereas (OLGO), (ERYO) and
(CI-ILO) denote the loss of the correspondiRg resistance factor. The drug resist-

ances were lost in various combination, the most frequent of those combinations was

the one that lost all three resistances, the second was the one that retained al} three

resistances or only oligomycin resistance, and the third was the one that iost on}y

o}igomycin resistance. There seems to be a tendency that loss of chloramphenicol
resistance is a iittle higher than that of erythromycin resistance, though experimentai

Rumbems may not be su'flicient to conclude at present time. rll"his experiment aiso

showed that (ERY) and (CHL) is c}osely linked and those are easily separable from

(OLG). lrhe three genes are lost by ethidium bromide in the order of (CNL), (.EiRY)

and (OLG).

                              Diseussien

    Present experiment indicates that a}most of primary zygotes are heterozygous

for the mitochondrial genes, (OLG), (ERY) and (CHL), and segregation starts short-

ly after biginning of their growth. Tke rate of segregation differs from gene to

gene; the highest is (CHL) and the lowest is (OLG). Similar attempt had been
doRe with TTC overlay method (l9). However this method could not be applied
for (OLG), since colonies sensitive as M;ell as resistant #o oligomycin were stained on

the g}ticose p}ates containing oligomycin by TTC. So far to two genes, (CHL)
segregated faster than (ZiRY) (20).

    The recombination analysis indicates that the (ERY)-(CffL) is inore closely

linked than either (OLG)-(ERY) or (OLG)-(CHL). The slightest difference was
observed betweeR the recovery oÅí (ERY) and (CHL) from the ct parent, it might

be some meaning when experiments with ethidium bromide is considered.

    A similar }lnkage relationship of the three mitochondrla} genes are also re-

vealed from the results of retention or loss of th.e genes in the petites induced by

ethidiuin bromlde. In most case, (ERY) and (CHL) are coordinately retained or
lost in the petites induced by ethidium bromide t}'eatment and are easily separable

from (OLC). Resistance factors are }ost accordingly to Åíhe dose of ethidium bro-

mide. The rate of loss of the resistance factors were again in the order of (C"L),

(ERY) and (OLG). The same order of the mitochondrial genes in the spontaneous
petltes of OFJCI222 is also observed (Suda el al., in preparation).
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    In conclusion, the three different experiments inclicate the consistent arrange-

ment of the three genes in the mitochondrial genome that is in the order of (OLG)-

(ERY)-(CHL). And yet (ERY) and (CHL) are more closely linked than either
(OLG) ancl (ERY) or (OLG) and (CHL).
    The recombination analysis concerning oligomycin, erythromycin and chlo-
ramphenicol resistances has been recently described by Avner et al. (IO) and Woif

et al. (ll). In soiine poiRts the present results do not conflict with their results;

i.e., (ERY) and (CHL) are linked aBd separable bom (OLG). However relative
position of (ERY) and (CHL) are confusing in those results including ours. [["he

interesting is that relative position of the three mitochondrial genes is the same with

experiments by them and those of ours but the clirectloR is reversed. Those dis-

crepancies may be caused by different strains and crosses used and are left to be

elucidated by further investigations.

    The rate of somatic segregation of the mitochondrial genes were considerably

high, suggesting that the nurnber of hereditable rnitochoRdrial genornes in a cell

is small. This may be supported by the results of the petite induction by ultraviolet

irradiation (21, 22) and ethidium bromide (IO). In these experiments number of

mitochondrial genomes ln a cell was very smal}. Furthermore, the number of
mitochondria in a dip}oid ce}1 was only one by the electron micyoscopic observation
<23).
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