EVIDENCE FOR IN VITRO AND IN VIVO
MOLECULAR "DARWINTAN" SELECTION

by
. CHRAIDH. RAK
B.S.A.H. University of Manitoba, 1963
M.Sc. University of Manitoba, 1964

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

in the Department of
"Botany

We accept this thesis as conforming to the required standard

The University of British Columbia

June, 1970



In presenting this thesis in partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, | agree that
the Library shall make it freely available for reference and study.

| further agree that pemission for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my Department or
by his representatives, ft is undefstood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of j}iir 7

The University of British Columbia
Vancouver 8, Canada

pate by 72 /27O

v v 7




ii.

ABSTRACT

Molecular "Darwinian" selection is initially defined as the generation
of a variant molecule, within a population of self-replicating molecules,

that becomes the predominant molecular form in descendent populations. by

virtue of its replicative superiority.

The molecular Blology of the repllcatlon-of QB in vivo ls presented prior
“to providing ev1dence for ﬁolecular Darw1n1en selection of ¢B-RNA in vitro.
Critical experiments ondertaken’to proVe that QB—repZicase is capable of
cataly21ng the synthes1s of molecular repllcas of prlmer QB -RNA in vitro are
descrlbed. This information is followed By a descrlptlon of the experlments
utilized to demonstfate the oceurrence of moleculaf "Darwinian" selection of

@B-RNA under different selective environments. Molecular and phenotypic_

properties of mutant RNA molecules are discussed.

- After an account of the expectations of molecular '"Darwinian" selection
in vivo: suppressitivity, gross alterations of DNA base composition in micro-

organisms; and the von Magnus effect are presented as evidence for molecular

"Darwinian" selection Zn vivo.

Suppressive respiretory-deficiency in Saccharomycesbcerevisiae'is taken
as a model system for the investigation of euppressitivity.A A literature
review of tﬁe data generated by genetic and eytological analyses of
suppressitivity was found to be accommodated by the hypothesis of molecular
"Darwinian" selection in oivo. In addition; tﬁe author's genetlo aoalyses
of: (i) mosaic colonies; (ii) the effect of the cytoplasmically-inherited
sﬁppressive~faotor,oo a cyfoplasmically—inherited erythromycio—resiétant

Prars

marker, and (iii) high and low suppreSSitivity, were -interpreted as evidence
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for the hypothesis. Biochemical evidence is presented that indicates that
the suppressive-factor is an abnormal mitochondrial DNA with a . replicative

superiority to normal mitochondrial DNA.

A brief discussion of the possible influence of molecular '"Darwinian''

selection on pre and post cellular evolution is presented



v,

" 'TABLE OF CONTENTS

- 'Page No.

~IN VITRO EVIDENCE FOR MOLECULAR "DARWINIAN”'SELECTION:.::;.;;;{;; ' 1
IN VIVO EVIDENCE FOR MOLECULAR UDARWINIAN" SELECTION .;;:; ....... ;;; 19
| Introduétioﬁ ;:.;.;.l;...l;..i...;: ........... e y i9
Suppressitivity .. vviveii i TP 26

Gross Alterations of DNA Base Composition in _ .
"Micro~organisms ........ e et ete et 56
{ The von Magnus Effecf e ......;..;.. 61
CONCLUDING REMARKS . e e T
BIBLIOGRAPHY .........ce0ve.ns e e, e, 75

APPENDIX A - Reversion of.sponténeously arising respiratory

deficiency in Saccharamyces cerevisiae........ ‘ 85

APPENDIX B - Genetic evidence for "Darwinian" selection at the -
molecular level. 1I. The effect of the suppressive
factor on cytoplasmically-inherited erythromycin-
resistance in Saccharomyces cerevisiae. ..... e 99

APPENDIX C - Genetic Evidence for '"Darwinian" selection at the
molecular level. II. Genetic analysis of
cytoplasmically-inherited high and low
suppressitivity in Saccharomyces cerevisiae... 108



LIST OF TABLES

A " 'Pagé No.
Table I. Properties of mitochondria DNA of different.-strains
of Saccharomyces cerevisiae. . . « . « « v 4 4 v . o« . . . b4



vi.

.. (ACKNOWLEDGEMENTS

I am partiéulafly grateful to Df: PerSén fof prpviding me with the
oppoftunity to do iﬁdepéﬁdéﬁt réééaréh.' Thanké éo also to Dr; Person as
well as Jane,'Torben; Gﬁrﬁei; Mike;'Cérlé; Marééret; and the Méyos for many
interesting discussions énd ééod—ﬁatﬁred'éécéptance of my ''prairie-humour"
and insufferable vaﬁity: It wés é ﬁléésﬁré wéfkiﬁé in the 1aboratofy -1
leave with the feeling thét ﬁy tiﬁe é§ﬁld nﬁt have been more happily or

~profitably spent.

Financial support of the H.R. MacMillan Family Fellowship is gratefully
acknowledged. (Fran's Scholarship for the Study of Funny Little Bugs helped

also.)



IN VITRO EVIDENCE FOR MOLECULAR "DARWINIAN”'SELECTION

"Da?winian” selection at the population level is believed to be a major
factor contribﬁting to species evolution. Two basic postulates embodied in
the céncept of "Darwinian" selection are (i) the generation within a population
of a variant form that has a reproduﬁtive adfantage over other members of the
population énd (ii) the reproduétive differential which favours the‘variant

also enables it to become the predominant form in descendent populations.

"Darwinian”'selection at the molecular level will thus be defined in°
fhis eSsay as the generation of a variaﬁtAmolecule, within a population of
seif—replicating molecules, that becomes the predomihant molecular fofm in
descendent populations by virtue of its replicative superiority. Self-
replication is avcharacteristic obsérved only in.two mélecular species: RNA
and DNA.- These molecules are cabable of forming self-replicas from precuréor
nucleoside triphos?hatés_in the presgﬁée of suitable polymerases and cations.
Thus moie;ular self—;eplication is defiped as theAcatalySt dependent production

of exact molecular replicas.

Molecular "Darwinian' selection in vitro was first reported by Mills,
Petersén‘and Spiegelman (1967)_f0¥ the RNA extracted from QB,-a small singler'
st?anded RNA bécferiophage. Seﬁeral usefﬁl reviews covering various aspects
of the RNA bactefiophages have beén pﬁblished (August et al., 1968;

Erickson and Franklin, 1966; Erickson, 1968;'iodish, 1968; Shapiro and
_August,'1966§-Spiegelman and Haruna, 1966; Spiegelman et al., 1968; Weissman
and Ochoa, 1967; Weissman, Feix and Slor, 1968; Zinder, 1965). @B is

~ representative of a group of closely related single stranaed RNA phage

(Lodish, 1968; Zinder, 1965) that are capable in nature of infecting only



male strains (F*,Hfr or F') of E.colil, since the phage attaches only. to the
male pili. Nevertheless infection of spheroblasts of E.coli by QBmRNAA
achieved plating efficiencies of 10_6 to 10"-7 infectious units per input
strand of viral RNA (Spiegelman et al., 1965). TFollowing a fifteeﬁ minute
eclipse ten to.twenty tﬁousend phage particlee are prbduced. Only two to '
fifty percent of the particles are’eapable of forming plaques. Viable
particies can not be separated from non-viable particles (Cooper and Zinder,
- 1963). Distinct serological properties can be used to identify @g from

other similar RNA coliphages such as MS-2 (Overly et al., 1966).

Merely three kinds of macromolecules have been demonstrated in these
colipﬁages: single-stranded RNA with a molecular weight of 1.1 x 106; a
major coat protein (lacking histidine) composed of 129 amino acids for a
total moleeular weight of 14,000; and a minor coat protein, the A protein,
with a ﬁolecular weight of 35,000. A mature phage particle is composed of
one RNA molecule, 180 major coat molecules and one A proteiﬁ molecule

(Erickson, 1968). Infective viral particles have been assemblea'in v{tro

from these three constituents (Roberts and Steitz, 1267).

In addition ﬁo functioning as a template for Self—replication, single-
stfanded viral'RNA is employed as a messengef in the syntﬁesis ef vifal-
specific proteins. Complemeﬁtetion tests of conditioeal'lethal mutants
(amber end‘temperature seﬁsitive) have defined three viral RNA cistrons
(Weissman and Ochoa, 1967; Lodish 1968; Zin&er, 1965). Acrylamide gel
electrophoresis of protein synthesized by the viral RNA.genome in vivo and
in vitro also identified three coliphage.specific prdteins: tﬁe histidine
deficieni majer coat protein; the A ﬁrotein; and a RNA polymeraee used in

the self-replication of viral RNA (Erikson, 1968).



Isolation and purification of RNA polymerase was .attempted in order to
elucidate the enigma of self—feplieation of viral RNA. 1Initially, RNA
polymerases competent in the im vitro synthesis of viral.RNA lacked the
rigorous properties necessary to prove they were the bona fide in vivo
polymerases. RNA synthetase, isolated from E.coli infected with MS-2, was
dependent upon the preeence of all four nucleoside triphosphates for maximal
. RNA synthesis (Weissmann etlal., 1964). A requirement for added template
could not be shown. Since 'RNase"treatment eaueed an irreversible inact—
ivation of RNA synthetase it appears that an_indigeneus template was
associated with the enzyme. Viral RNA polymerase, which was perified 100
fold from f2-infected E.coli (August et al.,'l965), upilized a vafiety of
RNAs such as f2, TMV and soluble or fiboSomal RNA as template. The RNA
syﬁthesized was similar in base composition to the complement ef edded RNA. -
Because synthesis discontinued soon after the complement was made, the
enzyﬁe seems to be a component responsible only for the synthesis of a

strand complementary in base composition to the added‘primer.

Haruna, Nozu, Ohtaka and Spiegelman (1963) achieved fhe first successful
'demonstrafion of e%tensive.replication of viral RNA in vitro. RNA replicase,
isolated from MS-2 infeeted E.col? by negative protamine fractionation and
DFEAE celumn ehromatography, was capable of protracted synthesis of MSf2~RNA.V
Maximal replicase activity was dependent upon the addition of ribonucleoside
triphosphates (CTP, UTP, GTP, ATP), magnesium chloride aﬁd MS—2~RNA. RNA’
synfhesie was not observed when MS-2-RNA was subsﬁituted by other RNA
. primers. A similar dependence upon homologous template was subeequently
demonstrated for QS replicase (Haruna and Speigelman, 1965 (a)). Neither
MS5-2-RNA, ribosomal RNA, tRNA, satellite tobacco necrosis viral-RNA (STNV-RNA)

or DNA caused an appreciable synthesis of RNA in the presence of @B-replicase.

Similarly, 17S and 7S fragments of @B-RNA were found to stimulate RNA



synthesis to only 4% of the rate observed for intact 28S @B-RNA (Haruna and
-Spiegelman, 1965 (b)). Such template specificity would seem necessary to
eﬁsure viral RNA replication in‘a host cell replete With.heterologous RNA
molecules and is convincing evidénce'that the purified replicase is a bona

fide RNA polymerase in vivO.

Détailea éxamination of molecuiar replication <n vitro requires the
technical ébmpetence fo ascertain thé qualitative and quantitative properties
of any prodﬁct synthesized as well as a rigorous demonstration of the
chémicél purity of all added components. Of the éomponents present in a
.staqdard reaction miiture (Haruna and Spiegelman, 1965 (a)) of volume 0;25 ml
(tris HC1 ph 7.4, magnesium chloride, CTP, ATP, UTP, GTP, RNA template and
‘replécase) only the purity of the replicqge-fequired special consideration.
Although QB—repZicase‘was sufficiently purified after DEAﬁ chromatography
(Haruna and Spiegeiman, 1565 (@))vto demonstrate a synthetic requirement for
added primer, replicase preparations still contained 6.5 k 10ll sphaeroblast
pérticle forming unitsAper ﬁiiligram of enzyme. Equilibrium banding in CsCl
follbwéd by zonal centrifugation'in linéar gradienﬁs of sucrose, resuited
iﬁ an enzyme purity of less than fifty'sphaeroblast particle forming units
per milligram of replicase, without any reduction in the»synthetic
activities of QB-replicase (Pace aﬁd$spiegelﬁan,1966(a)) Standard sedimentation
techniques ana polyacrylamide gel electrophoresis were used to determine the
size and molecular weight of RNA synthesized. Identification of forms of
RNA involved in the in vitro synthesis was greatly facilitated by the use of
polyacryiamidé gel electrophoreéis’(Bishop et al., 1967; Mills et al.? 1967),
PB? incorporation, from a radioactive ribonucleoéide triphosphate precursor,
into a trichloroacetic acid insoluble product was used as a quantitative

assay of RNA synthesis!



Furthervevidence of the purity of @B-replicase was provided by the low

level of template required for saturation of the enzyme (one y of RNA to
forty vy of enzyme). The amount of RNA synthesized after'two hours of template
satﬁratioﬁ equalled five times.the amount of added template; synthesis continued
for another three hours (Haruna and Spiegelman, 1965 (a)). The autocatalytic
synthesis of RNA prior.to saturation of the enzyme indicated that RNA synthesized
in vitro was ifself cépeble of.acting as template for QB—repiicase (Haruna

and Spiegelman, 1965 (c)). Virtually any améunt of RNA could be syntﬁesized

if sufficient precursors and replicase.were supplied. . At 37°C thirty
" nucleotides were estimated to be incorporated per second into a growing
strand. A mature strand of 3300‘nucleotides would.requireAllQ seconds to
complete synthesis at fhisbrate (Feix, Pollet and Weissmann, 1968). The
Synthesized RNA had the same sedimentation coefficient (820,w=28) and base
composition{(U/A=1.33) (Harﬁna and Spiegelman, 1966;.Milis, Peterson and

Spiegelman, 1967) as GR-RNA.

Similarities in size and base composition of product RNA éfe only
éuggestive of ekact copying of the template provided. Subtle changes in
base composition would not Ee observed b? these techniques. Although sequence
determiﬁation of the first 175 nucleotides fromvthe 5' terminus of QB—ﬁNA has
been reported (Billeter et al;; 1969), the complete base seqﬁence of QS—RNA
has not yet been determined. A biological7defihition of precise replication
is provided by maintenance'of all of the functional propertieé of the originai
molecule. Preservetion of biological functioﬁ by @B-RNA synthesized in vitro
was shownvby the ability of product RNA to infect spheeroblasts. An increase
in RNA syntheeized was paralleled by an increasevin sphaeroblast particle
forming units; for example, a 75 fold increase in RNA synthesized resulted in
a 35 fold increase in particle forming units (Spiegelman, Haruna, Holland,

.Beéudreau‘and Mills, 1965). Furthermore, synthesized RNA was diluted



by sequential transfer into successive tubes containing the standard reaction
mixture (minus template) until the eighth tnbe contained less than one strand
of input primer. Yet the infectious units per sphaeroblast .assay remained

as high as in the first tube. The dilution procedure was continuedvto the
fifteenth tube'with the maintenance of infectious units synthesized. Clearly,
RNA synthesized in vitro is itself replicated accurately to the extent of

-maintaining its biological function.

Although'the previously mentioned pronerties of replicase: comnlete

‘dependence on homologous template; prolonged RNA synthesis (more than five
hours); synthesiSvof infectious viral RNA indistinguishable in size ‘and base
compoeition from added templete; saturation at low levels of template;'
autocatalytic eynthesis at sub-saturation concentration; parallel increase

in RNA synthesis and infectiouslnnits;'and synthesis of infectious RNA

after the.original template had been removed by dilution, are all consistent
with the conJecture that repltcase functions only as a catalyst, they do not
prove that RNA is the 1nstruct1ve agent in the repllcation proceos For
example, QB—repZicase could contain a-minute'contaminant whose replication

is activated by added RNA. Proof that RNA is the instructive agent was
obtained experimentally by providing normal replicase (isolated from E.coli
infectediwith non-mutant QB)'with.two alternative templates: viral RNA
extracted from normal @B; and RNA isolated fromia temperature sensitive

ﬁutant which scored a relative efficiency oprlating of 2.5 n lO-_2 at 41°C
‘(c0mpared to 100 at 3490) on a spheroblast aseaf. As expected,_RNA'synthesized
from replicase primed with normal @8-RNA resulted in the same relative
efficiency of plating'-at both temperatures, whereas the product from
temperature sensitive RNA prlmed repchase malntained the parental phenotype

of dlfferential spheroblast 1nfect1v1ty at 34 and 41° C (Pace and Splegelman 1966

(b)) Thus RNA was the instructlve agent



In view of the abundant supporting evidenée for the.oriéinal report of‘
extensive RNA replication in vitro (Haruna,.Nozu, Ohtaka and Spiegelman, 1963)
it is surprising that the exact‘;omposition of replicase femains controversial.
Centrifugation for 36 hours in.a sucrose gradient resolved @QB-replicase into
two cqmponentsﬁ a "light" component of molecular weight 80,000; and a heavy
" component of molecular weight 130,000 (Eikhorn and Spiegelman, 1967)'capable
of'acting as a pbly—G—polymerase. Neither component catalyzed the synthesis
of @R—RNA alone,‘but in combinatibn they achieved normal replicase activity.

_ Subsequently the "light" component was isolated from uninfected cells (Eikhom,
Stockleyband Spiegélman, 1968); it is therefore not coded for by the.viral
genome. In other hands gB-replicase has shown a different fractioﬁation.

.Two small components, a heat stable and'ﬁgrtially protease resistant 385
component (Factor.I),;and a heat and pgpsin sensitive 1.5S component (Factor
ii), both isolated from uninfected cells, wére required for activation of the
”polymerése” cafalyzed synthesis of @8-RNA (August, 1969; August et al., 1968§
Shapiro, Franze de Fernandeé aﬁd August, 1968). The ”Factofsﬁ’pf August

et al. did not substitute for the 'light'" component of Spiegelman et al.
(Eikhom, Stockley and Spiegelman, 1968). Experiments ﬁith temperature— -
senéitiVe (ts) mutants of a similar'singie—étraﬁded RNA cbliphage, f2, also
éﬁbport the condeptbthat sevéral moleéular componeﬁts are‘required for
extensive RNA synthesis. Mutantrts—6 continued'synthesis of viral RNA for

3 minutes éfter'a shift to the non—permissive temperature but was unable to
synthesize RNA complementary to the viral téﬁplate (quish and Zinder, 1966).
This in‘vipo experiﬁent indicatés the presence of at least two cbmpoﬁents:

(i) a host comﬁonent (dependent upoﬁ the virél component) and (ii) a viral
component coded for by the ts—é cistron.v Bothbcomponents are nééessary for

sustained RNA synthesis.
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QB-replicase, whatever its molecular structure, is unquestionably cepable
: ef catelyzing the prolonged synthesis of QS—RNA in vitro. The reection
starts with an RNA template and at termination has produced more of the same;
_therefore, all intermediery steps must be passed through during the synthesis.
A temporal examination of molecular forms intervening betﬁeen template and

. . \
product enabled an elucidation of the mechanism of synthesis.

In addition to @B-RNA the following molecular forms were isolated from
tﬁe reaction mikture cafalyzed by @B-replicase: (i) 28S "minus' strands (the
vmdlecular complement of 28S@R-RNA eitracted from viral parfieies; i.e;;”miﬁus”
-strapds have an U/A ratio of 0.75 whereas,”p}us” strands (viral @B-RNA) have
an U/A ratio of 1.33);‘(ii) cempletely-double-straﬁded RNA referred to as
replicating form (RF) or Hofschneider structure (HS); and (iii) a strueture
consisting of double—sfranded RNA'with one or more-attached single;stranded
.RNA ﬁoléeﬁles of varying length referred to'ae replieatiﬁe intermediate (RIj

or the Franklin structure (FS)l

Iselationeof "minus'" strands %as achieved by taking advantage of their
ability'to anneal with @8-RNA ("plqs" strands). Denatured double-stranded
'RNA was reannealed with a large excess of f?agﬁentéd plue strands. Cellulose
chfomatography fhen separateddouble—stranded.RNA f¥om excess single stranded
"plus" fragments. Heat denaturation; to separafe "plus" fragments from full

"minus" strands, was followed by velocity centrifugation which isolated

"minus" strands in a pure form (Pollet, Knolle, and Weissman, 1967).

FS sediments as a broad band in contrast to HS which is observed only as a

13S ‘structure. However, on treatment with ribonuclease all FS has a

sedimentation coefficient of 13S presumably because nascent partially-com-—

pleted single stranded RNA chains are removed. The 135S form has the physical

" and chemical properties expected of a double-stranded viral RNA. Since a
labelled RNA precursor can be chased from FS into single-stranded viral RNA,
the FS is often referred to as a replicative intermediate whereas double-

- stranded RNA without attached chains is referred to as a replicative form

(Franklln, 1966).



"Minus" strands were characterized bybbeing conterted into an RNase—resistaﬁt :
(double-stranded) form by ”plus”.strands (Pollet, Knolle and Weissmann, 1967)
_and by having a base composition”complementary to @p-RNA (Feix, Pollet and
Weissmann, 1968). 'Minus'" strands were not able to infect spheroblests;
ptesumably because replicase is coded for by the "plus" strand (Pollet, Knolle
and Weissmann, 1967). QB—repZicase.eatalyzed in vitro RNA synthesis when
"minus".strands were added as template (Feix; Pollet and Weissmann, 1968;
‘Mills, Bishop and Spiegelman, 1968; Weissmann; Feix, Slor and Pollet; 1967).
_Biechemicai analysis of synthesized RNA was dependent on the development of
the'double isotope epecific dilution assay - an efficieﬁt quantitative assay
for "plus" and ”ﬁinus" strendsl(Weissmann; Feix, Slor and Pollet, 1967). For
this assay H3 labelled product RNA was mixed with (i) a small quantity of P32
1abelled viral "plue”'etrands es-a control, (ii) an excess of unlabelled
double~stranded QR-RNA, and (iii) inereasiné amoents of unlabelled QBR-RNA.
The mixture.wasvheated (lZOOCFfor 3 minutes) and then cooled (60 minutes at .
80°C) prior to determining RNase-resistant P32 and Héradioaetiyityt‘ In

this procedure Hglabelled "minus" sttandé are protected from RNase activity -
by the addition of QB—RNA. from a plot of.the fraction of.P32 and H3 RNase
resiétant‘redioactivity at different concentrations of unlabelled GR-RNA, the
‘reiative amounte.of‘"plue" and "minus" straﬁde in the synthesized HgRNA can
be determined (Weissmann, Fei#; Slor anvaollet; 1967), The.”ﬁinus" primed
r_eaetionl yielded en initially high value for productv”plus" strands which
steadily declined in value (i.e., 74% "minus“.strands at 2.5 minutes, to 21%
at 10 ﬁinutes and 11.5% at 25 minutes) (Weissmann; Feix; Slor aﬁdJPoliet, 1967).

In contrast the "plus" primed reaction assayed approximately 107 "minus"

In fact denatured double-stranded RNA was used as a primer. However, the
reaction products were sufficiently ‘dissimilar to the "plus' primed reaction
that the synthesis observed was attributed to the template activ1ty of
"minus" ' strands. -
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strénds throughout ;he reaction. After 40 minutes of incubation the producﬁ
was 917 "plus' and 9% '"minus" regardless of whether "plus" or "minus" strands
were used as primer. Two minutéé after the aédition of pﬁrified non~infectious
@B~"minus" strands, 1 x 106 infectious units had been synthesized.' Four
minutes after the addition of "minus" primer, three timeé the input RNA

had béen synthesized fof a total of 2.7 x 106 infectious units (Feix, Pollet
and Weissmann, 1968). .Although RNAbhad been synthesized no increase in
infectious units was observed for six minutes with a "plus" ptimed reaction;

. after thirty minutes of syntﬁesis the "plus" primed reaction resulted in a
: si%téen fold increase in infectfous units whereas ﬁhe "minus".primed.reagtion
assayed a thirty-two foid increase in spheroblast infectivity (Feix, Pollet
and Weissmann, 1968). Thus it appears that "minus" strands result in the
immediate éynthesié of "plus" strands whefeas primer "plus" strands first
direct tﬁe synthesis of noninfectious "minus" strands which are subsequently

utilized as a template for "plus" strand synthesis.
‘as a temp P y

In addition to the lack of inérease in infectious units during‘the first
six miputes, Mills, Pace and'Sﬁiegelman (1966) also reported a loss of
infectious units during the early‘syntheéis of a reacfionAprimed with "plus"
sﬁrénds. A maximum loss of 75% of infectious units‘contributed by the "plus"
'strand-template was.observed'at four minutes; Hgtémplate at four minutes was
associated wiﬁh P3gproduct in an uninfectioﬁs mélecular form with a sediment-
ation coefficient of 15S. Heaﬁing the 158 form resulted in infectivity; which
suggested that a double—stranded RNA was involved in the feplication of
iﬁfectious ZBS:QB—RNA. Additional evidence of tﬁé dpuble—sffanded nature of

" the 158 form was provided by its partial resistance to ribonuclease.
Fﬁrther‘analysisvof intervening molecular forms was achieved by
acylamide gel electrophoresis of the reaction mixture (Bishop,»Claybrook,

Pace and Spiegélman; 1967). Acrylamide gel électrophoresisjpfévidéd an
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efficient quantitative analysis of QB—RNA; as well as of the HS (Franche and
ﬁofsneider, 1966) and the FS (Franklin, 1966). The loss of infectivity in
“the early synthetic period was found to be quantitatively correlated with
template involvement in the HS and FS (Bishop, Claybrook, Pace and

Spiegelman, 1967). One minuteafter fhe initiation of éynthesis some of theb
P32QB—RNA ﬁemplate ﬁas associated with the HS._ P32QB-RNA primer'appeéred in
the FS one-half minute.later ana at the end of tﬁo minutes more P3ztemplate
was assopiated with FS than with HS. The ratio of P32FS to P32HS did nof
change appreciably in the interval from threeAto five minutest P32tem§late
in HS and FS was accompanied by a'ioss'of'free PBgtemplate so fhaﬁ by three
ﬁiﬁutes'69% of P3gprimer was associated with HS and Fs;'consistent with the
.earlier report (Mills, Pace and Spiegélmén, 1966) of a 75% loss in template

- infectivity at four minutes. Supporting evidence for interéediate molecular
compleies involvea in the in vitro synthesis of @R-RNA was provided by
following o 1’3-g UTP labelled product in the early stages of a reaction

primed with'Hztemplate (Pace, Bishop:and Spiegelman, 1967). The earliest

A 'detectablé Pngroduct was found in the HS region at one minute (associated
with a small fraction of the H3 template); this was followed by incorporation
into the FS one.minuté later. P32product @B-RNA waé obsefved subsequent to
the aﬁpearance of label in the HS and FS. The saliéﬁt feétures of these
experiments are_that: primer RNA first becomes part of a noninfectious RNA'
coﬁplex; all of the first product synthesized is associated with the initiating
tempiéte in the HS region; subsequent to the formation of HS structures
template and product are found in the FS; and infectious @B-RNA is syﬁthesized

only after FS structures are observed. These observations indicate that HS

and FS are sequential template—containing intermediates in the synthesis of
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.QB—pfoduct end that the FS generates new ¢R<RNA strandsl. Additional
proof of such a mechanism was provided b? "pulse-chase" experiments (Pace,
Bishop and Spiegelman, 1968). Dering a period of active @B-RNA synthesis
UTP32 was incorporated into FS for one minute followed by a cold chese for
ten miputes. As expected, the pulsed radioactivity found in the FS was
subsequently chased into mature QB—RNA. Thus the FS appears to be the

immediate physical precursor to QB-RNA.

Incorporation of B Y—P32 labelled ATP, UTP, CTP and GTIP into product

RNA was utilized to show that both‘"plus” and "minus" strands are

synehesized in a 5' to 3' direction by‘copying the complementary template

from the 3' to the 5' end (Auguet et al., 1968; Mills,.Bishop and Spiegelman,
I968;.Spiegelman et al., 1968). When reaction mixtgres primed with "plus"

: ofr”minus" strands Were‘supplied.with the four B8, Y—P32 labelled ribonucleoside
e'triphosphates only B, Y—PBgGTP Qae incorporated into eomplete or incomplete
strands. A 5' to 3' synthesis predicts that only the unique 5' terminal
ribohucleosidevtriphosphate would retain its B and Y phosphate Since‘the B
,and'y phosphates of other ribonucleoside triphosphates would be cleaved

when adjacent‘bases ere joined. In contrast, incomplete product strands of

~a'3' to 5' synthe31s would contain all r1bonucle051de trlphosphates

Weissman et al. (1968) provide evidence that double-stranded RNA is an
artifact of extraction and that HS and FS are not the actual replicating
complexes. Support of their view comes from the observation that neither

_HS nor FS can prime gB-replicase without prior heat denaturation (Spiegelman
et al., 1968). Weissmann et al. (1968) propose that template and product are

- held together by relicase and/or a few hydrogen-bonded regions during
replication and are converted into a double-helical structure by extraction
with phenol or detergents. However, such an interpretation is not at
variance with the above postulated mechanism of 4B~RNA replication by forming
a "minus" strand complementary to the original template; the "minus" strand
subsequently is utilized as a template for the formation of a "plus' strand.



A3,

' ' . 32 c o as '
Hence the observation of only B8, y-P —=GTP being incorporated indicates that
"plus" and "minus" strands are synthesized in a 5' to 3' direction and that

the 3' end of "plus" and "minus" strands utilized by QB-replicase end in

cytosine.

To recapitulate, an in vitro system capable §f extenéive replication of
QS—RNA has been deyeloped'as well as the necessary technology fdf the
qualitativé and quantitative analysis of product RNA; Synthesis,'shown to be
dependent upon fhe addition of intact homéiogous template, produced RNA Qith
the same baée composition and sedimentation properties as the added template.
Maintenancé of the function of all’thrée @B-RNA cistrons was indicated by
the ability of product RNA to infect host-sphéroblasts; Extensive serial
dilution of syﬁthesized RNA revealed that proauct RNA was itself able to act
as a template. Proof thaf RNA was thé instructive agent in the replicatiﬁe
process was provided By the demonstration that the product of a reaction
primed with mutant RNA maintained the mutant phenotype. In addition to
@B-RNA, HS, FS and "minus" strands were shown to.Be'involved in'the'
replicative proééss. When primed with a "plus" strand QB;repZiéase synthesizes
a.complementary "minus' strand which is itself subéequently used as a template
for the synthesis of "plus" strands. ‘Synthesisbof.goth "plus" and "minus"

' strands proceeds in the 5' to 3' direction.

In theory many of the functions of @B-RNA (such as information for the
coat proteiné and replicase) should bé dispéﬁsable in the in vitro replicating'
system. In the tesf—tube environment all thé compoﬁents necessary fdr seif—
replication aré provided sb that many sequenées coding for information
necessary for in vivo replication should no longexr be required.' Maintenance
of the ability to utilizé’QB—repZicase_as a catalyst would névertheless

appear to be an essential function of the molecule still required in the
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in vitro system (unless an alternative method of replication was generated by
some cryptic mechanism). Molecular "Darwinian' selection should be possible
in such an in vitro system since a spontaneousl? generated variant molecule
with a replicative superiority would be expected to become the predéminant
mélecular spécies by viftue Qf its feplicative superiérity. Such consider-
ations led Mills, feterson and Spiegelman (1967) to design an eXperiment
capablelof answering the following question:. ”What.will happen to the RNA
‘mélecules if the only demgnd_made upon them is the Biblical injunction,

.multiply, with the biological proviso that they do so as rapidly as possible?"l

VAn éxﬁerimental system capable of.prqviding selection pressure for fast
repliéating variant molecules was achieved by a serial transfer experiment
that selected ﬁewly synthesized product RNA (Mills, Peterson and Spiegelman,'
1967); At fhe start of the expefiment 0.2 ug2 of QBR-RNA was added to 0.25 ml
of a standard reéction mixture. Affer 20 minutes of synthesis'aVZQ A sample
was used to prime the second>reaction, and so on for the first 13 reactions.
This procedure was followed by 16 reactions for 15 minutes, 9 réactioné for
» 10 minutes, 14 reactions for 7 minutes, and 23 reactiéns of 5 minutes
durafion for a total of 75 reactions. That moleculaf "Darwiﬁian" selection
had occurred was indicated by the ceséation of synthesis of biolbgically
fqnctionai RNA (as measured'By a sﬁheroblast assay) by the fifth fransfér.
Furthermore, the general trend towards faster replication (measured by the
rége of incorporation of PBgUTP) in later reaction mixtures was highlighted

by a dramatically increased rate of synthesis in the 9th reaction mixture.

In terms of completed molecules the single—stfanded product of the 75th

1 Mills, Peterson and Spiegelman (1967), page 217.

2 0.2 ug of 28S QBR-RNA equals 1 x 10ll strands (PACe and Spiegelman, 1966).
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transfer was shown ﬁo replicate fifteen times faster than gR-RNA. The
sedimentation coefficient of RNA from thé main peak of the 9th reaction
mixture was 20S instead of 28S expected for infectious QB;RNA. By the 30th
transfer the main peak was 15S; ana by the 75th transfer it was 125; indicating
the eyolution of a molecule with a lowér moleéﬁlar weight. /Sedimentation
anslysis of the 9th, 15th and 30th reaétion mixtures also revealed complexes
in minof peaks with.HS and FS sedimentati&n coefficients. The minor peak of
the 75th transfer (separated by aérylamide'gel electrophoresis) was partially
resistant to RNase, denoting thé presence of a partially-double strénded
struéture in the reaction mixture. ”ﬁinus” strands isolated from'thé.75th
reaction mixture were capable of priming @8-replicase (Mills, Bishop and
Spiegelman, 1968). The presence of HS, FS and "minus'" strands in the reaction
mixtures suggests that variant RNA replicates by the saﬁé mechénism as GB-RNA.
The molééular weight of single~strénded RNA of the 75th tfansfer, referréd to
as V-1, Qas 1.7 x 105 daltons, which correspondsAtQ a molecule 550 nucleotides
long coméared.to the 3600 nucleotides present in a mature @B-RNA molecule. .In
addition the basevcomposition of V-1 was increased 5 mole % in quanine but-
decreased in adenine aéd cytosine by 2.4 mole %Z. The conclusion seems
inescapable. V-1 is a variant self;replicatingImolécule with a vreplicative
superiority over the molecular prototypé @B-RNA -~ unequivoéal evidence bf

in vitro "Darwinian" selection at the molecular level.

I

In the selection of V-1, product RNA was diiutéd 12.5 fold ét each
traﬁsfer, and selection pressure for fast replicating molecules was maintained
by shortening the time intervél between transfers. - Another i;olate (V-2) was
selegted by méintaining the incubation time.constant at 15 minutes but
applying increasing dilutions of product RNA, thus creating an environment
favorable for the selection of moleculeé capable of interacting withi

@B-replicase with an increased efficiency (Levisohn and Spiegelman, 1968).
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The first tube received 0.07_ug of 28S @B~-RNA. Product RNA was diluted 125
fold for the next 5 transfers; 0.01 ml of a 1 x lO6 dilution was used for the
next 7 transfers; and 0.01 ml from 1 x lO7 to 2.5 x 10lO dilutions were used
to‘seed reaction mixture; in the last 5 traﬁsfers. Variant single—étranded
‘RNA of the 17th tranéfer (V-2) had the same reiative électrophoretic mobility
on polyaérYlamide gels thus indicatipg a molecﬁlaryweight similar to V-1I1.
Purifiea "plus" strands of V-2 had a different base composition than V-1 or
QB.—RNAleévisohn and Spiegelman;.l9é9).ﬂ-Sequence analysié of the 5' énd
-.of_V?Z'Jplus” sfrands indicate an octaﬁucleotide’(ppp(Gp)A(Ap)z(CP)z)bsimilar
to QS~RNA (Bishdp, Mills and Spiegelman, 1968). However, V-2 exhibited a
étriking phenotypic difference to'V»J in the ability to prime QB—repZicase
at low témplate'concentrations (Levisohn and Spiegélman; 1968). Measurable
RNA synthesis was obséryed after 15 minutes of priming a standard reaction
- mixture with 0.29 uuugl of(V#Z-RNA;U in"contrast 300 times és.much template
,V;J RNA was required to ébtain a measurable synthesis in 15 minutes. In
additioﬁ the doubling time of V-2 was 0.403 miﬁutes during expodential
growth .as compéred fb 0.456 ﬁinutes fo; ?ﬁi; Thus -the artificial environment
of low template concentration was successful in selecting a variant with an
enhanced ability of interacting witﬁ QB—repZicasé. Clearly, the different
selective pressures used to select V-7 and V-2 selected different
spontaneously arising variants, the variant selected being\th;t molecule ﬁith

a replicative superiority in the selective environment.

V-1 and V-2 were selected under environmental conditions tﬁat fostered
ﬁaximal RNA replication (i.e., standard réqgtion mixture at 38°C). Experiments
were also designed (Levisohn and Spiegelman,:l969) to ascertain if superior
replicating molecules could be selected in an'epvironment that inhibits |
normal RNA replication. Suboptimal levels of pfecursor ribonucléosiae

triphosphate greatly inhibit the rate of RNA replication. For example; the

1 0.229 uuug equals one strand of V-2 RNA (Levisohn andepiegelman, 1968).
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rate of synthesis of V-2 was»ZS% and 5% of normal when incubated on fwo and
one mu moles of CTP/0.125 ml of reaction mixture, réspectively ("complete
mediumﬁ éonfained 100 mu moles of CTP). V-4 was isolated from the lth
transfér of a series of dilut_ionsl in "medium'" containing 2 mu moles of CTP/
0.125 ml, the first tube being primed with @R-RNA. V-4 was then used to prime
a series of reaction mixturés containing one mu mole.of-CTP; thirty .serial
.-'dilutionsl led to the isoclation of V—6.  The‘doubling times of V-2, V—4 and
V-6 were 1.81, 1.41 and 1.16 during logarithmetic growth in limiting CTP

{1 mu mole/0.125 ml), indicating tﬂat V-4 and VFé arevvafianf molecules with
a replicative superiority in low levels of CTP. qudetectable differences in
base cémposition or molecular weight could be detected between V-2 and-V—G.

. Preliminary results indicafe_fhat V-4 ande—6 produce allosteric effects on
the replicase that enables the enzyme-substrate complex to utilize CTP more

efficiently at low CTP concentrations (Levisochn and Spiegelman, 1969).

Tubercidin (an analogue of adenoéine) also inhibits the in vitro
freﬁlicatiqn of RNA. The repiication rate éf V-8 , a variant derived froﬁ
V-6 capable of enhanced replication on iow levels of ATP, was inhibited four-
fold when 30 mu moles of tubercidin was added to the reaction mixture.‘ V=9
isolatéd By éeriai dilution on tubercidiﬁ "medium" originally seeded wifh
V;8,Ahad a déublipg‘time of 2 minutes in the presence of the inhibitor as
compared to 4.1 minutes for v-8. Iﬁ thé aBsence.of tubercidin botﬁ V-9 and
the molecular prototype (V-8) have the same doubling time - one minute

(Levisohn and Spiegelman, 1969).

‘The initial dilution of 1.25 x 104 was increased gradually to 1 x~1011
(Levisohn and Spiegelman, 1969). ‘
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In summary there is unequivocal evidence that molecular "Darwinian'
selection occurs during the in vitro synfheéis of QR-RNA.. Imposition of a
specific selection pressure resﬁited in the evoiutidn of é specific molecular
variant. The molecular variant isolated had the property of replicétive
’ superiority in the selective environment. Invadditioh to achieving
replicative superiority by discardiﬁg diépensible infOrmation; SOmé variants
were préducgd with no aetectable differences in baée‘compositién or molecular
length (i.e., V;Z and V—6). Such mutants.are at present differentiated only

by their phenotypic expressions.
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IN VIVO EVIDENCE FOR MOLECULAR "DARWINIAN' SELECTION

Introduction
| The wide range of phenotypes exhibited by QB-RNA when subjected_to
- different environments Mills, Peterson and Spiegelman, 1967; Levisohn and
Séiegelman,.1968; Levisohn and Spiegelman, 1969) is truly remarkeblef vThe
nember of different moleculafvvariants possible would appear to be limited
only by ehe.ingenuity of the investigator to devise environments that provide
a seleeti&e advantage for novel RNA molecules. Detec;ion of molecplar
‘"Darwinian" selection 4 vitro was dependent upon the development of a system
capable of unlimited synthesis of a specific molecule as well as the advanced
technology capeble of detecting any var;ant molecules generated in the syseem.
These ﬁecessary requirements have been achieved only for @QR-RNA in bitro and

one wonders if the phenomenon is a general one.

It is the purpose of the author to provide evidence for molecular
"Darwinian' selection in vivo in the remainder of this essay. Before embarking

upon this adventure, it would be well to reflect briefly upon the observations

predicted if molecular "Darwinian" selection occurred in vivo.

Coﬁsider the 1ocalization.of a self-replicating ﬁolecule in nature. A
given self-replicating molecule eccupies a,very‘specific part of the total
space inhabited by all the self-replicating mdleculeé of a given biological-
system.1 For example, mapping of a chromosemal gene indicates‘a specific

and constant location in the chromosome relative to other genes; and DNA of

1 A biological-system in this essay will be defined as the totality of
biological structures and precursors necessary to achieve sustained
replication of the self-replicating molecules contained in the
biological-systemn. o '
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orgénelles such as mitochondria and chlmroplasfs is limited.to these
organelles and is not fbund in areas such és the nucleus which are occupied
by,othe:,self—replicating molecﬁies. The space occupiéd by a self-replicating
molecule may vary with the fun;tional state (replication, transmiséion,
ktrénscription'or translation) of the molecule. However, each self-replicating
mélecule occupieS“é distinctly uniqﬁg space when functioning in a biological-
~syétém; thg totality of space occupied by a seif;replicating molecule in all
of its functional states will be referred to as a moZecuZareniche in the
remainder of this essay. Implicit in the concépt of-a molecular niche is the
éxistence of contrél mechanism(s) that limit the nﬁmber of réplidas of a

given self-replicating molecule.

By definition molecular "Darwinian" selection requires the appearance

" of a variénf self—replicating mélecule with a replicative superiority ovér
thé molecular prototype in a givén environment. As many replicas of the
variant molecule as possible would be produced in-a given biological—system;
However, unlimited replication of a variant molecule (or the mdlecuiar
prototype) would be incompatible with survival (continued replication) of
the molecule. The quantitative upper limit of variant molecules would.be
.expected to be qontroiled by the same mechanisms that control.the quantity
of normal molecules. For eXample; if the percentage of normal mitochondrial
DNA is ten percent of the total DNA, any aﬁnormél mitochondrial DNA

would not be expected to greatly exceed ten per cent of the total.

The replicative superiority of the variant molecule would have the
potential of becoming the sole molecular species in the niche occupied by the

molecular prototype. Although the tendency would be for the vafiant molecule
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to Become the sole species occupying the molecular niche, certain aspects of
biological systems would allow for the mainfenance of the normal molecule.
Firstly,_self—replicating molecﬁies of a biological system are compartmentalized
into units and subunits of varying size énd compiexity such as cells, mito-
chondria, chlofoplasts; nuclei, and protein coats in the:case of viruses. In
the reproduction of theée unité chance» molecular seéregation from a common
pool of normal and variant moleculeé could resulﬁ in units containing only
normal molecuies. Spch unifs could then co-exist with units.containing only

' abnormal molecules if there were no transfer of molecules between units
(assuming_that molecular composition has no effect on the repiicatiéﬁ rate of
‘the gnits). Secondly, a biblogical system is not static but rather is in a
constant state of flux. The molecular énvironment of a self-replicating
molecule can cﬁangé gfeafly in response té external and internal stimuli.
Implicit in the hypothésis of "Darwinian" selection ié-the dependence of
repliﬁafive superiority on environﬁent. A molecule with'a replicative
superiority in one eﬁvironﬁent may‘have a replicative infefiority in aﬁother.
Consider a spdntaneousl?—generéted mutant viral molecule that has arisen two
tﬁirds of the way through the infeétious cycle. Further assume that the
mutant viral molecule haé a reélicative supériority only in the molecular
'enviropmént provided in the_host cell in the latter one-third of the
infectious cycle. Coinfection of a host éell by a variant and a normal viral
molecule would initially favor replication of the latter molegule, whereas

‘the final oné—third of the infectious>cycle'wquld favor the replicatioﬂ of

the variant moleculé; Similarly, a variant éhlbroplast DNA molecuie.may,“
_have a replicétive superiority over the moleéular.prototype onlyiunder
optimal levels of the precursor deoxyribonucleoside triphosphatés.b At a
certain stage in the qéll.é;cle‘sﬁch as nuclear DNA synthesis, these
precursors ﬁéy_becqme limiting thereby conferring a replitative'advantage

to the normal cholroplast DNA. Thus the molecular environment may initially
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-favof the replication of a varianf seif—replicating molecule.and be subsequentlyi
altered to favor the replication of the normal self-replicating molecule. (An
important corollary in that moleéﬁlar replication could cﬁange.the environment

in éuéh a manner as to be subéoptimal.forthé replication of the cauéative
mdlecqle). A’éyclic enVironmentél fluctuation could in thié manner prevent

the variant self-replicating molecule from becoming the sole molecular species.

The location of a variant self-replicatipg'molecule need not be restricted
"to the niche of the pérental prototype as.the variant may be successful in
‘occupying the niche of other résident self-replicating molecules aslwell.
The-possibility_also exists that a variant molecule is so altered in
propefties tﬁat it is unable‘td occupy any of the exisfing niches but is so
successful in self—dupliéétion that tﬁe biological-system supplies a de novo

niche for the variant.

Theieffect éf molecular-"Darwiﬁian” selection on the biological-system
“would depeﬁd greatl§ on the function.of the self—réplicating molecule in the
biological-system. A broad classification of dispensable and indispensable
seif—replicating molecules can be made. Since the functional requirements of
a_biologiéal—system vary éreét}y, a”self—replicating moleéule may be |
diépensable in oﬁe environﬁeﬁt but nét another. For example, the information
required for séxual reproduction would not be required.by:an‘organism in an
.environmenﬁ capable of‘supporting.continued asexual reproduction. However,_
the vast majority of self—replicating.molecﬁiés would be indeépensable for

the survivalbof the sioldgical unit. Any‘incéutious self—réplicatiﬁg.molecule
that sheds indéspensable informatiop in order.to gain a replicative'advanfage’
would run fhe risk of self-elimination. Unleés sufficient ﬁormal sélf—
repiicating molééules'caﬁ be maintainéd by some mechanism(as described abbve,

the biological unit would become defunct and with it the vériant molecule.
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Multiplicitybof units is one of the major characteristics of a biological
system. Loss‘of.a'ﬁnit due to phe generation of a variant'self~replicating
molecule would be very difficult to detect by current technology. Coﬁsider
the demise of a cell (the largest biological unit) in a colony of bacterial
cells (one of the smaller biological-systems). The loss created by cell
lethality during the grbwth of a colony would be replaced by the progeny of
other cells and pass undetected. Thus the majority of ”Darwiﬁian" molecular
selection in vivo could not be detected by hodern technology and would be |

loverlooked.

On the other hand self-replicating molecules with a dispensable function
would occasionally be expécted to provide observaﬁle e#amples of'ﬁolecular
"Darwinian" selection in vive. Minimal reqﬁirements for a rigorous
demonsgration of molecular "Darwinian" selection <n vivo would reqﬁire:

(i) isolation of the wvariant self—repiicating molecule and its molecular
proéotype in abéhemically pure form; (ii) detection of differences in chemical
composition between the variapt and protofyfé molecule; and (iii) the in ﬁivo
demohstration of a replicative differential>between tﬁe variant and prototype
molecule. Technical difficulties would be expected to impede the demonétration
of one or more of the three minimal requirements in many biological systems.
For example, subtle changes in molecular composition, as eXemplified by the
change from V-2 to V-6 (Levisohn and Spiegelman, 1969), could not be detected
biochemically. However, gross changesvin molecular compositioh; such as the
decrease in length and élteratioﬁ ih'base céﬁposition of V-1 from QB-RNA
(Mills,iPéterson and Spiegelman, 1967), would be easily detécted by current

biochemical techniques.

Unless molecular "Darwinain'" selection in vivo occurred with an

unexpectedly high frequency, the detection of grossly variant Self-replicating
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molecules by the sole use of biochemical techniques would be laborious.and
most likely futile. As an aid to their detection the loss of an easily
observable dispensable function, caused by a gross molecular alteration,

would serve as a useful indicator.

Genetic analysis would be expected to provide an in viﬁo demonstfation
Qf any reproductive differential between differing variants and their prototype
self—replicéting molecule. Variforﬁ isolates of wvariant self-replicating
"molecules and their molecularuprototyne would be expected to have unique
phenotypic expressions. FHybrid biological units containing alternative
forméinf é self-replicating molecule could be obtained from suitable crosses.
The pnenotypic expression:of alternative molecular forms in:nrogeny units

would then form the basis of a genetic analysis.

Genetic anaiysis would be expected to provide evidence for the
surprising prediction that progeny units, in many inétances; would show thé‘
complete and irreversible loss of the parental éelf—replicating-molécules
wiﬁh a replicativé inferiority. It is important to emphasize the difference
between this prediction nnd the usual dominance—recessive relationships
found netween genetic markers. Classicalkgenetic analysié demonstrates that
thn lack‘of phenntypic e%pfession'of the renessive ﬁarker.is.not due fo the
irrevocable loss of the materiai'basis for the recessive phenotype. Rather,
the recessive marker can be shown to have beenbphysicallj nrésent, but
bunexpréssed. The hypothesis of moleculng ﬁbn;winian” selection makesrthe__
diametrically opposite pfediction that lack of phenotypic expreséion by a
genetic marker is due to the irreversible loss of the material basié for the

phenotypic expression.

Maintenance of both parental self—replicating molecules by environmental

fluctuations, as mentioned earlier, would be ekpected in éomeﬂbiological'
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systems. Additionally, stable progeny units containing only one parental
form wodid be expected to occur as the result of chance segregation of
parentai,self-replicating molecules. The interaction of (i) environmental
modification ofﬁdifferential replication aﬁd (ii) chance segregatioﬁ, would

elicit the unusual phenotypic expression of continuous segregation.

Genetic¢ analysis would also be éxpected to provide a visible

" demonstration of a variant self-replicating molecule capable of oécﬁpying
‘niche(s) in_addition to that'of the paren#al prototype. Alteration of the
.phenotypic expression of the parental prototype would act as a signal that
the parental niche was occupied by the variant moleculg. Subséquent to
‘this éue other molecular niche(s) would»bercQupied by the variant molecule.
Such a series éf,e&ents would provide the marvel of dependence of one

phenotypic alteration upon the prior appearance of another.

Simultaneous loss of more than one function would be an indication of a
grossly variant,molecule’genérated from a molecular prototype normally.
carrying information for moré than one function. Phenotypically, such an
alteration would appear fp mimic a classicél deletion. However, a variant
molecule endowed with replicative supefiority wéuld have the additional

property of. suppressitivity...

Another genetic manifestation of molecular "Darwinian" selection in VLVO
_ﬁould be the dependence of phenotypic expression on external environmental
barameters. Alteration of the external envirénment could often bé expected
to vary the replicative differential of self-replicating molecules and thus

alter some of their phenotypic properties.
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Suppressitivity

Since the molecular basis of heredity was not firmly established until
the mid-twentieth century, early evidence for molecular '"Darwinian" selection
in vivo was dependent upon genetic analysis. Thus, of the three aforementioned
requirements for proof of molecular "Darwinian' selection Zmn vivo, only
evidence for the demonstration of a replicative differential between the

variant and prototype molecule can be found in the early literature.

Genetic analysis revealed that the normal phenotype could be irreversibly
lost from the progeny of a cross between a mutant form and the normal prototype.
In such a cross the mutant form was said to be suppressive (Darlington, 1944)
since, unlike the usual dominant-recessive relationship between markers, the
alternative form (and thus its molecular basis) was either absent from, or
irreversibly inactivated in, progeny cells. Although Darlington (1944) could
not discern whether the material basis for the normal phenotype was ahsent or
irreversiBly inactivated in mutant progeny cells, he stated that suppressitivity
implied that, "plasmagenésl have rates of reproduction which can be varied
widely ....... and that their chemical equilibria must be subject in some
degree to developmental as well as envirpnmental conditions."2 In other
words, he considered the lack of phenotypic expression of the normal plasmagene
to be due to the absence of its material basis in mutant progeny cells. The
disappearance of the normal determinant was caused by the replicative
superiority of the mutant determinant and furthérmore, the replicative
differential between the two determinants was environmentally influenced - an

apt description of the expectations of molecular 'Darwinian" selection in vivo!

! The characteristics discussed were cytoplasmically-inherited; the term
plasmagene referred to the hereditary material that was extranuclear and
thus resided in the cytoplasm. ‘

2 Darlington (1944), page 166,



3.

Suppressive cytoplasmically-inherited mutants are found in many species and
affect many diverse characteristics such as: '"killer" in Paramecium aurelia,
variegated and pale iﬁ’ScOZOpendTium vulgare, rogue (pointed leaves and

curved pods) in peas (Darlington, 1%244); red in Aspergzllus niduians,
vegetative death in Aspergillus glaucus, and senescence in Podospora anserina
(Jinks, 1964(a)): respiratory deficiency in Saccharomyces cerévisiac (Ephrussi,
vHottinguer:and Roﬁan, 1955); abn-I and abn-2 (reduced growthrrate,'absence of
aerial hyphae and protoperitﬁeciaj in Neurospora crassa (Garnjobst, Wilson

and Tatum, 1965); abnormal growth mutaﬁts~such as s8tp-4A in NeurosporaAcrassa

" (Bertrand and Pittenger, 1969§ ; and "killer" in Saccharomyces cerevisice
(Somers and Bevan, 1969). A striking exémple of - the expression of sﬁppressive
plasmagenes in Neurospora érassa was provided by the continuous growth
experiments of Bertrand and Pittenger (1969). 1In one éxperiment hyphal tips

© with aBnormal‘growth charactefistics were selected after 110 days.of |
continuops growth in special tubes designed for continuous hyphal propagation;
The growth mutant (and others selected in‘a similar_ménqer) was characterized
By (i) pleiotrophy (affecting growth; cdnidial viability, female fertility

and causing mitochondrial abno?malities sucﬁ aé cytochrome atag ahd’b'
deficiencies) and (ii) é suppressive cytoplasmic-inheritance (when analyzed

by the heterokaryon test).

Unfortunately, little is known of the mqlecular and/or cytological basis
of most ;f the suppressive-cytdplésmically—inherited markeré studied.
Consider a mutant and fhe correspondiﬁg norﬁél marker (cytoplasmically-
inhérited) and their respective phenotypes. Using the most generélized

‘classification, the mutant marker is. genetically defined as being suppressive
if its phenotype is not expressed in progeny cells issued from the hybrid
cell formed by Erossing the mutant and normal strain. However, lack of

expression of a normal marker does not necessarily imply that the molecular-
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niche of the normalAmoleéular prototype has beén occupied by a mutant molecule
with a réplicati&e superiorityl ‘Other plausibleé mechanisms are capable of
accouﬁting for the lack of the normal phenotypié éﬁpression in progeny cells
such as: the irreversible inactivation of the normal molecular-prétotype;
brezygotic eliﬁination éf the molecular prototype by the lack of contribution
of plasmageneé by the smaller male gamete; as e#emplified by thé maternal
inheritance of stp-A in Neurospora crassa (Bertrand and Pitte_nger; 1969);
pqétzygotic destruction of the molecular prototype typified by the ﬁainténance
: of_plasﬁagénes contributed only by the mt+ mating type in Chlamydomonas
reinhardi, even though both gametés contribute equally to the zygbte (Gillham,
'1969); and chance somatic segregation resulting in tﬁe'accidental e%clusion

of the molecular prototype from progeny‘cells (Jinks, 1964 (b)). Genétic
énalysis without knowigdge of the molecular and cytological basis of the
suépressive phenbtype cannot demonstrate unequivocally that molecular
"Darwinian" selection, rather than.inactivation, prezygotic elimination,
postzygotic destruction{ or chance segregation; is the undérlying mechanism
cqusing éuppfessitivity. Fortunately, detailed geneticall mélecular and .
cytolégicél information is available for ﬁhe supbressive cytoplasmicallyv.
inherited respiratory-deficient mutant in Sdcchdromyces cerevisiae. In tﬁe

B Béiief_that thé thofough investigatioﬁ of é'éhenomeﬁoﬁ in.oné specieé is

ﬁore informative than a superficial ekamination'of many species, the remainder
qf'tﬁis section will concentrate on presénting evidence thét suppressive
'.respiratory—deficiency.in-SQ cerevisiae is ﬁﬁe phenotypic ekpressidp éf.
molecular "Darwinian" séleétion in vivo. Information gieaned ffbmvcritical“

-experiments in other species will be mentioned when relevant. o
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Cytoplasmically-inherited respiratory—deficient mutants ([rho-])l in
S. cerevisiae arise spontaneously with a minimum frequency of 1%. These
/ .

3 b and cq

(Ephrussi, 1953;_Borst and Kroon, 1969). [rho-] strains are unable to utilize

‘mutants aré characterlzed by the absence of cytochromes a+a

non—fermentable energy sources such as glycerol but cén derive sufficieht
energy for growth from glycolytic metabolism of a fermentabie energy source
sucﬁ as glucose; thus any self-replicating molecule carryiﬁg information
required for functional mitochondria is dispénsable in'S: cerevisiae, thereby
allowing for the possibility of molecular "Dér%inian” selection in vivo-
wiFhout resultant cell lethality. All spontaneous arising [rho-] cells are initially
suppressive ([rho—(&)])'(author, unbublished results); however, [rhoé(é)i can
segregate to give a stablev[rho—] stfain with zero suppressitivity ([rﬁo-(n)])

' (Ephrussi, Hottinguer.ana Roman, 1955; author, unpublished resultszj. Zygote
colonies of the [rh§+]bby,[rh0f(n)] cross are all [rh0+]; whereas a vafiable

' nuﬁber (5-99%) of those from the cross [rho-(s)lby [rh0+]_are [rho(-)]. . fi,'
The % suppressitivity of a given [rho-(s)] strain is defined as the ¥ ofA
[rho-] zygote colonies produced when crossed to a [rhot+] strain. Hence a

- [rho-] strain that produces 50% [rho-] zygote colonies when crossed to a
[rho+] strain is defined as being 50% suppressive ([rho-(50%s)]. The heredit- f
ary component in [rho-(s)] cells that is responsible for the phéﬁotypic
expression of suppressitivity is referred to as.the suppressive factor (SF)
v(Ephrussi, Jakob and Grandchamp, 1966). Extending this rationale there is a
normal hereditary component in a [rho+] cell, referred'to as the normal -

factor CNF), .which can-"mutate!. to- glve rise to. the SF Ephruss1 and

Genetic nomenclature of S. cerevisi@e used in this essay follbws the
protocol outlined by the Yeast Genetics Supplement to the Microbial
"Bulletin No.31 (von. Borstel, 1969). In this system a marker enclosed by
brackets ([]) is cytoplasmically inherited.

2 S o o,
From 0.5 to 2% of the cells of a [rko-(s)] strain are [rho~(n)]. [rho<(n)]
strains have not been observed to give rise to [rho~(s)] strainms.

}
{
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Grandchamp (i965) used clonal studies.to show that the degree of suppressitivity
was transmissable By'individualjcells and was not the result of a thd*] strain
being a miiture’of [Pho—(S)] and [fﬁo—(ﬂ)] cells.l [rho-] diploid cells

cannot undergo meiosis in contrast to Lhe sporulatln0 ability of a hetero-
plasmic cell containing both the NF and thé'SF'(Ephrpssi, Hottinguer and

Roman, 1955). Tetrad énalyéis of diploid heteroplasmic cells indicated that
suppressitivity was cytoplasmically-inherited since all'péssible.tetrad

ratios were observed for [fﬁd+]: [rho~] (i:e:; 4;0; 3;1; 2$2, 1:3 and 0:4)
A(Rank and Person, appendig A). Furthermore; cells of ‘the haploid [rho-]
ascospore colonies were suppfessive; revealing that lack of e%pressiop of the
[rho+] phenotype was not due_to the presence bf a dominént nuclear gene coding.

for suppressitivity . (Rank and Person, appendix A).

Explanation of different degreés of suppressitivity by the hypotheéis ofA
prezygotic elimination, postzygotic destruction, orAchaﬁce somatic segregation
requires the implausible assumption that differentlrates of eliminaéién,
déstruction, or chance segregation are causéd by differeht suppressive factors.

' Equally difficult to e%plain is the fact that both [rho+] and [rho-]1 zygote
colonies are produced from é cross betwegn a [rho-(s)] and a [rhot+] strain.
[rho+] zygote colonies contain anuéétive, unaltered NF since they have a
normal respiratory function, and [rho—]~zygote colonies‘have.been shown to
contain an unaltered SF since cells of the‘[rhd;] zygote coionieS'have a
suppressitivity similar to the [rho-(s)] parental strain (Rank, appendix Q).
Micrbmanipulation in glycerol of the.immediéte progeny of zygotes from
various crosses aléo provided evidence that £he SF does not immediately

destroy the NF, but rather eliminates it from the cell over a period of

S N R R .~ e e e

g r——

1 This observation is correct for only 99 to 95% of cells of a [rho-(s)]
strain since 1 to 5% of the cells from such a line were shown to have a
_greatly reduced suppressitivity (Rank, appendix C).
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several cell divisions,'(Ephrussi, Jekob_end'Grandchemp;-1966). Under

aerobic gfowth condifions for parental cultures; zygotes of the crosses

[rhot+] by [rhot] and [rho+] by [rho (n)] produced 17 buds in glycerol
- [rho~-(n)] by [rho-(n)] zygotes ploduced none, and [rho (o)] by [rh0+] zygotes
produced a decreasing number ofAbuds as 'the suppre831t1v1ty of the SF 1ncreased
(i.e., 12 ) buds for 13% suppressitivity and 5 7 buds for 97/ suppressitivity).
The 1nab111ty of [rho-(n)] by [rho‘(n)]_zygotes to fOrm buds in glycerol
indicates the necessity of the NF for bud'formatioh inlgiycerol. Presumebly
4'the-number of buds fOrmed by a:[rh0+] by [rho—(é)] zygote is a measure of the
time requlred to convert the zygote into a [rho (s)] cell Cessafion of»ceil'
 division by storage of [rh0+] by [rho—(s)] zygotes at 30°C for 24 hoﬁrs in
8.5% ﬁaCl did not reduce the number of'qus formed when these zygotes were
transferred fo glycerol containing medium; this indicates that‘cellvdivision
is.tequifed for elimiﬁation'of the SF;. Under anaerobic growth conditions,

using glucose as an energy source, cytochrome b and ata, are no longer

3

measurable, presumably because 0, is required as an inducer for the translation

2
and/or transcription of the'NF;‘ A [rho+] strain Was grown under anaerobic 
conditions for 30 generatione; thue dilutiné out any preformed respiratory
enzymes. coded for by the NF, prior to c£0551ng to a [rho (s)] strain in

" glycerol. - If the SF acts by destroylng the NF zygotes formed from such a
'crose should not bud, since the [rho+] parental strain cannot contribute any
respi?atory capacity to the zygote; The zygotee produced the same humber of
buds with a given SF as when the [rho+] strain was grown under aerobic
conditions. These results indicate_that(the SF does not immediately destroy
- or inactivate the NF, but.rather eliminates the NF after a.period of several

cell divisions, consistent with the hypothesis of molecular "Darwinian"

selection Zn vivo.
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These observations suggest thét_the’NF is unaltered and not lost by
postzygotiec destruction or prezygotic elimination;lrather; the rate of loss
; _ :
/from progeny cells is dependent upon the_qualitaﬁive5 nature of the SF. . This
suggestion is accommodated By the hypothesis of molecular "Darwinian' selection
as SFs from high suppressitivity strains would be equated with molecular
variants with a faster repiicative rate (Rank and ?erson, appendix A). That
is;.the SF of a 907 suppressive strain wﬁuld'replicate faster than the SF of
a 70% suppressive strain, and so oﬁ. Wﬁether avprdgeny}cell Becomes [rhof] or
[rho-] would depend on the replicative differential>between‘the variant
-molecule (SF) and its molecular prototype (NF).as well as the ﬁossibility of
éhance segregation resulting in a cell containiné only one molecular species.
The greater the replidative»advantage of the SF thetgreater the ﬁumber of
’[rhb—]'zygété colqﬁies produced by crossing a [rho+] and [rho-(s)] strain.
Howeve;, thé rate of reduction to one molecular species (per progeny cell) by

chance somatic segregation alone would be expected to be the 'same for

qualitatively different suppressive factors.

A visual demonstration of the replicative diffe;ential_between the SF
and the NF, interactiné with chance segregation‘of the SF or NF into progeny
cell;,-is provided by mosaic‘colonieé with a [rho-] base aﬁd a [rho+] apex
(Ephrussi,vJakob and Grandchamp, 1966; Rank and Person, appendix A).
Individual cells ( ascosporeé) isolated by micromanipulation developed into
mosaic colonies, providing proof that a mosaic colon& originated from a single
celi (Rank and Person, aﬁpendix A). The [rho-] base of spoﬁtaneously ériéing
mosaic colonies was shown to be suppressive thus indicating that. the SF was a
causative agent in producing the colony (Rank and Person;>appendii A). Since
celis of the colony ape# contained the NF and basal cells contained the

spontaneously generated SF, it was suggested that a mosaic colony arose from
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a heteroplasmic cell containiﬁg both;fhe’NF ana‘the‘SF (Rank and Person,
appendix A). A heteroplaqmlc cell (produced by crossing [rho-— (s)] and [rho(+)])
was shown by mlcromanlpulatlon studles to give rise to [rhot+] and [rho-]

cells as well as heteroplasmicbdaﬁghter cells'(Ephrussi; Jakob and Grandchamp,
.1966) . Howevér the progenyléf many hetéroplasmic cells would be expected

to be predomlnately [rho-] cells due to the repllcatlve superiority of the SF.
Such [rho 1 progeny cells Would metabollze glucose via glycoly31s and there

~ would be no selection favouring the growth of any [rh0+] cell produced by

_ chancevsegregatlon of only NFs into a progeny ce]lv In later stages of

_ growth, ethyl alcohol produced via.glycolysis; would become fhe sole energy

+

-séurce and only cells gontaining the'NF_woﬁld then be capable of érowth and
:reﬁroduction.~ Any [rhd#] qéll produced'by chance segreéatibn would then
divide rapidly, in coqtrast with fhefsurrounding bulk of [rho-] cells, thué
prdducing a mosaic coiony'(Rank aﬁd Person; appendig A). It i§.worth
-noting that the.hypotheses of inaétivation; prezygotic elimihation, or post-~
zygotic destruction of the NF are.incapablé of'accounting‘for ;he occurrénce

of mosaic colonies in a [rh0+] by [rho-(s)] cross (Ephrussi, Jakob and |

Grandchamp, 1966).

Selection pressure was able to maintain heteroplasmic cells as shown
by the maintenance of a high fréqﬁency of mosaic colonies in some cell‘lines.
Selection for [fh0+] or [rho-] colonies within these unstable lines greatiy
dééreased or eliminéted mosaic colonies (Rank and Person, appendix A).  Thus
‘under suitable environmental conditions hetefbplasﬁic cells can be p;opagated
that show the property of continuous segregation. Cpntinuoﬁs segregation is
of Widespread occurrgnée in other species where suppressitivity has beeﬁ
demonstrated (Jinks,_1964(a); Jihks, (l964(b)). As mentioned previously,
contihuous sggregation isie#pectéd if enviroﬁmental fluqfuaﬁioné éiférnatively

favour the_reﬁlication of the variant (SF) and molecular protdtypé wr) .
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Somatic segregation from a heterpﬁiasmic cell, containing the SF and the NF,
would produce progeny cells containing only the NF ([rhot+]) or.the Sﬁ4([rh;;k;)j)”'
,Continuous.segregafion argues against prezygotic eliminatipn or postzygotic
jdestruction since both the SF and NF aré maintained in the cell indefinitely
1unless one of the factors is égcluded ffom a progeny cell by somatic
segregation. Also the NF is nof altered by the SF since [fh0+] progeny cellsﬂ f
‘are produced With a functional NF. 1If the SF arose by the process of

molecular "Darwinian' selection, ité phénotfpic expression wﬁuld be ekpected

to exhibit environmental dependence éince environmental dependeﬂce of
replicative superiority is én underlying assumption in thg'progess. A
remarkable environmental modificati&n of the phenotypic ekpression of a given

SF was demonstrated by subjecting zygotes obtained ffom crossing [Phé+] and
A i , _
[rho~(s)] lines to different temperatures and energy sources (Ephrussi, Jakob
and Gfandchamp, 1966). In particular,Ait was found that loweriné the
temperature from 30° to 18°C and éubstituting glycerol for acefate (in

~media containing 0.13% glucose to supporf the grqwth of [rhb—] éoionies) 3
éignificantly 1o&ered the suppressifivity‘of a SF. Since the frequency of
[rhé+] zygote colonies in the»control crosses [rh&+]-by,[rho+], and [rhot] by
[rho-(n)] was not aféected by gfowth cn glycerol-glucose, the increased
frequency Qf [rho—j zygote cqlonieé in the cross [fho+]_by [fhé—(é)] when

. pléted on glycerol?giucose medium or incubated at a lower témperature, must
be due to the presence of the SF in these lat?er zygotes. Because both lower
temperature and aceta#e»decreased the raté.of cell division, but only the
former increased the 7 éuppreséigivity, cell division rate per se does not
influence suppressitivity. [rho-]»zygote:colonies 6btained ffom the crosses
-spread on glyceroi—glucose‘and acetate—glﬁcése were placed in glycerol liquid
- for three weeks to‘deﬁermine whefher the additiohai [rho-] colonies formea on

glygérol—glucose contained a 'small fraction of [rho+] cells that Were’not
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expressed' the resultant lack of growth by all [rho- ] ‘colonies demonstrated
that [rho ] colonles were composed of only [rho ] cells. Ephro551, Jakob and
Grandcbamp (1966) concluded from this experiment that different environmental -
conditions can result in the different evolotion of a.zygote originally

containing the same rumber of NFs and SFs.

In addition to [rho-] mutents;'many‘ohromOSOmaliy¥inherited recessive
mutants (pet}l have been reported (Eeck; Mattoon;'Hawthorne and Sherman,
1968; Miyake, 1968; Morita and Mifuchi; 1970; Neérotti and Wilkie;‘l968;
.farker'and Matteon, 1969; Sherman and Ephrussi, 1962; Sherman, 1963) which
affect different aspects of miﬁochdndrial functron. Sherman and Ephrﬁési
(1962)'observed‘that a giVeh pet:[rho+] strain did not become suppressive
unless the NF had mutated to produce a pet [rho ] strain which proved that
respiratory deficiency does not, in 1tself, cause suppressitivity. However,
an interesting observation was that pe? mutants had a variable ability to
maintaiﬁ the Nf (Sﬁerman aod'Ephrusei,dl962; Sherﬁan,;l963). For example,
dSSTO%, 99.9% 100.0%, 40.07% and 1.07 of cells from ascospore oolonies
(derlved from Pet/pet heterozygotes) of pet 1 pet. 2 pet 3, pet 4 and pet 5
‘were [rho-] (Sherman, 1963). " The suppre351t1v1ty of [rho ] isolates of pet 3
was determined and found to be 81m11ar to the suppressitivity of naturally-
arisiﬁge[rho;] isolareé in wild type streins. Haploid ascospores (isolared
from asci of a Pet 3/pet 3;[rho+] diploid strain)rof genotype pet 3 were:
shown_ro maintain the NF for 5 to 25 geﬁerarions (Sherman, 1963) before
becoming»pét'3;[rh0—(s)]. As with.[rho+] oy [rho—ks)]-zyéotes (conversion
,measured by the inability ro bud in glycerol (Ephrussi,‘Jakob and Grandchamp,.

1966)), the conversion from [rho+] to [rho-(s)] by.pet 3 takes place over

A pet mutant is defined by von Borstel (1969) as any nuclear mutant unable,
to utilize nonfermentable carbon sources for growth. Other nuclear
mutants that affect mitochondrial function but give partial growth on non-

fermentable energy sources are known - i.e., cytochrome-c mutants (Sherman,1964).



6.

several cell generations. The remarkable ability of pet 3 to induce the SF is
at present inexplicablé, althqugh.Shérman‘(l963) suggests that such .loci are .

'énvolved in the retention or synthesis of the NF. Whatever the mechanism of

1
!

;induction, the possible involvement of nuclear genes in the generation of the
‘SF is clearly establiéhed. Thié possibility appears to.have beén overlooked
by Negrdtfi and Wilkie (1968), who reported a fecessive nuclear mutant (gZ)

- that they believed induced [rhot+] to become [rho-] under conditions of anoxié
~or glucose représsion. Cellé of this straiﬁ bn giucosé medium (preViously
grown on a non—fermentaﬁle energy‘soﬁfce) greW'intévmoséic colonies consisting
'of a:[rh0~] base and a [rhot] apéxl' The mosaic colonies were explained by
suggesting that the basal givcells ﬁere converfed to'[rhd;] un&ér the influence
of glucoge repression.‘_However; a random sporé'gnalysis from a Gi/gé hybrid
révealedia 11:52 ratio of gi'(mosaic):Gi_colonies; instead of the eXpected
i:l rétio; It isidifficult-to_agree with the authors that such é deviation
could be ekplained by differential viability of normal sppres: Rather the g7

' -mgtanf could be—thouggt 6f as a éet ﬁutaht with‘é.pérfiéi‘abilify‘<ll/3l.5 of

.the [rhd+] ascospores) to induce theé SF; the moééic colonies observed couid be .
the result-of‘the repliéative differential betwéeﬁ the SF and NF interacting

* - with chance segregation of the NF or SF, as explained above (Rank and Person,

“appendix A).

' Althoﬁgh.the above discussion of suppressitivity relied sole;y'on
inforﬁation gleaﬁed from genetic anélyses, sﬁppressiti&ity was not found to be
aééommodatéd by the hypotheses of prezygotic eliminatioﬁ, postzygotic |
destruction, or inactivation of the NF. 1In particular these hypotheseé did
_not‘account”for:, the spontaneous generatién of SFs with differént degrees of
sﬁppressitivity; the recovery of_an'unaltered;SF.or NF iﬁ some of the progeny

" cells issued from a [rhot+] by rfhd—(é)] zygote; the demonsffation‘that.fhe SF

‘converts a [rhot] by [rﬁo—(é)] zygote to [rho-] only after a period of cell
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division, irrespective of thefpreséhce‘Of the“translatea product of theANF
from the [rhot] stfaiﬁ;the'existénce of a heféroplasmic ééll capable of
continuous segregation; the'preSéﬁce of a mosaié colony cbmposed of a [rho-(s)]
base and an erumpent [rh5+] épex} the enviréﬁméﬁtal ﬁodification of the
suppressiVeneSé of a éiven”SF; énd the'déﬁoﬁstrafion of nuclear mutants
capabie of génerating the SF. Since the éetiology of suppressitivity is
‘unknown, and since all thé above ibbSéfvations are compatible with fhe hypo- .
thesié of molecular "Darwinian" seiéctién’in ﬁiﬁo; these observations were
ﬁaken as Being indiéétive that thé:SF»is a'spoﬁtéﬁeously—generqted variant of
the NF and furthermqfe,’that replicéfive superiority of the 'SF enables it to
occupy the molecular-niche of thé NF. - |

Since genetic evidence supports the ﬁiew that the gF is a fast repliqating
Variant 6f the Nf; it gecdmes of é?éat interest to ascertéin.the molecular.
and cytological_bagés of these factofé; Because the SF resulted in respiratory
deficiency, and because thé process ofvrespiration occurred in the miﬁochondr—
- dion, it is not surprising that the mitochondria of [rho+] and [rho-] strains
differed in many aspecfs. In addition Fo lacking cytdchroﬁeé a+a3; b and s
- the mitochondria of [rho-] &iffered from the mitochondrié‘of [rho+] strains
~by: being deficient in a mitochohdrial strudtural protein component (Tupby and -
Swetly, 1968;.Kuzela, Smigan and Kgbac,‘l969); containing anAATPase‘insensitive
to oligomycin (Kuzela, Smigan and Kévaﬁ,-l969); being unablé to incorporate
amino acidé in vitro (Kuzelé; Smigan and Kovac, 1969); and coﬁtaining an
aberfant inner ﬁembrane (Federman an& Avers, 1967; Yotsuyanagi, 1962). The
:simultaneous loss and/or alteration of many functions suggests that the NF
has undergone a profound change éimilar perhaps to the gross change in base

composition and molecular weight of V~I, as compared to ¢B-RNA (Mills,

Peterson and Spiegelman, 1967). - | ‘
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Glucose concentrations in excess of 0.097 resulted in a diminution of

;well developed cristae in S, cer@pisﬂaé‘trévieWEd-by Marchant and Smith, 1968).
/ - . . . ' )

/

Nevertheless, mitochondria from [rh5¥] cells iﬁ late log phase, a period of
.negligiblé glucose repressién; differed ffom mitochondria in [rho+] or
[rho+];pet cells by lacking well-defined cristae (Yofsuyangi, 1962). Fedefman
and Averé (1967) observed two types of non-cristate mitochondrial profiles in
[rhé—(sJ] staiﬁs: (i).mitochonaria with thé inner membrane'immediately
adjacent to the oufer_ﬁembrane througﬁéut}its Qntire_cqﬁtoﬁr length and

(ii), mitochondfia with the inner membrane érranged as concentric loops
parallel to the major ékisL .Mitochondria of [rhot] strains; characterized by
a few well—developed cristée arranged at réndom tb_tﬂe majof agis,_were not
observedlin [rho—(é)].étrains. Therg was an averaée of 5;2 non—cristate
mitochondrial profiles per section for [rho-(s)] cells (approkimately 20
mitbchondria pef‘cell); aﬁd‘9.5'cristate mitochondria per Séction in [rhot]
cells (afproximately 50 mitochondria per cell). .All areas of the zygotic
cell, formed by a broad connécting‘bridge Between a [rho+] and [rho-] cell,
contained cristate and non-cristate mitochdndria; thus providiﬁg cytological
evidence that pre—zygotic.elimination at the mitqchondrial_level does not
occur iﬁ this speciéé. Similarly, the presence of cytochrome—o%idase
positive mitochondria ( from the [rho+] pérent) and_cytoéhrome—biidase
negétive mitochondria (from the [rho-(s)] parent) in the first dipioid
-zygotic bud argues against the occurrence of postzygotic destruction at the
mitochondrial level. A random sample of [rho+] progeny cells from a [rho+]
ﬁy [rho-(s)] cross demonstrated that non-cristate profiles aecreased from

38% in the zygote to as low as 3.2% after one week of growth on agar slants.
In contrast, [rho-] progeny cells descended from a [rho+] by [rho-(s)]
zygoté, contained 100% non-cristate profiles at the end of one week of growth.

These results indicate that the'emergence of [rhot] and [rho-(s)] progeny cells,
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from a [rhot] by [rho—(sj] zygote; is paralleled by an increase in cristate and

non-cristate mitochondria respectively.
i

]
/ : o .
| Thus [pho-]1 progeny cells, descendent from a [yhot] by Srho—(s)] zygote,
show-a parallel increase in the genetically defined SF and the cytologically
and blochemlcally defined abnormal mltochondrla; (BoLh the SF and the
mitoghondfia were contributed by the [rhé—f&)].parental strain). These
results suggest that the NF (a hereditar&*éompénént réqﬁired for normal
mitochondrial function) has been altéréd to fOrm the SF;che alferation
resulting in a grossly aberrant mitochondficn and the.phenofypic eipression
of»suppressitivity. Indeed; in Neurospora crassa the micro-injection intq
normal hyphae of mitochondria isolated from a‘supﬁreséive; cytopldsmically-"
'inhéfited. mitochondrion. - deficient mutant (abﬁ—]% resulted in suppressi&n

"of the normal phenotype and the plelotrophlc phenotyplc expression of (gbn- 1)

(Diacumakos, Garnjobst and Tatum, 1965)

Support for the view that.mitochondria contain a self-replicating
molecule.(the NF) fhat codes fbt some of the mitochondrial components can be
found in fécent biochemical and genetic énalyses of the mitochondrion. The
chléramphenicol-sensitive incérpofationof amino acids into the structural
. protein of the inner mitochondrial membrane by a mitochondrial fraction
isoiézéd froﬁ S.cereﬁisiaéis indicative of a protein synthesizing system
distinct from that of the cytoplasm (Yang and Criddle; 1969). A mitochondrial
protgin syhthesizing syste5,separate from that of the cytoplasm, had previously
5éen indicafed by the interference wifh mitochondrial; but not cytoplasmic,
protein synthesis by chloramphenicol and erythrémycin (Linnane, 1968). 1In
contrast, cycloheximide interfered with the cytoplasmic protein synthesizing

system, but had no effect on mitochondrial protein synthesis. Inasmuch as

erythromycin resistant (Linnane, Lamb, Christodoulou and Lukins, 1968) and -
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chloramphenicol resistant (author, unpublished results) strains were shown to
be cytoplasmicéllyFinherited; the NF of the ﬁitochondrjon is clearly_implicated
as the most probable source of informafion for these antibiotic resistance-
markers. Linnane, Lamb, Chriétodoulou aﬁd'Lukins (1968) suggest that an
altered mitochondrial ribosbmal component fo?ms the molecular basis for
erythromycin resistancel» Otﬁer evidence for the possible utilization of
information of the NF.in mitochondfial ribosomes ié their deviation from
cytoplasmic ribosomeé iﬁ (i) sedimentation properties of the ribosomal
subunits and ribosomal RNA (Wintersberger and Viehhauser, 1968) and (ii), the
chromatographic properties of ribosomal proteins (Kunzel, 1969). Species of
tRNA,aﬁiaminoacyl-tRNA synthetases, found egclusiVely iﬁ the mitochondrion,

. are also indicative of an independgnt mitéchoﬁdrial'protein synthesizing
system (Buck and Nass, 1969). However; éytoplasmic—inheritancé.by mutants of
these mitochondrial éomponents is required to eliminate the possibility of
their being transcribed by ﬁucleér DNA, trénslated on cytoplasmic ribosomes;
and subsequently transported into the mitochondrion, as has been demonstrated

for cytochrome-c in Saccharomyces cerevisiae (Mattoon and Sherman, 1966).

in addition to evidencé for a ﬁniqug mitochondrial protein syﬁthesizing
system, the discovery of mitochondrial DNA (MDNA) (for_reviews on MDNA see
Borst and Krodn (1969); Nass (1969); Slater et al. (1968) and koodyn and
Wilkie (1968)) and intramitochondrial compbnenté for its reﬁlicétion and
transcriptioﬁ have greatly strengthened the concept of partial genetic
.autoﬁomy_qf the mitochondrion. ‘IncorboratiOn of deokyribonucleoside
triphosphates into acid insoluble material, 5y isolated mitochondria of
S.cerevisiae, with the eépected Tm and buoyént density of MDNA, denotes an
organelle with the necessary components for self-replication of MDNA

(Wintersberger, 1968). Furthermore, a MDNA polymerase of molecular weight
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150,000, e%tractea f;om the mitochondria of [rho+] and [rho-] strains
(Wintersberger and Wintersberger, 1970), differed from nuclear DNA pplymerase
in (i) DEAE-cellulose elqtion characterisfics, (ii) optiminal magnesium
requiremente and (iii) effectiveness of different DNA templates in promoting
synthesis. A unique MDNA polymerase has also been described for rat liver

. mitochoedria (Meyer ané.Simpson; 1968): Another essential component required
-for partial genetic eutonomy, a DNA dependent-RNA polymerase, ﬁas been |
isolated from se§eral epecies (reviewed by Neubert, Helge and Merker,ll968).
Hybridizatieﬁ of RNA.fractions with MDNA has been utilized to determine the
extent of,MDNAetfaescription; Buck and Nessv(l969) demonstrated that specific
mitochoﬁdrial tRNAs hybridized with_MDNA but not ‘with neclear DNA.23S and 168
ribosomal RNA ieolated.froﬁ the mitocﬁondria of a [rho+] strain ef S.cerevisiae
showed sequence complementarity only with MDNA (Wintersberger and Viehhauser,
1968), although they were unable to extract ribosomal RNA from tﬁe mitochondria
of a [rho-] strain. Fukﬁhara; Faures and Genin (1969); when employiﬁg RNA
extracted froﬁ whole cells of [rho+] and [rhoe(ﬂ)] etrains,'observed twice as
much hybridization with Homologoes crosses ([rho+]RNA on [rho+]MDNA, and
[rho-(n)IRNA on [rhO—(ﬂ)]MDNA)_ae witﬁ heterologous crosses ([rho+]RNA‘on
[rho—kn)]MDNA, and [rho—kﬁ)]RNA on [rho+]MDNA). RNA fractione purified by'
dehybridization—rehybridization with homologous DNA did not hybridize with
'nuelear DNA. The demonstration of MDNAehybridizable RNA in whole cell extracts
(Fukuhara,.Faures and Genin, 1969), but not iﬁ isolated mitochondria
(Wintersberéer and Viehhauser, 1968) froﬁ [rho-] strains, indicates that RNA
transcripts of MDNA may be transported to the;cytoplasm and translated on
’cytoplesmic ribosomes. This possibility was also indicated by the continued
synthesis of.mitochondrial components iﬁ the presence of antibiotics that
inhibit mitochendrial protein synthesis (Davey, Yu and Linnane, 1969; Kuntzel,

1969). An additional property of the MDNA of [rho+] and [rho-]) strains of
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S. cerevisiae is the inhibition of its replication Zm vivo by high glucose

concentrations and anaerobosis (Rabinowitz, Getz, Casey and Swift, 1969).

In sﬁmmary, thebpartial genetic autonomy of the mitocboﬁdrien was
demonstrated by: the asseciatidn of abnormal mitochondriai structure and
function with the cytoplasmically—inherited SF; the alteration ot the normal -
phenotype by injection of'mitochohdrié from an abnormal strain; the demonstration
of a .mltochondrlal proteln synthe31s with unique components one of Wthh
(erythromycin re81stance) was cytoplasmlcally inherited; the presence of MDNA
.and unique mitochondrial COmponents for its transcription and replication; and

the isolation of RNA capable of hybridizing to MDNA, but not to nuclear DNA.

As MDNA is the oniy self~replicatiﬁg molecule isolated from the
mitochondrion,lit'must be assumed that MDNA is the NF: A necessary corollary
to this fundamental assumption is that the SF is an abnormal MDNA with a
replicative superiority.oﬁer normal M@NA; the replicative superiority of the
abnormal MDNA poientially enabling it to occupy the moZecuZdr—ﬁicﬁe‘of
normaZ MDNA. = That normal and abnormal MDNA are the material basis for the NF
.and SF will remain an assumptlon until experlmental.procedures are developed
for the transformation of [rho-] cells by MDNA However; one indication of
the validity of this assumption is demonstratéd by a cross betweeninﬁeky” -

a mitochondrial mutant of N.crassa with MDNA densities of 1.698 apd 1.720
g/cm3, and N.gitophila Qith a MDNA density of 1.692 g/cm3 (Reich and Luck,
1966). As ekpected,ball ascospore colonies ftom this cross were "poky" since
"poky' was utlllzed as the protoper1thec1al parent MDNA isolated from these
cultures had a density of 1.698 and 1. 702g/cm3, MDNA of density 1. 692g/cm
from the conidial parent was absent. Thus there was a perfect correlatlon |

: betweeﬁ the MDNA detected,’and the phenotype previously associated with such

a DNA. Clearly, MDNA appears to form the material Basisefor cytoplasmically-
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inherited mitochondrial markers.

A-compendium.of’the recorded properties of MDNA of vérious strains of
S.éerevisidé is presented.in Table 1 in or@er to facilitate the comparison of
MDNA found in [rho+] and [rho-] stréins. At the outset,‘it must be stressed
that éonfidence limits of % suppressitivity were not‘recofded for any of the
[rho-] strains reported in Table 1. VAlsolin many instances the 7% suppress-
itivity of é étrain was not determined bu? simply indicated aé'being [rho-].
.Thié is unfortunate since Raﬁk (apperidix C) has shown that.there is a low
fréquencyiof cells in a given [rho-] strain that deviates greétly»frdm the
mean Z suppressitivity. Unlessisﬁfficient cells of a [rho-] strain hawe been
_crossed to determine.the statistical validity of % suppressitivity, a
recording.could be.in'error; for egamplé; é strain classified as [rho-(n)]

could in fact be a [rho-(s)] strain with low suppressitivity.

MDNA from [rho+] strains exhibited the following characteristics: a
modal native density of l.684g/-cm3 (see Table 1); an increase in Buéyant
density of aﬁpro#imately 0.Ollg/cm3'when dgnétured by heatiné foliowed with
rapid cooling (TeWari'eﬁ al., 1966;VMehro£ra>ef él.; 1968; Moustacchi et al.,
1966; Sinclair et al., 1967; Shapiro.et al,, 1968; Bgrnadi, Faures, Piperno
and Sloniméki, 1970);.a therﬁél transition midﬁoint (T,) of appro%imately
74°¢ (Tewari et al., 1966; Mehfotra et al., 1968; Bak et al., 1969;-Bernadi,
_ Faures, Piperno and Slonimski, 1970); a molecular weight of 2x107 as
calculated from its sedimentation coefficienf'(Tewari et al., 1966); a base
composition of approximately 177 GC when determined‘directly by chromatpgraphic»
analysis (Tewari et al., 1966;'Mehrotxa et él.; 1968; Bernardi, Eaufes,
Piperné and Slonimski; 1970); and a base composition of approximately 237 GC
as éalculated from ité buoyant density or 137GC whén calcglated usiﬁg‘the

thermal transition midpoint (Tewari ét'él., 1966; Bak ét>al, 1969; Bernardi,



. TABLE I -

Properties of mitochondria DNA of different strains of Saccharomyces cerevisiae

E . _3. _ Base Composition(%GC) - % _ :
Refer- . Genetic Buoyant Density (g cm 7) T Direct From FerlvFrom Circular Modal Length (n)
~ .ences.: .- Strain Native Denatured (OQ) Analysis Density Tp ORD  Molecules Circular Linear
A [rhot] 1.684  1.693 75.0 21.0 19.0  14.0 - - - _
B _ [rhot] 1.687 - C= - - - - - - -
" [rhot];pet? 1.687 - - - = - - - - -
VY [rho-(n)1l;pet?  1.683 - v —ij- - | - - - | o - _
" [rho-(95%s )P, pet?  1.695 - - - - - - - - -
c- [rhot] 1.683 . . 1.698 - - - - - - - - -
" [rho+];pet  1.683 - - - - - - _ _
T ' [rho-13 | - ‘ o : ! o - - o _ _ o _
D . [rhot] $1.685 - o .o oo - - -
" [rho-14 - B - - - - L - -
. [rho+]" ©1.682  1.697 - - - - - - - <5.0°
F [rho+] . 1.683 ~ 1.698 - - - - - 3.0 4.5 4.5
" [rho-18 - - R - - - - -
G [rhot]  1.683 - - - = - - - 25,0 . 1.5 4.
a [rho+] - = - - - - - - - . 5.07
Clrhot] 1684 - - - - - - 50.0 4.5 to 5.5 5.0
" [rho-] - 1.681 - R - = - 8.0 1.2to25 3.0
3 rho-)® 1680 . - - - - - - 38.0 0.5 . 2.0
O rhot] 1.685 - - - - - = - - -

" {rho-] 1672 - = 3.8 = - - - 17.0 0.5 0.5

continued:-

"y



TABLE I - continued.

Genetic Buoyant'Density (g'cm‘3) Tm~ Direct

. Base Coﬁppsition (%GC)

- 2

Modal Length (u)

Refer- From  From From Circular
ences Strain - Native  Denatured (°C) Analysis Density Tp ORD Molecules Circular: Linear
L [rho+] 1.683%.0006  1.692 72.5 17.00 - - - - - - -
" [rho-(n)]9 1.681 - 72.5 - - - - - -
" rho-(10%s)]-  1.676 1.679 66.5 - - - - - -
" pho-(50%s) ] 676 1.677 66.5 4.0 - - - - - -
Mo [rhot] .685 - - - - - - - _
i [rho-] .682 - - - - - _ _ N
N [rho+]10 .685 - - - - - - _ _
" [rhot];pet7l0 1,685 - - - - - - - -
" [rho<(n)];pet710 1. 682 - - - - - - - -
" [rho-(n)] - .682 - - ) - - - - - _
o [rho+] 684 - 74.5 24,5  12.7 - - - -
 [rho-(s)11  1.678 - - - | - _ -

' 34-[rho-(s)112

. 35-[rho-(s)1HL
[rho-(s)113
[rho—(s)]l3
16~[rho+]
[rhot+]14
[rho-115
[rho-112
[rho-113
[rho—]l6
{rho-116

.672
677
.676
672
.684
683
674
.678
671
675
675

continued:-

"Gy



TABLE I - continued.

. . : Base Comp081tlon (ZGC) A .

Refer- Genetic Buovant Density (g cm~3) Ty Direct From From From Circular Modal Length (u)
ences Strain Native  Denatured (°¢) Analysis Density Ty ORD Molecules Circular Linear
q [rho+] 1.683 1.694 74.7  17.4 23,5  13.2 30.717 EE

" [rho-(95%s)];pet7 1.683 1.685 73.4 . 15.5 23.5  10.0 36.217 - - - -

" [rho-(78%s)];pet? 1.683 1.684 . 73.5 - 15.6 23.5 10.2 38,317 - - -
" [phot] 1.683 1.694 73.7  16.8 23.5 . 10.7 20.417 - R -
" [rho-(95%s)] 1.678 1.678 . 73.3  12.6 19.0. 9.8 27.8%7 .- - -

The-degree of suppressiveness was very low (lessithan 5%) .

Mounolou et al. (1966) recorded that the degree of suppressiveness was very high (290%). Bernardi et al; (1270).
recorded th%t the suppressitivity of this strain was 95% and the buoyant density of mitochondrial DNA was
1.683 g cm B

Mitochondrial DNA was not detectable in two [rho ] strains although nuclear (1.699g cm"3 and 1.706g cmf3) DNAs
were. . -

Mitochondrial DNA was not detectable in two [rho 1 strains although_nuclear (l 700g ~em=3 and 1. 704g cm- 3) DNAs
were.

Modal frequency was not given but DNA molecules less'than Sp were believed to be fragments. A small frequency
of circular molecules was believed to be the result of nuclear contimination.

No mltochondrlal DNA was detected when grown under conditions of glucose repression (8A glucose)

A report on preliminary results_suggested modal length was 5u although larger molecules were belleved possible.

The same strain was used by Avers et al. (1968). - Improved techniques enabled the detection of 0.5u molecules
in the later publication. : . B

This was reported to be a [rho-(15%s)] strain by Federman and Avers (1967)

10 The same strains used by Mounolou et al. (1966).

1 R :
Isolated from a [rhot+] strain, number 3¢, after acriflavin treatment.

oy



TABLE I - continued. '

12
13
14
15
16
-17.

Isblated from a [rhot] strain,‘number 34, aftef_UV treatment. -
Isolated from 33-[rho-(s)] after further acriflavin treatment.

A [rho+] strain from the cross 33-[{rho—-(s)] by 16—[rho+].

A [rhof] strain.from the cross 33-[rho-(s)] by 16—[rh0+].:

A [rho-] strain from the'cross‘33—[rh0—(s)] by 16-[rho+].

These values are taken from Table 3 of Bernardi and Timasheff (1970).

- Tewari et al. (1966).

~ Mounolou et al. (1966).

- Moustacchi et al. (1966).

-~ Corneo et al. (1966). '

- Sinclair et al. (1967).

~ Shapiro et al. (1968).

— Guérineau et al. (1968) (a), (b).

- Borst et al. (1968). '

Avers et al. (1968).

-~ Billheimer.et al. (1969).

- Bernardi et al. (1968).

- Mehrotra et al. (1968).

- Wintersberger et al. (1968).

- 'Fukuhara et al. (1969). -

- Bak et al. (1969). oo
~ Carnevali et al. (1969). : .

- Bernardi, Faures,:Piperno and Slonimski (1970).
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Faures, Pipernc and -Slonimski, 1970). The deviation'in_base composition
between direct analysis and calculations based on theibuoyant density, thermal
transition midpoint, orioptical rotary dispersion‘(ORD)'is believed to be due
to the presence "in yeast MDNA of sequences of altelnatlng poly (dAT: dAT)
non~alternat1ng poly (dA:dT) (Bernardi, Faures, Piperno and Slonimski 1970
Bernardi and Tlmasheff 1970). There.is a large variatiOn in the recorded
frequency of linear and circular molecules extracted from [rho+] cells and
their respective lengths. Sinclair et.al;; (1967) attributed the small
-frequency ofvcircular molecules observed to nuclear contamination. Shapiro
et al., (1968) observed circular molecuies formeo by hydrogen bonding of
cohesive ends, as well as covalent»euperhelical circleé, whereas only covalent.
circular molecules were reported by Guerineau et al. (lé68(b)) end Avers et
ai. (1968). - The discrepancy in results of differenL 1nvest1gators is” likely
'influencec by extraction procedures since Avers et al. (1968) obtained
different frequencies of circular molecules With the same strain when
valternative ertraction protocols were usedf 'In general; however;.tﬁe resnlts
suggest a basic length of.linear and circular molecules of 5u with larger ‘
molecules.composed of ﬁultiples of the basic unit; as observed for other
species (Nass, 1969). Nuclear mutations (pet) that resulted in respiratory
deficiency,»but maintained the NF, did not affect any of the physical and
chemical characteristics of MDNA (Mounoiou et al., 1966; Moustacchi et al.,

1966; Fukuhara et al., 1969; Bernardi, Faures, Piperno and Slonimski, 1970).

As expected by the hypothesis of molecular '"Darwinian" selection, the MDNA

of [rho-1 stralns dlffers from that- of [rh0+l~stra1ns Fifstzy$~the~buoyant

Poly (dAT:dAT) refers to a copolymer of deoxyadenylic and deoxythymidlic acid
in alternate sequence.

Poly (dA:dT) refers to a copolymer consisting of one strand of - deoxyodenyllc
" acid and one strand of deoxythymidlic acid. :

t
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density is lower than, .or equal to, that recorded for}[rhd%] MDNA (see
Table 1) -~ with one e%cepﬁion.'_MDNA of the‘égceptioﬁal strain was o?iginaily
reported by Mounolouet al. (1966) to have a buoyant density of l.695g/cm3
Qhergéé a subséquent analysis by ﬁernardi; Faures, Piperno and Slonimski
(1970) indicated a deﬁsity of lv.683g/cm3 for MDNA of the same strain. In
view of its coﬁsistency with other recorded values, fhe latter density
(l.683g/cm3):is more likely to be the c;rrect one... Lafge alferatioﬁs in
buoyant density (i.e., l.672g/cm3v(Bernafdi et al.,l968); 1.676 g/cm3
.(Mehrptra.and Mahler; l968);‘l:67lg/cm3 (Car?eYali‘et alt; 1969) and 1.678g/cm3
(Bernardi,,Faures; Piperho and Sionimski; 1970)) of [rho-s] MDNA; as compared
to [rhot] MDNA, suggeéts a gross aiteration in the molécular prototype;
similar perhaps to the moaification of Qﬁ—RNA thét resulted in V-1I. MDNA
isolated from suppressive strainé_with.thé same buoyant density (i.e., 1.683
g/cm3 (Bernardi, Faures; Piperno and.Slonimiéki, 19705) as normal MDNA
indicates a more subtle aiterationvof_the molecular prototype; parallel
perhaps to'tﬁe differe%ce betwéenvvafiants V-2 and V-6 of QBR-RNA (Levisohn
and Spiegelman, 1969). Other éharaéteristics of the MDNA to be discussed
later indicaﬁe differences between thé MDNA of £hése [rho-s] and [fh0+]
strains. . Failure tb exfract‘MDNA’frém [rho-] strains was reported by
Mouspacchi ét'al. (1966), Corneo et al. (1966) énd‘Shapiro ét al. (1968).>
Although the high glucose éoncentrétién (8%) used:By Shapiro et al. (1968)
ﬁay have suppressed MDNA synthesis (Robinowitz, l969);.Moustacchi et al.‘(1966)
avoided this possibility by isélating MDNA from cells grown under conditions
' of négligibie glucosé repressioh; Sinée»the suppressitiQity of ﬁhese strains
'vwas not recorded it is tempting to assume that they wére>[rh0-(ﬂ)] strains
and that éuch strains do not‘cbnfain MDNA: The lack of suppréssitiﬁity of
~such strains wbgld then be e%piainable on the basis of having lost both the
variant and molecular prototype;'iﬁ croséés to [rﬁo+1 strains; the [rhot]

phenotype would then be suppressive to the [rho-(n)] phenotype, as observed.
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If such an assumption is correct; the [rho—(ﬁ)] strains purported to contain
MDNA (Moﬁnolou et al., 1966; Mehrptra et al;; 1968; Fukuhéra et al.; 1969)
should have been classified as [rhé—(é)] strains with a low suppressitivity.

- In fact, one of the [rho-(n)] strains reported to contain MDNA (Mehrotra et al.,
1968) was previously reported by Fedérman and Avers (19675 to be [rh0¥(l5%sj].
The inability of [fh0~(n)] strains to giﬁe rise to [rho-(s)] strains (Ephrussi,
Hottinguér and. Roman, 1955; autﬁor, unpublished reéults) is also consistent
with the loss of MDNA from [rho-(n)] straihs.‘ In any evenf; the buoyant'
'density of MDNA from some [rh0¥(é)].strains déviates greatly from that of
[rho+] strains. Carnevali et al. f1969) made the important obser&ation that
the buoyant density of MDNA from [rho-] prbgeny cells descendent from a [r@0+]
by [rho-(s)] zygoté was similar to the bﬁoyant density of the [rho-(s)] parent.
~ Thus ﬁhe SF (abnormal MbNA) of the suﬁpressive pareﬁt appears to beitransmitted
to [rho-] progeny.cells issued from>a [rho+] by [rho-(s)] zygote; this observ-

ation was confirmed by the elegant genetic analysis of Rank (appendix C).

Secondly, fhe densify of dénafured MDNA of [ rho- (s )] straiﬁs doeé not
,‘inérease significantly over the native buoyant density (Mehrotra and Mahler,
1968; Bernardi, Faures, Piperno and»Slonimski, 1970) in contrast to an

- increase of O.Ollg/cm3 for denatured MDNA from Irho+] strains. Bérnardi,
Faures,‘Piperno and Sionimski (1970) suggesﬁlthat a relétive enrichment of -
poly (dA:dT) and/or.poly (dAT:dAT) has occurrrd in the [rho-] mitochondrial
DﬁA resulting in én enhanced ability of such'MDNA to renature. (An.increase
in buoyant density upon deﬁatﬁring is observéd for other DNAs.) Pefhéps tﬁis
small altefatioh is capable of producing a variant molecule with a réplicative.
» superiority since two of these [rho-(s)] strains had a buoyant density similar

‘to the [rho+] parental strain.
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Thi?dly, the:Tm of»MDNA‘from:SOme [Phd%s] strains was 66.5°C (Mehrotra and

‘Mahler, 1968) instéaﬂ of 74°C e;pected'for [fh0+] MDNA. Since the T, of pély
(dAT:dAT) is 6500 whereas the T, of poly (dA:dT) is 73°%¢ (Bernardi, Faures,
Pipernd and Sloﬁiméki; 1970), the MDNA of these strains is likely the result
éf a large increase in séqﬁences'of poly (dAT:dAT); This was confirmed by an
‘analysis of the base Composifion to be disgussed lateg. 'MDNA.from other
~ [rho-(s)] strains gavé a less dramatic chénée in T, - i;e.; 73.4; 73.7 and
73.30C'(Bernardi, Faures; Pipefﬁo and Sloﬁimski; 1970). Howevér, a detailed
énalysis of the ultraviolet melting éurves’of the MDNA froﬁ these strains
revealed that they differéd from the corresponding [rko+] MDNA by (1) having

a negligible residual hfperéhromiéity when fast-cooled éfter heating to 100%c
.and (ii),:having a multimodal»melting curye} The lack of residual hypef—'.
chrbmicity aftér.fast~cooling is indicafive of a return to the double-stranded
state which was interpreted as indicatiﬁe of a relative increase in poly.
. (dA:dT) and/or poly (dAf:dAT) over the molecular prototype. Analysis of thé_
Qifferential ﬁelting curves of these trhb—(é)] MDNAs revealed that they
‘contgined two main components, one mélting at appro%imately 73.OOC, and the
other at approkimately 77ﬁOQC, iﬁ-contrast to the broad thermal transition

éf [rho+] MDNA with énly.ong ﬁajor’comﬁonent mélting at 71.5 to 72.5°C. Hence
the-meltihg characteriétics of»[fhd—] MDNA éuppbrts t£e data»ffom buoyént_
densities of at least two typés of abérfant-MDNA: (1) abnormal MDNA with a
gross alteration in base cbmposition (i.e., pély (dAT:dAT)) aﬁd (ii), abnormal
MDNA with a more subtle, but nevertheless dfamatic, change caused by a

smaller increase in poly (dA:dT) and/or poly (dAT:dAT);

Fourthly, altered base compositions of [rho-] MDNA were found by direct
' chromatographic methods. In contrast to the 17% GC found in [rh0+]; 3.8% GC
(Bernardi et al., 1968), 4.0% GC (Mehrotra and Mahler, 1968), and 15.5% GC,

15.67% GC, or 12ﬂ6% GC (Berﬁardi, Faures,'Piperno and Slonimski, 1970) were



52.

found for [rho-] MDNA. Such dramatic changes in base composition are clearly
consistent with a large alteration of the molecular prototype. The base

compositions as. calculated from buoyant densities, T, and ORD are not

m
reliable enough to discuss the difference between [rhot+] and [rho-] MDNA

_since these methods are not reliable with DNA that has a high AT content.

Fifthly, Bernardi and'Timasheff (1970) éompared the optical rotary

- dispersion and circular dichroism éﬁeétra of [rho+] and [rho-] MDNA with'that
of poly (dAT:dAT) and poly (dA:dT): The spectré of Béth [rho+] and [rho-]

- MDNA displayed characteristics of p&ly (dAT:dAT) and poly (dA:dT) indicating

that both MDNAs contained such»séqﬁences: However; thé spectra of the MﬁNA.

from [rho~] strains indicated an increase in-pol§ (dA:dT) and poly (dAT:dAT)

sequences over that of [rho+] strains.

Lésﬁly, the léngth of MDNA in [rho-] strainé;‘although variable, appears
to be shorter than [rhd+]_MDNA; Of partigulaf interest is the high frequency
of small circles; 0;5u in contouf length; reborted by Billheimer and Avers
(1969). Previous investigations with thiSHSame straiﬁ (Avers’et al., 1968)
bdid not reveal such a high frequency df small circular molecules due to a
limitation in the techniqués used. The.0.5u moleéuies would be ekpected to
have a replicative superiority oﬁer the molééﬁlar prototype (Su) suggesting
_an obvious mechanism of <n vivo molecular "Darwinian'" selection, as was
observed in vitro for variants of QB—RNA.A I

" Thus the expectatioﬁ that a [rho-(s)] strain should have an abnormal .
MDNA is éupported By the naéive and denatufed buoyant density, melting
characteristics, base composition, ORD speétra_and molecular length of suph
MDNA. A consideration of the number of copies of MDﬁA per yeast cell also

supports the concept that the [rho-(s)] state is achieved by molecular

YDarwinian" selection in vivo. Osmotically lysed mitochondria of a [rhot]
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strain revealed that a mitochqndrion could contain as many as 8 MDNAvmolecules
(Avers et al., 1968). Similarly; it was calédlated'(Billheimer_and Avers,
1969) that mitochondria from a [fhd—] strain contain as huch MDNA as mitochondria
from a'{rh0+]_strain. Thése results are‘in'accbrdance with the report of 2-6
MDNA molecules per mitochondribn_ﬁbserved in higher organisms'(Nass; 1969).
Renaturation kinetics of chick liver MDNA indicates'tﬁat'the information

- content of MDNA is COmpatible with é‘ﬁolééuléf length of 51 (Borst, Van Bruggen
and Ruttenberg, 1968); Therefore, the minimum amount ﬁf MDNA per mitochondrion
is estimated at two 51 moleéules Bf similér base sequenée. An avérage of 50
mitochondria per [rho+] céll_(Biliheimer and Avers;‘l969) gives a minimum
estimate of 100 MDNA molecules per &éast cell: 4 priorf egpectatioﬁs are

. that classical mutants wouid ﬁot be éxpresSéd'in SQCh a highly polyploid'
system. Yet [rho—(S)] cells occur with a minimum frequency of 1.0%vin [rhot]
lines. These facts alone'suggést that the most likely mechaﬁism of generating
a [rho-(s)] celi is through the generation of an abnormal MDNA with a. rep-

licative superiority over nérmal MDNA.

'Althbﬁgh several authors (Sloniméki; 1968; Ca:névali‘ét al., i969;lBorst
and Kroon, 1969;.Rank and Pérson;";ppendix A) have suggested that suppressitivity
may be éaﬁéédiby tﬁe‘replicative superiority of abnormal MDNA, the classical
exﬁlanation of suppréssitivity‘would be fo assume that abnorﬁal MDNA cpded

for an aberrant protein that causés:the phénotypic expression of suppressitivity.
A minimum‘function of such an aberrant‘prptein would be to caﬁse normal MDNA

to become abnormal MDNA, since irreversible.[rho—] progeny cells from a

_[rh0+] by [rho-(s)] cross contain tﬁe SF (Carnevali et alm,.1969; Rank,

appendix C). This hypothesis requires that translates of MDNA coded for by

" one mitochpndripn can be transported tq other mitochondria. Since [rho-]
mitochondrig d§ ﬁot éupport Protein synthgsis (Kuzela et al., 1969) the

‘translation of mitochondrial transcripts'would have to occur on cytoplasmic
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ribosomes pfior to beihg transported into other mitochondria. (Support for
this possibility is found iﬁ the‘work of Kuntzel tl969) and Davey et al. (1969) .
The majér difficulty of suéh a hypothesis is that MDNA from some [rho-(s)]
strains is composed of 96% poly (dAT:dAT). At the most this abnormal MDNA
could be expected to code for avfeW’fﬁnctiénal proteins‘(Fukuhara et al.;

1969) as portions of MDNA contaiﬁing bniy A and'T in aiternate sequence

would code for a non—fuﬁctionai t;fésiﬁé%isoleﬁciné poiypeptide. Consider a
[rho+] cell with 100 functional MDNA moleéules: To produce a'[rho—(S)]‘cell
v’a hypothetical mutation in one MDNA molécﬁlé wﬁuid thén ﬁave to be translated.
The trénslated p%oduct would have to cause the abn@rmal replication of
sufficient MDNA.molécules'tb Produée a proéen? éell containing all MDNA
composéd éf‘96%5poly (dAT:dAT) — yet still maintaining the base sequence of
tﬁe,coddn.responsible for fhe aberrént proteiﬁr It séems inconceivable that
drastic alteration of -the moleculér prototype to a 96% poly (dAT:dATj would
always occur without aitering tﬁe codon for the hypothefical aberrant protein:
Also the high.ffequency‘of élassicél‘mutations required £o produce 1.0%
ﬁéturally arising [rho—(é)] cells does not séem probable. _E%perimental

~ evidence against this hypothesis was also provided by demonstrating that the

SF éf a strain that had eiiminated the genetic inférmation on MDNA for

' erythromycin resistaﬁce (and thus ééding for an'aberfént prdtein by the‘above
hypotﬁegis), did‘nof iﬁmediately iﬁaétivate the MDNA infofmation for
erythromycin resistance when crossed toranother [rhq~(s)]‘strain fhat still
carrieé the cytoplasmiq information for erythromycin resistance (Rank,

appendix B).

Two specific predictions of the hypothesis of molecular "Darwinian"
- .selection tested by genetic analysis were found to. be upheld. Firstly, the
‘hypothesis predicts that a genetic marker on MDNA would be eliminated by

the generation of a SF, since the fast replicating variant would be expected
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to occupy the molecular-niche of normal MDNA. Accordingly, the expression of

‘a cytoplasmically-inherited, erythromycin-resistant ([ERT]) marker was studied

/

! with and without the generation of a SF in a'[ERT]; [rho+] strain {Rank,

appendix B). It was found that (i); the loss of the'[ERWJ marker was dependént
upon the generation of a SF and (ii); with the generation of the SF, an |
unstable state was produced for the'[ERr] marker;' [ERf]; [rho—(é}] strains
conétantly segrégated to give rise to strainsvwithout the'[ERr] marker.

These results were e%plained by aéSumihg that the SF waé an abnormal fast-
replicating MDNA which occupiea the molecular-niche for MDNA after_a perieod of
many cell divisions. The unstable [ERP];[rho—(s)] state£represents a hetero-
plasm containing normal (informatiép for ERP) and abnormal MDNA_(thé SF):
Segregation of'strainé from the unstable state that have.lost‘tﬁe [ERr}

factor would be the end result of an interaction between the replicative -
différential of the two types of MDNA and chance éegregation to produce a cell
containing only one of thé heteroplasmic components. Esséntially the éame
oBservations were reported by Gingold et al. (1969) with a different |
aetiological interpretation. Secondly, the hyﬁothesis predicts that MDNA of

a high suppressitivity strain has a replicative advantage over the MDNA of a
low suppréssitivity‘strain‘ Oné high aﬁd several iow suppressitivity strains
were defined by crossing to a common d/&[rh0+j aiploid. The higﬁ and loﬁ
suppressitivity strains were then crossed to Ering the SFs of these strains
into a common cytoplasm. The resultant diploid (formed by crossing the low

by high suppressitivity strain) was then crossed to the original o/y[rho+]
'diploid. Thé suppressitivity of the hybrid diploid was that éxpected

if the SF of the high suppressitivity haploid parent had eliminated the SF from
~the low suppressitivity parent by virtue of its replicative superiority

(Rank, appendix C).
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Gross Alterations of DNA Base Composition in Micro—organiéms.

Minimal requirements for the demonstration of molecular "Darwinian'
selecfion in vivo (i.ep; identifiéétion of the variant énd‘prototype molecule
and in vivo evidence of tbé variant's repliéétivé supériority) has been
observed for [rho—(é)] strains of S: cerevisiae. One of the striking

.characteristics'df sdme.of'the variént MbNA moleculés i&entified was the
alteration in base composition from 17% GC to 4% GC (Bernardi et al., 1968;
Mehrotra et al.; 1968). This molecular aitérétién»confers a replicative
advantage upon the variant molecule: A gross alteration in'base composition
is, in itself; suggestivé of molecﬁlar "Darwinian" selection in vivo since

- classical mutations’ are ﬁof.usuélly éaﬁséd by Sﬁéhhan alteration. A point
mutation Qould result only in the substitution of a single Basebpair and
would not produce a detectabie altération in base composition. Similarly, a
large deletioh-would not be expected to change the base cbmposition since
there is a ra;dom distribution of baées‘along the lengtﬁ éf a DNA or RNA
ﬁolecule, leading to the expectation‘that a deletion would result in a
simultaneous decrease in GC and AT pairs without changing the overall base
compoéition. _Any iarge élterétions in overall base composition can thenibe
‘taken as.tentative e?idence for molécular'”Darwinianﬁ-selection in vivo sinée
‘the ﬁhen&meﬁon is consistent with suéh.a hypothesis. Indéed‘it is difficult
té visuaiize a mechanism otﬁer than molecular "Darwinian"_selectibﬁ that is

capable of explaining gross alterations of DNA base composition in vivo..

Cpppéf sulfate was used to induce a small colony mutant (SC-22) of
Bac¢illus subtilis with a DNA base CQmposition of 64.8%GC, in contrast to the
parental (B. subtili5ﬁ168) DNA>composi£ion of~41.9%‘GC (Weed, 1963).
‘Subsequent_work (Duc-Nguyen and Weed, 1964; Kelley and Weed, 1965) resulfed

in the isolation of two additional mutants: (i) 4G - a mutant isolated from
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B. subtiZiS‘j68 containing 55.0% GC and (ii); 4G-SC - a segregant that arose
as a fast-growing éector'ffom QG and which héd é DNA composed of 717%GC. |
'Unfortqnéteiy appropriate genetic markérs were not utilized for proving
unequivbcally that strains SCfZZ; 4G and 4G-5C were not the result of
contamination of ﬁhe parental culturé;1hoWeVér, ablarge colony-revertént of
SC-22 maintained the.aﬁxptrophic marker of»fhe pafentél Strain»and was
' transformed to brototfoph& by DNA_frém a-protétfopic strain (Weed, 1963). Using
unselective methods; Gause (1968) isolated two Similar mutants.from 5-
fluorouracil treated B: subtiZiS'ISB; whiéh had a DNA GC contenf of 64.0 and
62.9%. Small colony‘mutahts iébléted"affér 5-fluoroﬁracil treatment of

B. subtilis 168 gave a diffgrential growth résponsé to different levels of
-te?racycline since mutantsAwifh an altered DNA base.COmposition were 32 times
moré.seﬁsitive to fetrééyéline than small colonylmutants with a normal base

composition. Using small colony size and tetracyline sensitivity as an

~ indication of base alteration; Gauée (1968) isolated eleven mutants with a
DNA c6mposed-§f from 37:8 to 39:5%GC in contrast tQ'thé-parentél compositioﬁ
bf 41.9%GC. Hence both a large increase or decrease in %GC can occur in the
" overall DNA base composition .of B. subtilié. Although the mutants with a? 
altered DNA baseICOmposition'ffom B. subtilis 168 did not have sufficient
genetip markerébto eliminate the.possibiiity of éonta&ination, the largé ,
numbef'of mutants isolated by'differeﬁt investigators indicates that

the mutants observed were likely variants of B. sublitis 168 rather than

contaminants.

De Ley (1964) isolated a mutanf with a DNA base composition 3.7% higher
in GC content than the parental-streptomyciﬁ-resistant strain of Agrobacterium
" tumefaciens. The mutant was nbt believed to be a contaminant because:

(i), both the mutant and parental strains Were‘resistant to streptomYcin at

" the same concentration and (ii), the agglutination liter with rabbit anti- -
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serum was the same for both. strains.

A strain of Bopde%ezia pertussis was shown by Bacon; Overend, Lloyd
and Peacoké (1966) to ha%e a DNA composition of'S?(S%GC in contrast to the
eﬁpected 67.6ZGC; The base CDﬁpositions as determined by chromatographic
and éedimentation propertiés wéré identiéél. Tﬁéy were uﬁable to eliminate
the .possibility of contaﬁiﬁation sinée the mutant and normal strains were

obtained as separate cultures from different laboratories.

A selective method was also devised for the isolatiqn of mutants with a
DNA basé composition different from thé 32.4%GC'é£ﬁectéd }or'StaphyZOéOccus
aureus (Gause; 1968).' Advantégé was‘taken'éf the inhibition of.normal
staphylococci by 5—fluoro—2~d¢o;yﬁridiﬁe which qlldwed for an enrichment of
mutants with an altered Easé éompbsitidn. Althqugﬁ genetic-markérs were
not utilized, the mutaﬁts were shown to havelthe same antigehic properties as
‘the éarental strainA(Gause; 1966; Gausé, 1968).. Ultraviolet irradiation and
5—f1uoro—2~deo%yuridine enrichment led to the isolation of eight mutants with
‘ ,Aé grossly éltéred base COmposition (i;e;, 69;5%GC to 70.2%GC; Gause, 19685.'
Another indicatiéﬁ.of the base aitégafioﬁ-was the increased sensitivity of
the mutants to substanceé which specifically interfere with mucleic acids
such as mitomycin C, trypaflavine; éfreptoﬁigrin and daunomycih. Hybridizétion
studies between DNA isolated from the ﬁOrmal and mutant strains indicated
'virtually no hybridizatibn between the mutént and normal DNA. Hoﬁever, there
was partial or total hybridization (31.0 to:ldo.OZ) between the DNA of
~different mutants With an increased GC content. .Theilack of hybridization
between mutant and parentai DNA is unegpected in vieﬁ of their reported
similarity in antigenic properties. - The large increase in GC content

(approximately 38.0%) is perhaps indicative that a de novo niche has been

created for one or more variant molecules.
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Baéterium paracoli 5099 is the most extensively investigated organism
for the generatioh of muténts ﬁith abnOrmalvBase compositions (Gause, Dudnik,
Laiko and Netyksa; 1967); ‘Small yellowish mutants of this strain with an
increaéed sensitivity fé trypafiavine Wére found to be invariably cofrelated
with a distorted DNA baée COmposition: Thé mutants veré found to show cross—
agglutination to rabbit anti-serum iﬁdqud by the pafental culture,'éithqugh
sufficient genefic mérkers wéfe not utilized to eliminate the possibility of
the mutants being contamiﬁanté; The‘induﬁtioﬁ bf mﬁténts was achieved by
1both eéposurevto ultraviélét irradiétibn and 5—fluorouracil;v Fifty small,
yellowish;‘trypaflavine-éénéitive mutants had a GC content of 67.0 to 71.0%
in contrast 'to the parental.DNA ééﬁpoéitiéﬁ of’48QO%GC;' As was the case for
- DNA base ﬁomposition mutants of S: aureus (Gaﬁsé; 1968), the mutants of
B. paracoli 5099 had an inéreased sensitivity to inhibitors of DNA synthésis
such as streptonigrin-and mitomycin.C'(Gause'et al.; 1967); A remarkable
similafity fo the loss of cytoplasmically-inherited erythromycin resistance
in S. cerevisiaé (Rank; appendiﬁ B) by the genérationvof’a molecular variant
(the SF) was obsérved for a kanamycin—resistant strain of B. paracoli 5099.
All mutants of’this strgin withran altered DNA Basé composition were no
longer resistant to kanamycin: Pefhaps as with S. qerevisiaé the molecular
prototype that carries the infdrmation.for antibiotic resistance is eliminated

from the cell by the variant molecule.

If is worth noting that most of the_mutaﬁts of different species with
an altered base cémposition have defective respiraﬁoryvsystems and appearrto‘
have undergone a profound change in metabolism. These properties led Gause
(lé66) to consider éuch mutants as models for cancer cells. If the altered
metabolism is capsed_by the altered DNA base COmpositioﬁ of these cells,.the
‘hypothesis of molecular "Darwinian" selection serveé as a useful modél to

explain the primary cause of some types of cancer.-
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In summary, a wide variety of species.has been reported to give rise to
variants with an ébnbrﬁal basé éémposition:. Althoﬁgh the possibility of
contamination has nof been Completely eliminatéd; the numerous reports of -
such mutants leﬁd credénéé to-théir génééis frém parental strainé, Further
research on génetically ﬁéll—defiﬁéd parentél stfains is required to eliminate
the pdsSibility of genesis by contémination: Genetic aﬁalysis of thé ﬁutants
. is also necessary to estébliéh theibécﬁfféﬁcé of réplicative superiority
~of the.variant molecﬁle‘iﬁ vive. In ah& eveﬁt; theaetiolégyof a grossly
.alteréd base composition is preséntly ﬁnknbwn énd molecular "Darwinian"

selection is a plausible hypothesis capable of explaining this phenomenon.
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Certain aspeéts éf Virél'mﬁltipiiéatiaﬁ'in vivo éré similar to the
in’vitré systemﬁﬁéed B? Spiééélﬁéﬁ t§ démﬁﬁgtrété moleéular "Darwinian"
selection. Consider thevpépﬁlétigﬁ of’ﬁblécﬁlés éeﬁerated by a single viral |
molecule injected'iﬁt; é hoét éell:v Allithe iﬁformatioq of the viral.genome
would be requirea'for.thé ﬁfodﬁétisﬁ'of'virél‘brégény; However; a spbntanéously
~ generated variant moiééhle With.é décreéséd inférmétioﬁ content.could be
feplicated’in'this s&éteh'if thé vaéiénf ﬁéiﬁtéiﬁéd thoée characteristics
required for repliéétién:.siﬁée tﬁé iﬁférﬁatién reduired for rgplication woula
be coded for by the ﬁoleéﬁla? pfotétype énd the hbét cell‘genome; Thus in the
in_viUO sjstem the molecﬁlar protéfypé iﬁtérééts with the host cell to prbvide
an effective bioloéical—systém;; whéréas in vitro; thé bioloéical—system is
provided by the investiéator: In thé létter'system replicatién can proceed if
all'thebmoleculés are.Similarly'variant; but Zn vivo replication feqﬁires
sufficiént co?ies of the prétbtype genome to pfovide an effective biological-
system. If the variant molecule had a replitative advantage over the molécular
prototype, the wvariant Wbuld Bé éxpécted'to increase in number relative to the
molecular prototype,»in a given enVirOnmeﬁt; Exéessive replication of the
.vériant could alter the‘envirOnment (i;e.; by lowering a precursor below a
threshold value which limited variant but not prototype replicétionj in such
a manner that the moleculaf prototype would bé'préferentially replicated.

Such a variant will be referred to as é dependent variant. Replication of the

molecular prototype could then proceed at the expeﬁse of the dependent variant

See footnote on p.lg:of'this thesis.
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threshold level thaﬁ limits réplication'of the variant) that favored variant
replicatiohl In this ménﬁer'alternative eﬁvirOnmental modification by variant
and prototype replibation'éoﬁld’aChieve én équilibriuﬁ which maintaiﬁs_both
" molecules at a certain level, Alternétivély; the vériants replicative
advantage over the molecular p%ptétypé may bé.ﬁﬁéffécfed Ey the environmental
.modificatién cauéed by its éwﬁ répiiéatigng SQCh a variant will be referred
fq as a ref?actory variént: A réffaétér& vériant woﬁld bé self;eliminating
in.a system of continuoﬁs répliéétibﬁ. ﬁoWévér, in thé biological—sfsteﬁ
‘utilized there is an uppér'liﬁit;’impoéed by'v;ral maturation and céll lysis;
to the amount oflreplicatioﬁ. ﬁeﬁce even with a refractoryrvériaﬁt there is
a posSibilit§ of maintainiﬁé thé'mﬁiééﬁlér p£§t5t§pé. 'Whetﬁer the variant
is dependent or refractory it could bé iﬁéomporated into a viral particle in
the same manner as thé molecﬁlar'profotype;v Althquéh a variant progeny
particle would thén be able to inject its variant genome into a host cell it
‘would not be expected to produce progeny sinée, by definition; it has 1ost‘
essential genétic»inférmation in order to achieve a replicétive’advéntage.
Multiple infeétibn with dissimilar Qariaﬁts that have dispensed with
infbrmation onldifferent areas of the genome couid be expected to yield
infectiﬁe and non—infective progeny if genetic recombination and cémplement—.
ation occurs. ‘Similarly, coinfectioﬁ of a hoét cell wifh a varian£ énd
molecular prototype wouid be exéected to yiéid infective énd non-infective

prdgeny particles.

.Cleérly, if vifai molecules undérgo moleéularj"Darwinian" seleétioh
in vivo the above mentioned deliberations lead to the expectétion that
(1) deféctive viral particles will be formed that are incapable of directing
viral multiplication at a multiplicity of infection'(m.o.i;) iess fhan or
: éqﬁal to one and (ii);_that a defect@ve:viral particlé_contains.a defective

genome that can interfere with normal viral reproduction.
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The first well d§CUmented'obSérVations.that'can be interpreted as
evidence for'"Darwiﬂian" selectibn'of:viral molecules in vVivo were repdrted by
Yon Magnus (1954). Influenza virus waé comveniently cultured by injecting
viral seed into thé éllaﬁtéié éévity of the éhick'embryo. The ability of
this RNA VirusAto_agélutinate red'blood:céllé was ﬁtilized as a convenient
method for determining thé nﬁmber of viral particles. It was found that the
maxiﬁum infectivityéhéﬁagélutiﬁiﬁ rétib (I;Ajrétio) obtainable was 106. An
I:A ratio of iO6 was observed fér'the vi%al.pfoéeny’of aﬁ egg infected with
a greatly diluted viral séed'(m:o.it leés thén 15: ﬂowever; von Magnus foﬁnd
thaﬁ the T:A ratio of‘reéently hérvésted yirai prégeny could be greatly
lowered by using>undilutéd'p£oéény from’the alléntéié cavity as seed for
starting a new'cycle of inféctionl Staftiné with séed with a maximum I1:A
ratio of 106 a'seriestbf_eéés wﬁs infected with the uﬁdiluted virél progeny
(m.o.i.> 25) of the preceeding egg. There was a-gradual.degrease in the I:A
ratio'with;increasihg undiluted passage until by the third undilufed passage
the I:A ratio was approximately 102. . In other wérds; by simply using undiluted
prog;ny'at a high m.o.i., the infectivity of heﬁaglutinin particles was
deéreasea to one ten‘thouéaﬁdth:of tﬂat observed for progeny prodﬁced from
eggs éeedéd with a léw m.o.i. The maximﬁm decrease in the I:A ratio was
achieved by the third undiluted passage. The reduction in infective titer by

using undiluted viral progeny as seed for successive infections (serial

undiluted passage) is referred to as the von Magnus effect.

iTheMvon Magnus efféat is consistent with the expectations of tﬁe
hypothesis of '"Darwinian" selection of viral RNA in vivo since this hypothesis
pfedicts that ﬁariant molecules are spontaneously generated whicﬁ have a
repiicative superiority over the molecular'protptype. Variant moleculeé, formed
during-the.infectious cycle of a cell origiﬁally infected with oné prototype

molecule,wouldbéincorporated'into viral particles prior to cell lysis.
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Undiluted passage of viral progeny would reéﬂlt in infectionvof a ho§t_cellw_
with both variant and prototype molecules; theﬁrépliéétive superiority of
‘wthe variant moleéﬂle W§ﬁld result in.a‘félétiﬁé iﬁcrease in variantAmolecules
:.over the molecular prbtot?pe Wifh inéréééing ﬁndiluted passage; The lbwer
limit to the relative'fréquénéy ﬁf'defectivé mélécules (and thus defective
partlcles) would be determlned By (1) the extent of the dependence of the
variant molecule on the presence of the comélete genome for information
required for viral multiplicationvand (ii), the»dependent or refractory

nature of the variant molecules.

FVirus particles from undiluted'péssage Wére shown to be éimilar to virus
particuies from diluted péésééé in éﬁrféée'pfopértiés by: (i) similar
adsorpti&n and elution rates from chicken.red blood cells (von Magnus, 1954);
(ii)v'siﬁilar agglutination rates with gﬁineé pig and chicken red bloédvéellsv
(von Mégnus, 1954); (ii1) similar ability of dilute suspeﬁsions of formal-
inactivated partlc]es to 1mﬁunlze mice (von Magnus, 1954) and; (iV)‘carrying
~ the same ether-soluble (s) antigen (Lief and Henle, 1956). Also electron
micrographs of infective and defective wviral particles revealed no detectable
differences in size and shape (von Magnus; 1954); Howe&er, the defective
particles differed from high‘infectivity particles in sedimentation
propefties; Virus ﬁa?ticles from dilute passage consisted mainly éf a
homogeneous group with a sedimentation constant of 7508 énd a minor ﬁetere~>
v genous fraction with an average sedimentation constant of SOOS.‘ With

increésing undiluted passggé the'slow»sedimenting component gradually replaced
the homogeneous 750S fraction until an average sedimentation constanf of
-5358 (with'é range of 4308 to 650S) was attained (von Magnus, 1954). - As the
virél partiéles/were similar in size, shape, ahdvsurface properties, buﬁ
:‘differed'in'sedimentation properties; the defective slow sedimenting particles

would be expected to have a decreased density. The hypothesis of molecular
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”barwinian”ﬁselectionvsuggests that the decrease in density may be fhe reéult
of a decreaSeé‘hucléic'acid content of'fhe‘déféctive particle, similar perhaps
to the decréased'lenéfh observed‘for'variéntS'of QS;RNA in vitroL Decreased
_sige would confer a repliéétivé:édvaﬁtaéé té the variant molecule by simply
fequiringlless time to éomﬁleté feplicétiogj Thésé expectations were
confirmed by a compérisoﬁ of thé density aﬁd RNA content of viral particles
.:‘harvested from'alléntOié'cévitiéé'iﬁfeéféd with ﬁiral ﬁarticles from diluted
and undiluted passaée:' Virél particléé fféﬁ diiﬁted seed had a-densify of
'1.23g/cm3; whereas prégény partiélés'frém'ﬁndiluted seed had an uneven
distribution.centered around a ldwérlbuoyant denéity (Duesberg, 1968). An
aﬁalysis revealed thét thé'RNA bf ﬁéﬁ Mbéﬁyé virﬁs coﬁtéined‘Bi}.S% of fhe
total incorporated P32 coﬁpéréd with 1L£2;0% for progeny virus issﬁed from
dilute séed. Polyacryiaﬁidé'gel électrophoresis of RNA from particles of
dilute passage disblayed’that the ﬁOrmal influenza viral pérticles probably
contains 5 physically distinct RNA components. 'Small RNA components, not
~det¢ctea in pérticles from diluted_péséage; were isolated fromvviral particles.
rof a third undiluted passagé. Lérger RNA components similar to those from
diluted passége virions were also observed for von‘M&gnus particles.' These
small RNA.molecﬁles may.represént variant molecules with a replicétive
,_supefiority to'fbe ﬁplécular prototype. Unfortﬁnateiy virué particles from
the tﬁird undiluted paésage were not.séparated into diffefent'fractions on

. _tﬁe basis-of their density. It is of'intereSt to determiﬁe if the‘particles
of lighter den51ty contained only small RNA molecules as the large RNA
molecules observed in von Mugnus partlcles may have been contrlbuted by the
'loy frequency of nqrmal particles present in lysates from undiluted passage.
Neverﬁheless the relative freqdenéy.of small molecuies_increaséd as fhe I:A

ratio decreased as expected by the hypothesis of '"Darwinian' selection.
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Further support for the hypothesis of ”Da?winiah” selection is found in
the observation that the infectivity of undiluted passage particles can be
increased to the maximum (I:A ratio bf”106) by one dilﬁtéd viral passage.
Under these conditions it is expééted that deféctive particles will not
replicate since the host éell is ﬁot coinfééted'With'a normal helper virus.
On therothér hand, cells infécted'with'nOrmal ﬁiral.particles will produce
primarily normal proéeny; éinéé éﬁ?\defédtive‘molecules generatéd would not
undergo enough rounds of repliéétioﬁ in one bassage to gréatly increase in
'frequenéy. Competition éxperiﬁénts élso‘éﬁppért thé hypothesis since
defective particles from ﬁﬁdilﬁted'pésééée'éré capéble of interfefing with
.the reproduction of normal iﬁféctive viral pérfiélés:‘ Eégs inoculated 'with"
undiluted passage éarticles‘wéré:sﬁbéequéntly inoeulated with large amounts
of diluted passége particles at different time intervals. Multiplication of
. the second seed ﬁas sﬁppressed by the undiluted passage particles. Further-—
more as the time of inoculatioﬁ with diluted seed increased there was an
- increased production of defective viral.particles until the iﬁoculation at

" 18 hours showed virtually no increase in the production of normal viral

particles (von Magnus, 1954).

The general occurrence of defective viral‘particies‘was iﬁdicated by the
reference of von Magnus to defective particlés oBserved in lysates of
Newcastle, fowl plague and turnip yellow mosaic virus by other investigators
(von Magnus, 1954). A well doCuﬁented and interesting account of defective
parficles in rift valley fever virus was reported by Mims (1956). Maximum
titres of 109 were observed when serum from mice was diluted 10—8 prior to
inoculation. Undiluted passage reduced the infective titre to 104'2. As
with Znfluenza virus the infective titre could be returned to the maximum

level by one diluted passage.' Competftive abilityof defective particles was

demonstrated by injecting undiluted passage virions into mice préviously
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infected with diluted serum., The infective titre of progeny virions was
redUced drastically (to'105"5) by the addition of undiluted passagevvirions
to the extent that somé micéTSﬁrvived'thé'infeétiéﬁ. Micé able to survive :
such an infection ﬁevéfthéléés.de&élbpéd'speéifié néutralizing antibodies.
The unusual reéuction'i; i;fécfiﬁitf ﬁpéﬁ.ﬁnaiiutéd'passage led Mims to
remark."It should not be qugotfen:hQW‘értifiéiél the cirdumstaﬁées are

when incompiete vifué ié pfaduééd; 'B§ ﬁéané of a syringe or pipette virus is
_‘cqnfronted with a Situétioﬁ it has ﬁevér béféré'éncouﬁteréd; Nature!ls .

: inocula; whethef'by inéeét bité Sr i;feétivéldroplét; are usually much smalier,
and it is not surpriziné that the highly éfficiént system ofivirﬁéygrowth
ﬁhich'has always followéd'éuéh inééﬁlé shéﬁld breéﬁ doWﬁ,under unprecedented

: ey
laboratory circumstances."

As Qith rift vaZZéy févef virué; a fréction:of mousé fibroblast cells
infected with wesfern eéuine éncéphéZOmyeZitis virus survived the infection
and gave-rise.to vigorous cell culturés(Chambers; 1957). That defective
viral genomes céuld be p}oduced'in this virus was shown by the ébility of
undiluted passage.to produce the éon Magnus efjéct; Of the cells that
survived the infection some continuéed to produce virus for many mbnths;
eventually these cells gave’riée to stable cells that were no lbnger'
capaﬁlé §f producing virus ﬁérticles. Cells that were still éble to
prqduce virioné were resistant to infection by particies from diluted
ﬁassage. Resistént cells could bé heteroplasmic for normal and dependént
ﬁariant viral molecﬁles.- The dependent nature of‘the variant would allow for
the maintenaﬁcé of béth the variant and moledular'prototype in the host cell.

Presumably the concentration of prototype molecules is not sufficient to

1 From Mims (1956) p;142.
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cause cell lethality. Resistance to lethal infection by ‘diluted passage
pafticleé is e#plained‘by‘thé'ﬁodel'of‘”Darwiﬁién” seiectibn; since resident
variant molecules'woﬁld éémpétitively’intégféré with the replication of newly
introduced prototype molegﬁlés:3 Similérly; daﬁéhter'cells that have lost the
ability fo produce Virél particleé‘céuld be,tﬁé fésﬁlﬁ of.(i) chance
segregation of a.éell laékiné the'ﬁ§1e§ﬁ1af ﬁfotbtype or (ii);'thé spbntaneous
generation of refraét§r§.vériéﬁts;

\
A thorough examination of the host's ability to sutvive following

infection was reported by Lehménﬁ-crﬁbé et‘él..(l969): Cells infe;ted.with
Z?ﬁﬁhaéyﬁic choriomeningitis initiéll§ produée infeétive progeny without cell
damage. After_continued cell multipliéation the virus particles produced were
not infective, an indication of.the von Magnus efféctl Cells cbntqining
.defective particles intérfered'with.the repliﬁation of ﬁOrmal virions'applied'
as a secdndafy inoculation. Also as with western eéuine encephalomyelitis
virus, segregation of iﬁfectéd cell cultures produced 1inééges completely

ffée of vifus, As breviéusly discuséed thesé observations are consistent
with the hypothesis of molecular MDarwinian sglection in vivo. An excellent
suﬁmary of the role of defective'particles in the éetiology of viral disease

was recently published by Huang and Baltimore (1970).

Undiluted paséage of vesicﬁlar étomatifis virus throﬁgh chick embryo cell
monolayers also resulted in the von Magnus effeét (Cooper and Bellett, 1959).
In addition, the defective particlesvwere shoﬁn (i) .to interfere with the .
replication of normal pafticles and (ii), to’produce maximumAinfection titers
after one dilute paséagé.‘ As expected by the hypothesis of "Dafwinian"
selgction the defective particles hadva reduced sedimentatioﬁ coefficient of

© 25+2.5S as compared té AZiZ:AS for normal particles.(Huang‘and Wagnér; 1966).

Furthermore, the molecular weight of RNA isolated from defective particles
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was calculated from sedimentation coefficients to be 1.3 'x'106 as compared to
4.0 x'106 for particles from diluted passage. Replicative superiority of
small molecular weight RNA present in defective particles may form the material

basis for the von Magnus effect in this virus.

The oligonu;léotide.ﬁattérﬁ §f déféctive péfticies of fowl pZague virus
(an RNA virus that undéréoes'thé ﬁén M&énﬁé éfféct) wés shown to be similar
to that of dilﬁte passégé péffiéiés (Réft aﬁdecholtissek; 1963). This
jindicatés that the RNAmcontéiﬁéd in the défective particle was not derived
from the host cell: p32 inéofﬁérétioﬁ_iﬁtb RNA of von Magnus virions was one

third that of infective particles.

A DNA virus;vsimian vifu3'40, pfodﬁcéd the von Magnus effect upon
undiluted passage through African greéﬂ'monkey cellé (Uéhida; Watanabe and
Kato., 1966).‘ As-expeéted; the defective virai-forﬁ was shown by competition
experiments to interfere with the replication of normal virai particies.

Two types of defective particies were defined on the basis.of their ability to
induce tﬁe farmation of the T and V antigens (Uchida, Yoshiike, Watanabe,

and Furuﬁo, 1968); the average buoyant density qf these defective partﬁcles
was lower‘than that of infecti&e partiéles. A further inaicatidn of the
méintenance oflsome biolégical information by the defecti&e pérticleé was.
their apparent ability tb induée tumor formétioﬁ in hamsters (Uchida and
Wafanabe, 1968). DNA extracted from light defective particles was found to.
have én average contour length of 1.50 i,lZpiin comparison to 1.76 i_.OQp»

for DNA extracted from infective dilute passage particlés. DNA extracted from
both dilute and undiluté.passage particles was‘circuiar (Yoshike, 1968);

which éuppqrts the assuﬁption that the shorter Variaﬁt molecules were

generated as fast replicating variants of the molecular prototype.
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Anothef DNA virus, poZyoma;idisplayedlthe von Magnus effect upon
jundiluted passage (m.o.i. was 10 to 100) fhrouéh mouse embryo cells
’/(Blackstein et ai;; 1969); A,compérison wég ﬁédé BétWeen the major DNA
| cbmponent (1, - é closed'sﬁperééiled'ciréﬁlér hélix) of lysates from diluted

and undilufed serial paséage:l Iﬁ ¢ontrést té one ﬁajor peak (Ia) for diluted
passage‘viriOns, velOéity sédiméntétién énél&sis.reveéled the presence of
twoAslower sédimentiné péaks (I1e énd Id) in virions from undiluted sefial

: passagé. The hypothesis 6f ﬁDérwinién“ séléctibn prédicts that the von
Magnus effect is caﬁséd by éompbnénté'lc aﬁd Id! ‘Support for tﬁis hypothesis
is suggested by thebfollowiné chéfaétéristiés bf'Ic and Id: (i) Ic and 1d
were unable to infeét cells and produce plééués in éontrast‘td the plague
.producing ability of i@ - cbﬁéistént with the ébﬁcépt that the vari;nt
molecules héVé dispensed-with biological information in order to gain a
repiiéative advantagé; (ii) components Ia;'Ic and Id had the same random
'coil_éonfiguratioﬁ,vand conformatioﬁ’state (tightly compéct "knots" of DNA)

. ;'consistent with the proposal that Ic and 1d have evolved from Ia (preliminary
fesults‘with h&bridizafion ekperimentS'indicaté Fhat'Ic and Id have sequences
in cbmmon With.Ia) and_(iii), components Ic and.Id had -a mean confour length
of”l.12 + O.ng and 0.75 i_0.0ép in contrast to a length of 1.53 + 0.07u for
Ia - cénsistént withvthe assumétion that the variant moleculés haﬁe a.

.feplicative superiority by virtue of their shorter length. .
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CONCLUDING REMARYS

In addition to dfferiné én»éxplanétioﬁ'for sbme of my own observations,
the hypothesis of'mglécular "Dafwiﬁién" ééléctién in vivb; provided an
attractive explanatlon of the von M&gnus efjéct and éccountéd for the
occurrence of grossly aZt@red DNA base conpositzons in somé mléro organlsms
It was mentioned that the fﬁnction'of_most’self—replicating molecules is
indispensable; aﬁd.that the OBservétiéﬁ,of molecular "Darwinian' seléctién of
'én indespensabe molecule WOuld appear to be impossible in the light of current
.tééhnology; Howevér; there is én uneXbléined phenomenmﬁilethal ééctbring
(James, 1967); which is suégestive of hDarwinian“ seleétion of an indispensable
molecule. Lethal sectoring refers to the production of progeny cells‘that are
incapéblg of giving riée to viablg p;ogeny; AThe hypothesis of ﬁolecular'
"Darwinian"‘selection‘would'accomodate tbis'observétion by assuming the
existance of a bimolecuiér state for the niche of an indispensable molecule.
Production of a daughter cell with only the wvariant molecule occupying'the.
niche would.result in cell iethality; Although such an éxplanation is ﬁigﬁly
conJectural lines that’ have the property of continuous segregotzon of lethal

sectorzng have been observed - an expectatlon of the hypothe31s

Many intriguing questions are raised by the hypothésisvof molecular
"Darwinian" selection. What is the mechanism that deterﬁines the number and
location of molecular niches? Wﬁat determines the numbér of molecules per |
nicﬁeé What significance does the hypothesis have in pre and pqst—éellular

evolution?

A naive belief that the complex molecular structure of living organisms
is the end result of the obeyance of fundamental physical and chemical

properties of molecules (i.e., the doctrine of vitalism is not required for
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an explénation,of'life);.leads.onéltO'lookﬂfor'answers to these :questions
by‘consideriné thé'effect.thét'molééﬁlar "Darwiniin" selection would have bn
‘the evoluﬁiﬁn of a sélf—replicatiné ﬁolééﬁlé:' (There seéms 1ittlé doubt that
living Qrganismé erlVéd'fromVA sysfem'céngistiﬁg of a seif—replicating
molecule and thé necesééry COmponénté feﬁﬁiréd'fdr its replication). As pre-
cellular_evolution'wbﬁld Bé'éxpéctéd'tO'pfeéede the appéaranpe of liﬁing
Qrganisms; conéider fhé’éﬁﬁlﬁtion Qf'é ﬁbleéulé in an extracellular-site.
‘Prolqnged replication'bf'the moleéulér pf@totypelwould modify the immediate
'replicative envirOnmént thué’creétiné é Sécbndary'environment within the
extracellular—sité:' Spoﬁtéﬁéoﬁéiy ééﬁéréted ﬁériént molecules-wbuld bé
produced during the'replication bf the moleéulér protofype; Any such
variahfs;that had reblicatiﬁé sﬁpéfiﬁ?ify in‘thé secondary environment would
be selected for; thus'initiating.mpleéular heterogeneity in the extracelluiar—
siﬁe. Replication of the prototype and variant mdlecukis) wbuld create a
tertiary environment that ﬁéuld'then'select for spontaneously generéted
_variants with a replicative adVantagé in éuch‘an‘environment. Continuation
ofvthis process éould result in a tfeméndously large populétion of different
variant molecﬁles all capable of subsequent evolufion. Secpndafy niches
would bedomefoccupied by variant molecules capable of replication in adjacent
space»(closer'to‘the_periﬁhery of the_extrécellﬁlar—;ite):incapable bf
supporting the replication of the briginal molécular prototype. Molecules
within such de novo niches would alsovundergq molecular "Darwinian" selection

eventually creating tertiary niches, and so on.

i'EnQironmental conditions, at fhe periphery of the.extracellular—éite,
méy bécomé so stringent that only co-ordinated, interdependent~mol¢éular—v
niches capable of modifying the peripherai envirdnment;‘would be capable of
" continued reflication; For eXémple,*the molecular product of a niche may .

result in the necessary modification of a precursor before it can be utilized
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by the molecules of other niches. .Some of the latter niches may in turn alter
jthe'pﬁlof‘the’peripheral eﬁVircnmeﬁt thus maXimiziné the environmert for
/molecular>replication'within ﬁiéhé(é):éapéblé 6f’pfécursér’modifiéationt An
increasingly sophiéticatéd iﬁfeédépeﬁdéﬁéé bétweén niches could result in a
structure that was inéréaSiﬁgl§'indépeﬁdént bf thé environment of the extra-
cellular—site; until a mﬁlti—molééulé% strﬁctﬁre akin to a simple cell is formed.
(Thé-multi—moleéﬁlér étfﬁétﬁfé W6ﬁld ré&uiré thé édditiqnal property of self-

duplication in order to participate in further evolutionary changes.)

At the levei of é simple cell thé loéétiéﬁ of molécular—niches would

be most accurately defiﬁed'ig rélétibﬁ tévééCh éthér:_ For example; product
dependent niches would Be'éxpééted'ta hé lééétéd'pr5x1mal to .the source ofb
.their';equireﬁent; Thé minimum numEer:of-moleéular-ﬁiéhes would be that
required'to'act_as a co-ordinated repliéativg structure capable of partial
independence from the external environmeﬁtt EoweVer; molecﬁlar—niches that
make no direct contribution to the fitness of the cell céﬁld be maintained
since molecular '"Darwinian' selection can occur independently‘éf selection
pressure placed upon the cell. For eXample; [rhO—(S)]strains of S. cerevisiae
_are.spontaneouSly produced from [rho+] stfains grown iﬁ glycerol.- Tﬁus the
. niche for mitochonarial DNA.is occupied by a vériant molecule that places the
- cell at a'seleétive disadvantage. The relative’ independence of molecular
"Darwinian" selection from selection pressure at the cell level also allows
for niches containing large numbers ofumolecules of a particular unique

‘sequence. L

Recent biochemical investigations have revealed the unexpected phenomenon
that much of the DNA of higher organisms is present in many copies (Britten
and Kohne,1967). They suggest that such repetitious DNA is the result of

saltatory replications of a barticﬁlar DNA sequence. Although Britten and
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Kohne (1967)- do not.suggestAfhé'mechaﬁismgbf‘S;ch saltations, the end result -
i.e., many copies of a particular n;clééfide Seéuéﬁcé,'is.consistent with the
idea that saltations répfégént thé'Cfeétioa éf a dé ndﬁo niche for a variant
self—replicatiné moleéUlé:' The?’sﬁééestlthat repititious DNA acts as a
reservoir of information that is used sﬁbsedﬁént to translocation and mutation.
Perhaps repetitious DNA ié aﬁéthér éxémplé of molécﬁlér "Darwinian" selection
in vivo and this pheﬁbﬁeﬁonis é bééié ;oﬁrée éf information fér evolution at

the cellular and species level.
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REVERSION OF SPPONTANEQUSLY ARISING -
RESPIRATORY DERFICIEXRCY IN - - &
. B SACCHARGMEYCES CERIVISIAE

Gerard . Raxk axp Crayrox Prrson

Departinent of Botany,
The University of British (uluu/l)m Vane mt:w British Columibia

l\c‘\cx\mn of naturally-arising &.\loplmmm]l\ inherired respiratory dcf-
cieney i Saccharomyces cerevisiae was indicated by the occurrence of colanics
\\uh P 1cxpu1\m\ suflicient apex msmg from 2 Jupxrnm\ deficient base.
The basal respiravory deficient cells were shown to contain the xuppxusl\c
facror. . It was sllf'ﬂksl(‘d that generic information for the suppressive factor

. resided in abnormal mitochondrial DNA and thar mosaic colonics arose: from
a heterophisinic cell containing hoth normal and abnormal mivochondrial DNA.

]u troduction

Sponmncom]y arising, cy tophsnnully inhericed respiratory deficient (RD)
mutants in S. cerevisiae do not have cvtodnmms a and b and arc unable to
grow on non-fermeritable energy sources such as glycerol.  Crosses of RD to
respiratory- -sufficient (RS) strains define two types of cymphsmlca]ly -inherited
respiratory deficiency referred to as the neutr al and suppressive petite (Lplnuw
Hottinguer and Roman, 1955). Zygote colonics of the RS by ncutral petite
cross arc all RS w hums a variable number (1- ‘)‘)%) of those from the cross
RS by suppressive petite are RE. A suppressive petite that ploduu,s 100%;
"RD zygote colonies when crossed to RS has not been observed.. The 1111)011(\’
of nltum]h -arising petites are suppressive  (Sherman and Ephrussi, 1962).
Lpluuw and Cmnddmmp (1965) uscd clonal studics to show that the degree of
suppressitivity was transmissable by individual cells and did not Jcsult from
hemoocncny in ccll po])uhrlons The-biochemical and cy to]oglcal nature of
the gencetic clement that codes for suppressitivity, referred to as the suppressive
f'tum (Sl) is unknown. Neither the spontaneously-arising neutral nor the
suppressive petice has been observed to revert to the RS umdmon

L})]]l‘ll%‘l Jacob and Grandchamp (1966) pos’tulntcd that zygotes and
their vegetative progeny from the cross RS by suppressive pctnc can exist
in an intermediate state, I'érat prémutationnel (PS), which can give rise to
progeny cells that are RS or RD. They obtained genetic evidence which
indicated that the suppressive factor (SK), received from the RD strain, com-
petitively interferes with the replication of the cytop lasmically inherited
normal factor (NF), ]L(]Ul[Cd for the synthesis of respiratory enzymes, which
is received from the RS strain. The interaction beoween the SF and the NI
in /y(rouc cells and their vegetative progeny often results in the'development of
mosaic colonies.  These colomcc which have a RID basc and a RS apex, arce
referred to as pultcs abcéedés (PA). Tt is inferred that reversion from RD to
RS has occurred in some of the cells of the developing u>lonyv :

Since the m\](uxl\ of naturatly-arising })Ltms from RS strains are suppres-
sive one would expect also to find. mrux.)ll\ -arising mosaic colonics similar to
the petites Jl)uulcs This report discusses the occurrence And possll)k origin

of such colonics.

M:muscrip—(' received March 12, 1969,
Can. J. Genet. Cytol, 11: 716-728.  1969.
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RESPIRATORY DEFICIENCY IN SACCHARONMYCES

] Materials and Mcethods
Genetic Strains
Strain GR1 1was dcvc]()pcd from culrurcs pm\ldcd 1)3 Dr. C. Hawrhorne.
The genotype of GR1 3s as follows: D/D, a/a, ad:/ad:; P In this formula D
represents a gene for homothallism which, when present in haploid ascospores,
brings abour a divected mutation of the mating allcle (a to a or the reverse),
thus converting haploid cells to homozygous dipleids (Hawthoine, 1963).
Gene ads is for adenine - du}undcm\, with lhl\ mutant géne present a colony
grown on complete medium is red of ic is RS, and white f icis RD (Tavliesk,
1951; Sarachck, 1958; Silver and Laton, 1969). The symbol p* denotes the
nonm] cytoplasmic factor (NJ) which is needed for ]‘CS])]].NOLY sufficiency.
A pmserain is RD. :

A sccond stram, designated albiy, was also in this w ork; it is a lmp oid slmm
which 1s .m\otlophr(, {for ]mlldmc :

When strains GR1 and dahic are crossed on minimal medivm the vast
majority of resulung colonies are triploid (a/u/a). THowever, a few diploid
(a/a) colonies arc also produced.  Because these diploid colonics can grow on
minimal medium, and because the individual ascospores can give rise to normal
" 1:1 segregations for nuclear markers, it is apparent that they have received
only a single lmc]C\ls from strain GR1.

Media and Cultine Mclh()ds

Minimal medinm was composed of 06/% Difco yeast nitrogen base, 2%
. glucose and 2%, agar. Adenine hydrochloride and L-histidinc ﬂ(,l were added
to minimal medinm at concentrations of 10 mg/liter and 100 1n<r/]1t01 respec-
tively for determining genotypes in tetrad qmlx ses.

Complclc mcdlum conmm(d 1.0% ycasl extract, 2.0% b'\ctopqmmc 2.0%,
glucosc with 2.0% ‘10‘11 qd( ed for solid media. qPomhtlon medium contained
0.1% ghicose, 0.25% \cnst extract and 1.0% pot.mmm acetate. :

All cultures were incubated at 30°C,

Tetrazolium agar (1TZ) contained 0.1% tnphcn\} tctM/olmm chloride and
1.5%, agax dmol\ul in .067 M phosphate buffer. Tetrazolium (T7Z) agar was
cooled to 45°C and then poured over colonies.  Three hours after treatment

RS colonies or scctors stained red w hxlc RD colomcs or scctors remained white
(Ogur, 1957).

Tetrad Amnalysis
Sporulated cclls were digested with glusulase for 10 minutes, washed once
with water and dissceted with’ the aid of a Dc Fonbrune mluonnmpuhtm

Determination of percentage suppressitivity: Strains GR1: p~and abis; p* were
grown to the end of log phase.  One-ml samples were then taken from cach
of the two cultures and nn\cd togcthcx in a test tube. The mixture was then
incubated for 4} hr at 30°C and plared at qppmplmtc dilutions onto minimal
medium. (W ith this procedure, 0.1 mlof a 107 dilution of the mixture gives
rise to approximately 100 columcs) Afrer 4 days of growrh the zygote
colonies were stained with T7 to determine the percentage of supplcssm\ltv
All cultures were checked for the frequency of back mutation, and the fre-
quency of p cellsin the abis culture was also determined by staining plated
colonies with T7Z.
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Fig. 1. Somatic scgrcgnrion of CR] For explanation see text.,

I\(‘ul'

Isolatcs of GR1 gave rise to variable numbers of red (RS) white (RD)
and mosaic colonics. l he masaic colonies, which were morphologically similar
to the pmrcs abcéedés deseribed by I Phl usst ez‘ al, in 1966, arc referred to in chis
paper as PA colonics. Asis sho\vn in Fig. 2, the basal part of the PA colony
1s white; the sector appears as an cmmpcm red arca rising from the white
basal part of the colony.  For convenience in later d1scussxon the red (RS)
and white (RD) areas of the PA colonics will be referred to as PA-RS and
- PA-RD arcas, respectively.  The rclative dimensions of the red (Pl\ RS) and
white (PA-RD) arcas varied from onc PA colony to another, but in nearly all
~cases the PA-RS arca protruded noticeably from the 1cm‘1mdc1 of the LOI()I]\
It appears that the PA-RS represents a fast- growing arca that has arisen in a
colony that was initially white (RD). This mt(:lplcrmon is supported by the
fact that non-mosaic RD colonics grow morc slowly than RS colonies.

A sccond kind of mosaic U’)]()HV was also observed.  These occurred at
a very low frequency -and were (1l§tll](llll\hcd by the fact that the red and
white sectors were wedge-shaped. T hc% are believed to have descended from
tWo or morc (,loscl\ nd]mcnr parcnml cells; this type of C()lon\ can be casily
__dlStll]lTL11§]1(.d from a PA colony.

Fig. 2. Somatic segregation during vegerarive growth of an islate of GR1. The dark
co]on\ or sccror is red (RS) and the lu,rlu colony or secror is white (RD). The RS area
of the PA colony in the lower central position is wore prominant than the RS arcas of other
© PA colonies. Fig. 3-5. Terrad analy 51\ of isolates of GRi: 3. Five terrads showing all possible

phenotypic ratios for RS o RD. 4, Tetrads showing low meiotic stability and the occur-
‘rence of a PA ascospore colony. 5 Tetrads from a2 PA nuni-RS L()]Oll\ where ‘mciotic
stability was 0.0%. ng 6. A P A mini-RS u)lon) and two RD colonics.
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Stability mr Vege tative Lines

Of the three colony types obaimable from GR1 only one was entirely
stable, producing only one type of calony when sampled, grown to stationary
phase and spread onto unnplun agar; these colanics were clssified as R,
Samples were also taken from the P A- R]) areas of 35 PA colonies and similarly
treated; 32 of these praduced only white colonics whereas the remaining 3 pro-
duced a siall pereentage of red colonics. The PA colony ty pe, W hich lnvol\ ¢S
an apparent reversion ro RS of cytoplasmically-inher ired RD), is observed only
occasionally among the white colonics.

The n]ol})ho]um of individual PA colonies suggests that lhc onmm] cell
line which gave rise to the cu](m\ was not (mnd\ slll)!( and that the event
Jeading to development of the PA-RS area involved a Lh.mgc from RID to RS
in at least onc cell of the developing col()ny. The fact that red (RS) colonics,
when these are diluted and spread onto complete mediwm, -characeeristically
produce a few whice colonies can be raken as cvidence that the reverse cvent,
mvolving a cellular change from RS to RD, also occurs. Fowcever, this event,
when it takes place dmmo dc\clopmcnr ()f a red colony, does not lead to
mosaicism, presumably I)(musc of the slower BJO\\I]) race of RD cells. These
obscrvations arc similar to those recorded by Ephrussi er al. (1966) in their
studies of zygote colonics produced in crosses of an RS by a suppressive petite
strain. 1t was on the basis of these studics that Lphrussi et al. (1966) postulated
the ‘existence of the plcmutmuml state (PS) cell, which represents a cellular
condirion intermediate, or transitional, between RS and RD. Lphmw et al.
(1966) postulated that the PA colony dC\ cloped from a PS cell.  The natural
occurrence of PA colonies during \'cgu.m\ ¢ growth of GR1 indicare that such

~a mechanism is also responsible for the production of naturally-arising RD in
S. cerevisinc. :

Smbzlit) '"nhm Selected Lines

GR1 is a ‘stable red’ line (l ¢. it produces, on transfer, morc than 90%, RS
colonies). Large differences in the rclative proportions of the three (.olony
types (RS, PA and RD) were found among the various sublines that were
established from GR1. The proportions differed not onl\ beeween established
sublines but also at different steps dunnq establishment of a single subline.
Both these points are ilustrated in Fig. 1, which traces the ]mmgc from GR1
to Z4-2. In the first step of chis lincage a sample was taken from a PA asco--
sporc colony, grown to stationary phasc in- complete liquid medium, then
diluted and splmd onto complere agar. Three reperitions of this procedure
produced the scable red line (;RI—I One of the RS colonies was then put
through meiosis and, among the resulting tetrads, one of them produced one PA
and three RS ascospore u)lom(s The i A-RS arca of the PA ascospore colony
was the source of GR1-1a, which pmduud only 40%, RS colonics. The PA-RS
arca of a PA colony, produced by GRI-1a, viclded a tetrad (No. §)-whicli gave
one PA, one RD ‘and two RS colonics. The RS area of the PA ascospore
colony (m) when sqml)]cd diluted in water and spread on complete medium,
pr oduced only 1994 RS colonies.  However, one of these RS colonics, when
similarly s1mp|cd ploduud a stable red line. The RS ascospore colony (§<,)
when diluted in water and spread onto complete agar yiclded a line containing

‘)% RS (i.c. ahnost as high as a stable red).
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FFigure 1 also shows tlnl the p(u(mw( of RS colonies was reduced
scu)nll time, from §9 to 0.29% (as xho\\ n l)\ stram /4—]) hefore lmnn l)n)'mht
hack to the stable red level (> 90% RS) of 74-2. 1t should he no(cd also that
tetrad b was derived from a vegerative PA colony in which the PA-RS area’
was very soall, amounting to ca. 1/50-1/20 the toral area of the colony (sce
)RSt ig. 6). This distincrive Lype of colony occurs only ()Lcasmm]h for conven-
ience in discussion the RS area of this 1\p<, of L()](m\ will be referred to as
the PA-mini RS area, : ‘

Figure 1 represents only a pare of the full range of variabilicy that aceually
occurs. From our observations there appears to be a continumn in the relative
f).'cqucnuos of RS, PA and RD colonics derivable from any given RS or PA
culture. The only stable lines are those that are R, '

Percentage v/'/p/)";'('\‘\'1'/1'-2'1'1)/ aind cytoplasmic inheritance of RD:  GRI is
a homozygous diploid since it originated from a haploid ASCOSPOTC containing
the homothallic gene 1. Rectssive nuclear genes for RD, arising tlnonwh
mutation during vegetative growrh, would be masked in lhc d]p]uld by the
corresponding non-mutant 1llc]( /\lth(mgh dominant nuclear genes for RD
have not been reported a mutation of this kind in GR1 wonld be L\pcu(,d to
give 10054 RD zy gore colonics when GR1; 57 is crossed with ahiy; p*. Neutral
and suppxcsswc petites would produce 1009, RS and 1-99% RS zygote -
colonics, respectively, in the cross with ahiy p'. In addition, the suppressive
pcntc should PICJdUL( some PA zygote colonizs which would not be c\pcctcd
cither from the ncutral petite or Iluuwh nuclear mutations,

The suppressitivicy of various PA-RD and white isolates obtained from
the cross berween GR1; 7 and abis; p* was determined by the method outlined.
The pereentage of suppressitivity was defined as (95 PA colonies) 4 (% RD
colonics) — (% p~ colonies in abiy).

Results of several experiments are rccorded in Table 1. All RD isolates
])rodnud the (,omplcmcnmn(m pactern (.\p(,ClLd of a C) toplasmically inherited
suppressive petite. »

Low ascospore survival interfered with tetrad analysis of the triploid from
the cross GRI; p~ by ahis; p* which was carried out to verify the cytoplasmic
inheritance of RD. However, five diploid hybrids entered in Table 1 were
obtained, apparently duc to the prcscncc"of a low frequency of haploid cells in
some cultures of GR1; p7. 2:2 segregation for ad, and his with their nmmal
allcles indicated the hybr xds were chplmd ‘

All four ascospore colonics of 7) of the 32 tetrads mnlyzcd were RS as
would be C\pcucd of cv roplasmx(, inheritance of RI The frequency. of
RD colonies in the other six tetrads was that expected fx om vegetative scgre-
gation.  One retrad produced 2RS:IRD: 1 PA colony. chlwntmn of the
homothallic gene was followed in this terrad and it was found that the PA
colony was h.]plmd.

. Thus copulation of a RDD and RS cell is not necessary for the formation of
a PA ascospore colony. : ‘
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TannLe 1 .
Yo of red, w hm‘ and PA zypote colonics obtained from crossing GRE; p~ isolates with aliy; p¥
and staining 4-day-old Lolnn.u with 17

i 9 RD G0 RS 96 PA % p % Suppres-
Source of p~ colony colonics colonies colonics a his sitivity
Ascospore PA-RD 94.0 1.6 3.8 2.8 “95.6
Ascospore " 21.8 701 §.1 2.1 27.8
Ascospore " 82.9 5.5 . 12.6 2.1 92.4
Ascospore -, 90.9 5.5 3.6 2.1 91 .4
Ascospore " 58.4 29.2 124 2.1 68.7
Ascospore " 80.5 4.1 6.4 2.1 03.8
Ascospore white 62,2 26.8 12.0 0.2 74.0
Ascospore " 63.1 10.4 26.5 0.2 89 .4
Ascospore 78.8 3.9 17.3 0.2 95.9
Ascospore 79.9 3.3 16.8 0.2 96.5
Ascospore 57.3 15.6 27.1 0.2 84.2
\(rumch“A RD 50.7 10.8 38.5 0.2 89.0
Vegetative " 55.1 14.2 30.7 0.2 85.0
Vegetative " 1351 -15.3 49.6 0.2 84.5
Vepetative " 44.0° 311 - 249 0.2 68.7
Vegcetative " 14.6 40.0 45 .4 0.2 59.8
Vepetative white 63.5 15.0 20.9 0.2 84.2
Vegetative 7.8 83.1 9.1 0.2 16.7
Vegetative 29 .4 55.5 15.1 0.2 - 44.3
Vegetative 36.0. 43.1 20.9 0.2 56.7
Vegetative |, 58.8 30.1 1.1 0.2 69.7

TapLe 11
Tetrad analysis of GR1; p~ crosses to a his; pt
No. of No. of No. of No. of

Source of complete tetrads tetrads tetrads

p~ colony tetrads 2:2 segn. 4:0 4:1

from GR1 ~ analyzed for ady & hiy RS : RD RS : RD
Ascospore white 9 9 6 3
Ascospore white 7 7 5 2
Ascospore white 3 3 2% 0
Ascospore PA-RD 7 7 6 1

~ Ascospore PA-RD) 6 6 6 0

*Additional tetrad produced 2 RS : 1 RD : 1 PA colonies.

Meiotic Instability

‘Since RD strains of S. cerevisiae arc unable to go throurrh mcmsxs smb]c
white and PA-RD cultures placed into sporulation mcdmm were unmable to
sporulate.  Ephrussi, Uotunguu and Roman (1955) found that zygotes, formed
by c109smw RS and suppressive petite cells, produccd a high frcqucncv of RD
ascospores when forced to go through mciosis without ccll division.  Limited
observations of Sherman (1‘)64) mdlmtcd that cultures that produced a high

»pcxccntwc of P LC”S also formed a high pcrccnmﬂ( of p ascospore LOIOXHCS
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The indicated presence of the ST in R1Y cells and its inferred prascn’éc n
PS cells predicrs that culrures with a high f]ulmmy of PA and white colonies
“should have a high pereentage of p IS(OS})O]L colonies since a low mciotic
stability is C\p(ucd if an active SIF is present. The somadic and mciotic.
stabilitics of scveral red and PA-RS colonics are recorded in Table 11T, Somatic
stability refers to the colonics formed during vegetative growth from which
the recorded col ony was sampled and tmn‘fcrru into spomhuon medium.
Cell division spomhllon medium could be umnollcd l)) 11101m<r the con-
centration of cclls placed into spoxulation medium. :

-Mciotic stability was defined as the percentage of ascospore co]omcs that
were RS, A PA u)]on\ was classified as heing ]\b Figures 3 and 4 show that
all possible phcnouplc ratios \were ()bscx\ul as c\pccud of non-mendclian
mheritance. :

The most striking feature of the data in Table 111 is the low mciotic stabil-
ity of cultures with a hlrrh percentage of white and PA colonies.  Red and PA
colonics of a given ux]tmc have a similar mcmm smlnhry \\Ind\ indicates the

TavLe 11

] i
Somatic stability and meiotic stability of different isolates of GRY

) Somatic stahility : ' . Meiotic

. Type of RS ) m Cell division I\l"{]]bCI ,Of . stability

" Cultures colony in sporulation 35“1(’51’.0“C 9, RS

. sporulated’ % % %o medium co ‘?I}{isl ascospore

, RS | RD | PA S| apalys colonics
GR1-1 RS 94.5 5.0 0.5 + 94 99.9
St . PA 501850 10.0 + 65 5.0
XVIib PA 0.0]95.9] 4.1 +- 40 0.0
F2 : PA 95.0| 5.01 0.0 + 67 80.0
B3 DA 85.0115.0] 0.0 + 49 81.0
GR1-1a PA 40.0 | 43.0} 17.0 + 317 62.0
GR1-1a PA 40.0 | 43.0 1 17.0 + 23 34.0
GRI-1a RS . 40.0 | 43.0 4 17.0 + 22 50.0
B2 PA 134.0145.0 ¢ 21.0 . + 29 19.0
B2 PA 34.0|45.0121.0 -1 44 14.0
B2 RS . 34.0| 450 21.0 + 27 29.0
Sa RS ) 19.0 | 80.0 1.0 - 35 21.0
Sa RS 19.0 | 80.0 1.0 - 34 11.0
Sa PA 19.0 | 0.0 1.0 - 35 40.0
Sa .. PA 19.0 | 80.0 1.0 — 39 18.0
Sc RS 8§9.0 1 10.0 1.0 - 34 80.0
Sc - ‘RS §9.0 1 10.0 1.0 - 18 83.0
Sc RS 89.0 | 10.0 1.0 — 42 93.0
Sc PA §9.0 1 10.0 1.0 — 55 92.0
Sc. PA 8§0.0 | 10.0 1.0 - 39 . 79.0
Se PA mini RS | 89.0 | 10.0 1.0 - 48 73.0
Sc PAmini RS | 89.0 ] 10.0 1.0 .- 71 32.0
Sc PAmini RS | 89.0 [ 10.07. 1.0 +-* 65 4.0
74 PAmini RS | —— | —— | —** — 57. 2.0
74 f PAmMini RS | ~— | —— | —** 4-* 38 - 3.0
24-3 RS - 83.2116.5] 0.3 — 51 70.0
74-3 RS 83.2 1 16.5 0.3 - 35 "40.0

74-3 RS 83.2116.5{. 0.3 - 57 53.0 .
74-3 RS 83.2116.5 0.3 — 59 42.0
74-3 PA mini RS | 83.2 1 16-5| 0.3 — : 71 3.0
Z4-3 PAmint RS | 83.2116.5] 0.3 +-* 57 0.0

*A loopfull was taken from the preceding cullux(. and placed into 3 ml of sporulation medium,
“Sumatxc st.lblht) wils nol rccoxdcd but meiotic smbxm) of previous cell guxcmuon was 7199,
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presence <)f th( SF i red colomies as well as in PA. colonics.  The differences’
n meiotic xnln‘u\ hetween cultures indicate the presence of a qu.ﬂmm d\
“different SEL - Failure to find a qu‘mm'm\( difference in the meiotic srability
between ‘RS and PA colonies of a given culture indicates that cells of the
PA-RS sceror are similar to cells of the red colony,

A PA-mini RS (Fig. 6) of a given culture could be C\])cuod o Im\a a
diffcrent meiotic smln]m if the u]l composition of the PA-mini RS differed
from the RS or normal PASRS duc to (i) limited gm\\th caused by lack of
cell nutrient, or (ii) the occurrence of a qualitatively different SE. Low meiotic
stability (IMig. 3) duce to limited growth of PA-mini RS (Ifig. 6) could be over-
come l)\ .ﬂlo\\mvf growth to occur in the spmuhtlon mcdlum

As'seen in Table Ul one PA-mini RS of 5c gave a melotic smbllm (37 %)
much lower than the RS and PA colonices of this culture.  The meiotic stabil-
ity increased to 74% if the cells were allowed to grow in sporulation mediun
prior to the actual sporulation.”

In contrast, the meiotic stabilitics of PA-mini RS colonies of cultures 74
and Z4-3 were not increased after growth in sporulation medium.  The low
mciotic stability of these colonies is possibly duc to the SPONGINCOUS OCCUr-
“rence of a SE qualitatively dlﬂcxcnt from that which normally occurs in PA
cclls of these cu]turcs

‘ " Discussion

* An hypothesis to explain the results obtained must accommodate the follow-
Ing obscrvations: (i) the appearance of three types of colonies (RS, PA. and
]\l)) whose relative frequencies can differ mn]\gdly in different selected lines;
(i) the stability of the RD lines; (iii) the great range in PA colony mor-
phology; (iv) the suppressitivity of PA-RD and low meciotic stability of lines
with a high percentage of PA and RD colonies; (v) similar meiotic stability
of cclls from PA and RS colonics from the same culture; (vi) the infr cquent
occurrence of PA-mini RS colonies with an unexpectedly low meiotic stability.

We accept the Ephrussi ez al. (1966) hypothesis that cclls can cxist in
any one of three cell states (RS, PS or RD). As dep]crcd in Iig. 7, we
visualize that the PS cell arises from the RS cell by the spommeum cvent

: (represented by RS a PS in Fig. 7) in w hich the cytoplasmically-

inherired SF s gcncmrcd. Differences between rates of 1(,})]1(.At10l1 of the
SIF and rhe NI° (Ephrussi ez al., 1966) form the basis for the PS cell to ‘murtate’
to cither RS or RD. Domination by the NI7 resules in the conversion of the

PS cell to an RS cell (PS b RS). whereas domm.mon by the SI con-
verts the PS cell to an RD cell (PS Cc RD).  The RD cell is smblc

since it lacks, and is unable ‘to, generate, the NFE, AI] three cell states are
: uqulc of self- dup]xutmn

The postulated existence of the three cell tv pes (RS PS and RD) Is an
inference based on the existence of the three colon\’ tvpes (RS, PA and RD).
Thus, a PA colony is presumied to have arisen from a parental PS cell w hosc
cvtoplasm contained both the SF and the NF. - Cells descendant from the
PS cell may be RS,.PA or RD, dcpcndmo on (1) the relative rates of inter-
conversion (lq).cqnud by a, b and ¢) between the three cell ty pes, and (i1)
thc relative growth rates (K, K. and K.) of the three dlﬁcmnt types after
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GRI COLONY PHENOTYPES:= RED MOSAIC WHITE
COLONY - TYPES= AS A KD
CONVERSION AND DIVISION, RS g=m== PS ——— RD

OF INFERRED CELL STATES J,A.,‘ b e 0w
CYTOPLASMIC FACTORS= NF ~  NFESF - -SF
Fig. 7. Colonies of GR1 observed and the pmrnhlu] conversions between cell states as

caused by the presence of eytoplasimic factors, The letters a, b and ¢ refer o the relative
rates of interconversion bevween the three cell states and K, K, md K, n‘fu to the relative
growth rates of RS, PS and R (_dl\ rcxp(un d)

- the conversion has taken phu The size of the PA-RS area of a PA colony

is thus dependent onwhen, during PA colony dev L]()PII]CHI the (PS b
e

RS) event rakes place, as well as on the extent to which the n'\\\]\ arisen !\%
scctor is able to outgrow the cells which surround it (K, > I or K)).

The ability of the SE to.dominate the NF is dependent upon (3) the quali-
tative nature of the SF, and (ii) cnvironmenta) factors, such as cnergy source
and temperature (I phnm1 et al., ]9((). Since the PS cell is capable of sclf
duplication and does not nmncdnlcl\ ‘murate’ to' RS or RD, it follows that
sclection for cells in the PS state (ic. by s sampling a PA-mini RS avca) will
result in an enrichment of PS and R cells in the population.  Alrernatively,
sclection from RS colonies would be expected ro lead to a decrease in PS and
RD cells. ~

bup}ncssm\ltv and meiotic instability are caused by the SIv (l phlussx
et al., 1955). Since lines with a high pereentage of PA and RD-colonics are
c\pcucd to have an active SF, it follo\\c that such lines should have a low
meiotic stability. A vigorous l’A RS sccror would be expected to have a
meiotic Sl'l])lhl\' similar to that of an RS colony of the same culture since the
PA-RS sceror is composed mainly of RS cells. The poor growth of a PA-mini
RS scctor suggests thar the ccll })opu]atmn contains few, if any, RS cells, but
rather contains mainly PA and RD cells. Cells from such a popn]auon \\uuld
‘be expected to have an active SI and thus a fow mciotic <t1h111tv

Reports in the licerature describing a colony morphology similar to the
PA reported here (Skovsced, 1956, \‘aon 1961) indicate that the phulomcnon
is not restricted to GRI. . PA colomcs hnc been ohscncd in 1[1 suams of
- 8. cerevisize used by the aurhors.,

In sccking a molccular mechanism to explain the three observed colony
phenoty pes (RS PA and RD) it is nccessary to consider the possible naturce
of the SI. Mitochondrial DNA (MDNA) appears to be the best biochemical
candidate for the NF (Avers, Billhcimer, Hoffman and Pauli, 1968; Winters-
- berger and Vichauser, 1968). MDNA fmm p' strains of 8. cerevisiae has a base
composumn of 8024 adenine plus thymine.  Strains of S. eerevisiae containing
the SEF have been shown to have a MDNA consisting of a copolymer of
deoxyadenylic and deoxvehvmidvlic acid in aleernate ﬁcqucncc (d(A-T)) with
an upper limit of 4 mole %% guanine plus evtosine (Mchrotea md Mahler, 1968;
Bernardi, Carnevali, N mo]ncﬂ Piperno and Tecee, 1968). Carnevali, \lor-
purgo and Tecce (}‘)6‘)) have suggested the poxsxblln\' that MDNA poly-

merase has a high probability of dctlchmcnt from its MIDNA tcmplnc thereby
f .
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producing shore d(A-T ) enriched molecules which have replicative @upcnom\’
thar (1md\l\ dominazes the MINA po]m]mon and thus causes the phenotype
of suppressivivity. o this hvporhests, 1he 1//»//()/7/'.1. MDNA iy the suppressive
factor. MDNA from RD mutants of S, cerexiviaz were shown to have a con-
tour length of 1.5 vo 2.5 ¢ whereas RS serains contained MDNA wirh a contour
Jengeh nmml\ of 4.5 to 5.3 (\\u s, Billheimer, Hoffmann and Paull, 1968).
The greater replicative Al)lln\ of d(A-1) is ako supported by lh" repore
Okazaki and Kornberg, 1964 that L. coli and B. subrilis DNA polymerase
have a reacrion rate twenty times (aster with d{A-T) as a pxlmu than w 1;11
native DNA as the primer, ' -

If abnormal MIDNA s 1hc SIe, as suggested by Carnevali et ./l (]‘)69) the
PS would be inuared upon the pmduuum of onc or more abnormal MDNA
moleenles.  In more general terminology - (Jinks, 1964), the PS seate would
represent a holuo] lmnon containing two forms of a chondriogenc. Aleer-
native forms of the chondriogane, pl*cnnr\ plull\ expressed as 1\% and RD and
genetically defined as the NI and SF, wou'd have their molecular basis in
normal and abnormal MDNA, 1(xp((,11v(l\ The relatively greater rate of
multiplication of abnormal MDNA in interaction wicth the Jcpthun of

- normal MDNA would provide 2 molecular basis for the competitive teraction
between the NI and the SF. The qualitative difference in the S, exprcsch
p]lcnol\ pically as different percentages of supressitivity, would have its genctic
basis in different forms of the abnormal MDNA; PLlhuPS the d]stnbntmn of thé .

4% G plus C is impoitant in this respect. Suj Yqupoch upon. the interaction
between the SE and the NI would be the phaenomenon of chance dxsmhunon
of the two types of mitochondria to produce an occasional daughter bud con-
taining mitochondria with only normal MDNA, thereby plodu(mo an RS cell.
A stable RD cell would contain only abnormal MDNA.and the progeny of a
PS cell would consain both normal and abnormal MDNA.

The progeny of a PS cell, which are predominantly RID cells, would initi-
ally metabolize ghicose via glycolysis and there would be no sclection favouring
the growth of any RS cell (produced by chance cy top]asmlc distribution qnd
lcsullm'r in a ccll conraining only normal MDN A) during this time.  In later
stages of growth the ethyl alcohol, }n()duccd via gly col\ sis, would beccome
“the main energy source and fun(t)oml mitochondsia would be required for
growth and,mpmduulon Any RS cell(s) produced by chance distribution
would now divide i a})xdl\ in contrast with the.surrounding RD cells, to
produce a PA colony. The RS cclls of the PA colony would Tbe C\pcctcd to
have a meiotic snh)]n\ similar 1o RS colonics of the same line since it would
contain the same number of normal mitochondria.  Similar meiotic stabilitics
were observed (Table T1T). . .

The Inpothcm that the abnormal MDNA may act as the SE by Q‘l‘CiIfCI‘
replicative ability is also-able to provide an C\pllmuon for the low number of
targets calculared in the induction of RD (Uchida, 1967; Slonimski, Perrodin and
_Cloft, 1968). RD and RS mosaic colonizs were observed following induction
b;\' UV (Sarachek, 1938; Pirman, 1939; Uchida, 1967), acriflavin (Ephrussi,
1951) and cthidium bromide (authors, unpublished resules) which indicates that
such induction mayv be due to the pxoducmm of a SI' which then interferes
with the 1Lphurmn of the \l rather than a dircet inactivation or destruction
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of the NI as is commonly assumed. Thesup pus»m\n\ of the d(A-T) MDINA
would provide a Dbasis for induction kinerics that requires a Jow number of
targets.
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Résumd
Nous avons observé que des colonies de Saceharomry ces cerevisiae pouvaicnt
pallicr- des déficiences respiratories fransmises ocnuxqucmcm par le ¢y topl asme:
“cette réversion se traduic par Papparition d’excroissances poss¢dant des foncrions
respiratoires normales sur unc base déficiente. Le facteur suppressif a ¢té mis en
¢évidence dans les eellules & regpiration déficiente. Nous suggérons que Yinfor-
mation générique correspondant au facteur suppressif est contenue dans e
DNA mitochondrique anormal et que les colonics mixees sont filles d’une cellule
héréroplasmique contenant a Ja fois du DNA mitochondrique normal et
anormal. : '
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GENETIC EVIDENCE FOR ‘DAL \\ INFAN® SELECTION
- AT THE MOLECULAR LEVEL.
I. THE EFFECE OF 'THIE SUPPRESSIVE FACPTOR (}\
CYTOPLASMICALLY INHERITED ERYTHROMYCIN-RESISTANCE
IN SACCHAROGMYCES CEREVISIAE

Grrary H. Rask

Department of Botany, The University of British Co/mnbm
Va/)rou ser, British Colwmbia

A study of the suppressive factor of Saceharonyces cerevisiae and its effecrs
o the wansmission - of  cytoplasmically-inherited  erythromycin  vesist:
showed that loss of m\tlnnm\'cin PEMISTANCE Was contingent on suppressitiviry,
and that strains carrying the suppressive facror (ommuousl) surrcuncd progeny -
cells that Jacked resistance. It was suggested that suppressitivity is due to the
presence, in suppressive strains, of mpnl -replicating abnormal mirochondrial
DNA, and that loss of CJ)lhmnncm resistance (coded for by normal mito-
chondxnl DNA) is due to the 1cphcm\c superiority of abnormal mitochon-

drial DNA

!
Introduction

Mllls Pcterson and SP]CU( man (1967) ochwcd that an in vitro system
for sy nthcsmno Q( -RNA spontancously gencrated variant molecules. Selee-
“tion Tor those variant molecules that were fast replicating resulted in the Q-
RNA population being dominated by a molecular species Llnt had lost 839 of
its original genome 'md that rep licated 15 times faster than the original RNA
molccule, ])10 vgical qunu) of the QB-RNA was Jost very c'n]y in the
sclection ])Loccss 1hu€ raising the qucmon as to whether such a process could
occur in nature, where loss of cssential genetic information by self- duphc,mn(T
molccules, in mdu that they may lcp]mtc faster, wou]d scem to be incom-
patible with the survival of an organism.

Micochondrial DNA (MI)\TA) is a_sclf-duplicating molecule that con-
tains some of the information required for normal mitochondrial function
(Wintersherger and Viehhauser, 1968). Functional \'H)NA, however, is not
essential for survival of the faculr.mvc anacrobe S. ceriwisae; this yeast can sur-
vive, without functional mitochondria, on energy dcuxcd from gycolymx
lhus ‘Darwinian’ sclection of MDNA (the spontancous generation of variant
MDNA molecules and the domination of the MDNA population by those
variant molecules that have a greater 1‘cplicnti\'c ability) n S. cerevisine nced
not be incompatible with smvwa] of the organism.

Normal MDNA has a base composition of 80% adcnmc plus thy minc
whercas an abnormal MDNA (a copolymer of dcoxythymidylic and deoxa-
denylic acid in alternate sequence (d (‘\ T) ) with an upper limit of 4 mole %
‘gunnmc plus cytosine) has been found in cytoplasmically-inherited lcspxmtol)—
deficient strains of yeast that show the phcnomcnon of suppressitivity (Mchro-
tra and Mahler, 1968; Bernardi, Carnevali, NicolaicfT, Pi iperno and Teceee; 1968).
Suppressive J‘LSPII.H()I\ dcﬁucnt strains of S. cerevisiac produce v.1rml)lc num-
bers of respiratory-deficient zygote colonies when crossed to a normal res pn--
atory-suflicient strain (Lpluuw Uottnwucr and Roman, 19))) The genetic

Manuscript received Nov, 7, 1969.
Can. J. Genet. Cytol, 12: 129-136.  1970.
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determinant fm SUP])ILSSWI\]L\ 1cfcnui to as the suppressive factor (SIF), was
assumed to be abnormal MDNA (Carnevali, Morpurgo and Tecee, 1969; Rank
and Person, 1969) and is belicved to dominate the MDNA population by
virtue of its greater replicative ability. A

A c\loplmmml]\-mhcntcd marker for ervthromycin resistance, (thc
resistance bemg due to molecular aleeration of the mitochondrial ribosome), i
also bcdieved to have jts genctic basis in MDNA (Linnane, Lamb, Chr modou)ou
and Lukins, 1968). 1f abnormal MDNA s able to become the sole molecular
species by virtue of a replicative advanrage, such abnormal MDNA should.
climinate the information for crythromyein resistance believed to reside in
normal MDNA. This report studies the lclmonship between the SIP and the
C\l()phgmlc inheritance of erythromyein resistance, and presents resules that

arc consistent with the hypothesis that the 1cphmu\<, advantage of a mmmal
MIDNA cnables it ro displace normal MDNA,

Materials and Methods

Strains ' S .

Hapl oid strains L410: aner his; T]\ St LA aur bis; ER'; p and D243-12A;
a ad, 1]y, ER®; p* were obtained f) om Dr. . B. Lukins of Monash University,
Clayton, Victoria, Australia.  Haploid strain M2: a tradibis; ER'; p* was obtained
from a tetrad analysis of a cross between 1411 and 1D 243- ]ZA. Diploid strain
R37: ala adi/ad,; lemdeuER° pF was obtained from Dr. H. 1. Roman of the
Department of Genetics, Seattle, Washington. The symbols ER” and ER” refer
to the cytoplasmically mhcutcd marker for resistance and sensitiv ity to erythro-
-y cin- suppkmcmux (1 mO/ml) glveerol medivm.  An ER” strain that has lost
its. resistance to erythromycin will be dwgmtcd ER™. p*is used to denote
the cy IOP]‘IQI]]IC”!”\’ -inherited genctic information ncccss.ﬂ) for 1(sl)xrf1tm %
Suﬁlu(n(\' u)mmnn]y assumed to be MDNA. A ;7 strain is Jcspnatmy de-
ficient and thus unable to use glycerol as an encrgy source. The symbols ur,
bis, ad, 17, ly and lew refer to auxotrophic 1cquncmcnts for uracil, lmndmc
adcnmc tuptophm lysine and leucine 1cspcun cly.  Crosses bCL\\ cen 1410
(or L 411) and D243-12A were plated onto 294 H]ucosc minimal medium which
supported only the growth of the prototrophic h\ln id.  Crosses between L4711
and M2 werce plaLcc] onto 2% glucosce histidine- ';upp}cmcntcd minimal medium
which supported only the, growth of the a/a bis/his hybrid. Dlp]om strain
R37 was crossed to an a/a /m//n\ diploid by plating the copu]nuon mixture of
these two str ains onto 2% glucose minimal media w hld] '1110\\ cd glO\\ th only
‘of the pr otonoplnc n/a/n/u tetraploid zygote.

Medm
" Minimal medium contained 06/o ])lfco \ust muogcn base, 2% glucose

y < /0

and 2% agar.. For supplemented minimal media amino acids were added to
a final concentration of 100 m“/] and purine and pyrimidine bascs were added
to a final concentration of 10 mg/t. Complete medium contained 1% yeast
" extract and 2% bactopeprong, \\lrh 2% 1gu added for solid medium. The
energy source was cither 294 glucose or ql\ccml Ervthromycin gluco-
‘<hcpt<muc obtained from Eli Lilly and Co., was millipored and added to com-
plete medium (at 50° (,) to a final umu:nrrmon of 1T mg/ml. Sporulation -

medium contained 0.19 glucosc, 073,o ycast extract nnd 1.0% potassium
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'\Lcmrc AN cultures were incubated ar sO C Terrazolnm agar contained
0.1 mphcn\l retrazolium chloride and 1.59% agar dissolved in 0.067 M phos-
: p]mt( buffer (Oguy, et al. 1937). Tetrad .m)]\\cs and determination of per cent
sllppl(xsm\n\ were carricd out as deseribed lncvlousl\* (Rank and Person,
969)

Determination of the ¢ Transmission of the ER' Factor by plsolatés
Ll\tlnom\(‘m docs not interfere with the om\\th of S. cerevisiae when
energry 1s obrained via-glycolysis using glucose as the encrgy source. However,
an erythromycin-sensitive strain will not grow in the presence of ery Lhmmyun
when gly cerol is used as the ener gy source.  Since functional mitochondria arc
lcquncd to ovidize glveerol, the lack of growth on crythromycin-supplemented
glycerol mediom indicates that uythmm\(,m interferes with mitochondrial
function. Thus, an crythromycin-resistant strain. of S. cerevisive is defined as a
strain that will grow on <1l\ cerol in the presence of crythromycein.  The
presence or absence of the I SR factor in prisolates from an ER’; p* strain cannot
be determined direetly since a p” isolate is unable to use gly cer ol as an c¢nergy
source. Therefore, the abilicy of a p” strain to transmic the ER” factor was used
to derermine w hcthm cor not the ER factor was present. lhis was done by
crossing the p “isolates to an ER'; ' strain and scoring the p* hybrid progeny
for cry thlom) cin resistance which could only have come from the postrain. -

‘ Results
Selection {or ER " from ER';p* 4 . _

1000 colonics from M2 and 1411, growing on glucose complete mediam,
were replica-plated onto g)\ cerol complere mcdmm with and without erythro-
mycin.  All colonies isolated from M2 and 1.411 glcw on bhoth media which
confirms the obscrvation of Linnane, Saunders, Gingold and Lukins (1968)
that FR‘,' " cclls cither do not occur or they occur at a very Jow frcqucncy
This is in sharp contrast with the fr cquent occurrence (1-5 %) of p~ cclls in
strains M2 and L411. :

Selection for ER-; p~and ER"; o~ from ER’; p* ‘ o )

p~ strains were sclected ar random from M2 and L411. p* colonies of straing
M2 and I.411 arc red and buff, respectively;  p* colonies of both strains are
white. The ability of p~ strains, picked at random from M2 and 1411, to
transmit the ER factor was determined by patching 25 " zygote colonics,
obtained from crossing p” strains to an ER";p" strain, onto complete glycerol
and Complctc oly (.Cl()] erythromycin.media. . Growth on both media indicated
that the p~ strain contained ER™ whereas growth on only gl\ cerol unnp]uc
medium indicated the p7 strain was ER™. Per cent suppressitivity of the
strains was determined in the usual manner by crossing them to a p* tester and
staining the resulting zygore colonies with terrazolium (Rank and Person, 1969).

The results are recorded in “Table I where it is seen that all p~ strains were
suppressive.  Both M2 and L4171 produced ER7; p” and ER’; ™ cells 1llhmwh
the relative frequency of ER'; p7 cells was much higher for strain M2, ER'
P sumns varied greatly in their abilicy to transmit the L1 factor.
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TasLe 1

Per cent transmission of El , and @, suppressitivity of spontancously arising p~ strains

p~ strain isolated G transmission % o
pt ostrain from pt strain Cof ER? suppressitivity?
~ M2 1 40 29.27

: 2 34 - 28.32
3 16 21.54

4 40 16.42

5 4 : o 16.22

6 0 - 79.10
-1 6 . 12.64
-8 38 - 24.14

9 68 . 28.03

10 12 17.17
11 28 23.48
12 16 ) 21.60
1411 1 0 66.717
2 0 68.24

3 68 60.0606

4 0 43.49
S 0 79.98
6 0 04.01

7 0 71.15.

8 0 84.44

9 0 33.46

10 0 33.15
i1 .0 65.73
12 0 68.50

’ 13 0 78.33
14 56 .54.45

. 15 - 36 75.00
16 0 47.15
17 0 68.87
18 4 73.05
19 0. 78.47
20 36 . 73.94
21 0 82.85

Twenty- ﬁ\c pt zygote colonies obtained from crossing the p~ strain to an R pt tester strain
were pmh(d onto glycerol complete and to eryvthromyvein-supplemented vl\((rol complete
media. The %, of colonies that grew on both media is recorded as the ¢ transmission of ER’

2Approximately 100 zygote colonies obtained from crossing the p~ stmm to a pt tester stmm .

were scored for their respiratory capacity by slmnmg with tetrazolium. Yo Sll])pl(“.\lll\’ll) was
defined as the % uf m\pn.nox v deficient plus mosaic zygote (,0]0)1103 minus the ¢ of p~ colonies
produ(cd by the pt tester slmm

Segregation of ER”; p f7 om TI\, P

To determine whether the observed dlﬂCICI]LCS in per cent transmission of
erythromycin resistance by ER’; p~ strains-were caused by a heterogencous
~mixture of ER™; p~ and ER'; p cells, several isolates were taken from 1]\ i p
strains of M2 and L411 and crossed toan ERY; p7 tester.  As scen in Table 11
all three strains (L411(B), M2(D) and L411(E) produced stable ER7; p™ isolates
incu]ml)lc of transmitting the LR factor.  The varving levels of per cent trans-
mission of ER" appear to be the resule of the continuous segregation of ER';
cclls to produce LR 7 cells. 1 his is particularly striking in the case of strain
L411(B) which originally transmirced the LR facror to 8034 of the zygotes.
All 10 isolates of this strain failed to transmit thc LR’ factor.
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Tanrr 11
Spontancous segregation of ER7; p~ to produce ER™; p~

. to a common LI\, p~ strain from M2 (continuous segregation of LR’y p

) : Jsolate from %o transmission G
Strain : strain ' of LR suppressitivity
. * | R o
1.413(B): ER p 1 0 65.70
2 0 54.54
3 0. . 93,51
4 0 71.39
5 Qe 63.90
0 0 67.47
7 0 88.47
8 0 61.01
9 Q 66.84
10 0 71.16
: ok .

M2(D): ER; p~ 1 0 17.02
. 2 36 18.24
3 48 - 17.09
4 60 14.29
5 0 29.17
6 5 "28.28
7 76 2111
.8 0 13.75
9 0 - 18.33

‘. . kA% PR - . .
L411(2): ERr,; p~ i, © 68 70.48
- 2 - 0 90.83
3 84 ] 8§2.96
4 84 40.75
.5 76 o ©30.89
6. 88 ) 24.48
7 24 78.41
8 8 : ) 84.68
9 2 . ) 75.83
10 36 - 72.64

*C7, transmission of ERT by L411(13) was 80’ o and ¢, suppressitivity was 74.55.
** transmission of ER7 Dy M2(D) was 6 o and 9 suppressitivity was 20.60.
O transmission of ERr l)\ L411(12) was 79 and G suppxusm\ ity was 60.60.

The Effeet. 0{ ER )) Cyroplmm on rlvc’ ]mn\/mfmncc 0[ LR /)y ann ER”
Strain
’)

To determine whether the ER; s pcy top asm conmmcd a factor (s‘) c1p\blc

of the immediate destruction or inactivation of the ER' factor, Inplmd strains

ER™; p”and ER’; p~ (derived from 1411 and M2 respectively) were first crossed

'on minimal histidine medium to bring such hypothetical factor(s) in a common -

cytoplasm with the ER factor. T he resultant histidine- requiring p” diploid was
then crossed to R37 on minimal media and p' tetraploid a/a/a/a colonics were
spotted onto glycerol complete and: glveerol erythromycin-supplemented
complete media to score the transmission of the ER" factor. The tetraploidy
of the final cross ((L411) X (M2)) > (R37) was verificd by tetrad analyscs
which produced tetraploid inheritance for the p"ncnml markers uracil, tryto-
phan and lcucine w\otmph\ Five ER; » strains from 1411 were CIOSSCd
" to
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]m)ducc ER"; ;7 necessitated the crossing of a sufficient number of ER p~ cells
to ensure that they were not all ER7; ), ). Twenty diploid p~ colonics from cach
of the five crosses were then crossed ro R37 and scored for transmittance
of ER’. Ervechromycin resistance was transferred to R37 by all five of the
P (hp]mds formed I)\ the cross hetween ER'; 47 strains derived from 1411 and

.lhc common M2 parent cm\mo the ER™ factor. Thus, it appears chat the

LR p ey toplasm does not contain a factor(s) capable of the immediate des-
rruction or inactivation of the ER” facror.

Discussion

&

The somatic scgregation observed for ER'; p* strains is outlined in 1 19,
Loss of the ER' facror was observed only in those cells that had become o
ER; p7 eclls were stable and did not revert o the p* or ER” phenotype. Genetic
analyses of the (310})11%111 of ER7; o7 scrains indicated that they did not conmm
c!cmmt(x) capa ble of the immediate destruction or Inactivation of the IER
factor. A11 p” cells were suppressive and thus carried the SF, :

The dependence of the p~ and ER? phenotype upon the spont-mcous gen-
cration of the SIF implicates the SI7 as the causative agent in producing the
somatic segregation observed.  If it js granted that abnormal MDNA 18 the

SE, the model of ‘Darwinian’ sclection of MDNA adcequately explains the

lCSU]Ib obtained. . The model plcd]cts that .\u]msm(m of an abnormal MDINA
molecule(s) with replicative supumut\ potentiates a ccll’s progeny to contain
abnormal MDNA as the only specics of MDNAL Howcever many cell divisions
may occur befare abnormal MDNA  becomes the sole m(slccuhx specics.

‘Mosaic colonics umwlmg of a respiratory-deficient base and « 1 ICSPIratory-
"~ suflicient apex (Ephrussi, Jakob and Cmnddmm} 1966, Rank and Person,

1969) indicated the presence of a heteroplasmic cell containing normal and
abnormal MDNA. The heteroplasmic state could be maintained by sclection
pressure (Rank and Person, (1969), indicating that abnormal MDNA is not able
to immediately dominate the cell.

Similarly, this modcl pwdu,ts chat an LR ;P (_cll becomes an ER’; p~ cell
through the spontancous generation of the S, producing a cell heteroplasmic

for normal (thac MDNA which codes for erythromycin resistance) and abnor-

4

ER,C
Fig. 1. Somatic segregation of the ER™ factor and its relationship to the SF (all p-
isolates conrained the SI). : :
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mal MDNA (rh( S, } hat .ﬂmmm\] MDNA has to be ocnu.ucd i order to
climinate the ER” facror is supported by the fact that ER7; p* cells were not
observed. The replicative advantage of abnormal MIDNA potentiates an ER'; p”
cell to ploducc progeny conmmmn only abnormal MDNA, thus Llnmm(mw
the genetic information for erythromyein resistance. The model of ‘Darwinian’
sclection correctly predicts that ER"; p cells would be unstable and constantly
segregate to pmdu(c ER; p7 progeny containing only abnormal MIDINA. Al
]“1\, p~ cells would be stable and unable to generate information for erythro-
mycin resistance or respiratory sufficiency since this mfoxmmon n Jost by
the fast lC})h(,llmO ,1bnomml MIDING \
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Résumé -

La ]ncscntc ctudc sc rapport a i Vefler du facteur suppr essif de Sncc}m/()m) -
ces cerevisiae sur la transmission cy Loplasmlqnc de la.résistance a 1’ cxyLlnomv—
cine. La (lspﬂm(m de la résistance a I'érychromycine est lide au facreur sup-
presif ct Jes variétiés que ‘le portent cnoendlcnr continuellement des cellules
dcpomvucs de resistance. Nous suggérons que le facteur suppl cssif est di a .
la plcscncc de DNA nmochondnquc anormal s¢ dédoublant rapidement ct que
la disparition de résistance a Pérythromycine (poncc par Ja DNA mitochondri-
quc normal) plou(,nt de la plus arande cap »acité de dcdouh]cmcnt du DNA
anormal. .

References

Bernardi, G., Carncvali, T, Nicolaieff, A, Piperno, G. and Teece, G. 1968, Separation
“and chamuuu ation of a satcllite l)\»\ from a yeast cyroplasmic “petice” mutant. J.
Mol. Biol. 37: 493-3505. )

Carnevali, I, Morpurgo, G., and Tecce, G. 1969. (,)-'t«')plnsmlc DNA from petite colonics
of .Sarr/nnomyrc; cerevisiac: A h\'po[hcsis on the nature of the mutation. Science
163: 1331-1333. : . .

Lphruscx B., Hottinguer, H., and R()nnn H. - 1955, ‘}uppréqgi\cncss A new factor in the
genetic d(lcrmmxxm of the synthesis of rupxrarm\ cnzymes in veast. Proc. \qt Acad.
Sci. 41 : 1065-1071.

Ephrussi, B., Jakob, H., ct Grandchamp, S ]966. Etudcs sur la suppx.‘cssi\'é des mutants 2
dcﬁucn(c respiratorie de la levure, 1 Erapes de fa mutation grande en petite provoquée
par le facteur suppressif. Gcnctics 54- 1-29.

Linnane, A., Saunders, G., Cmm)ld E., and Lukins, H. 1968. The biogenesis of mito-
chondria: V. (,\mplnsnuc mhcrlnnu of cx\rhr()m\cm resistance in S‘m/womyrw
cerevisiae. Proc, Nat. Acad. Sci. 39: 903-910.

L_innnnc, A, Lamb, A, Christodoulou, C., and Lukins, H. ]968. The l)ioqcncuis of mim~
chondria. VI Biochemical basis .of the resistance of Saceharomyees cerevisiae toward
antibiotics which specifically inhibit mitochondrial protein svnthesis. Proc. Nar. Acad.
Sci. 59: 1288-1293.



107,

GERALD 11, RANK

Mchrorra; B, and AMahler, H. 1968, Characterization of some unusual DNAs {rom the
mitochondria from certain “petite” sweaius of Saccharomyces cerevisiae. Arch. Biochem.
Biophys. 128 683-703. ) :

Mills, Do, Petesson, R., and Spicgelman, S. 1967, An extracellular Danwinian experiment
with a sell-duphicating nucleic acid molecule. Proe, Nav, Acad. Sci. 58: 217-224,

Ogur, M., St. John, R, and Nagai, 5. 1957, Tewazolium overlay rechnigue for population
studies of respiration deficiency in yeast. Science 125: 928-929,

Rank, C., and Person, C. 1969, Reversion of eyraplasmically-inherited respiravory defi-
cieney in Saceharomyeces cerevisiae. Can. J. Gener. Cyrol 11: 716-728. )

Wintersberger, ., and Vichhauser, Go 1968, Funcdon of initochondrial DNA in yeast, |
Nature 220: 699-702. e - .




108,

APPENDIX C ~- Genetic evidénce for 'Darwinian" selection at thé molecular
“level. II. Genetic analysis of cytoplasmically-inherited

‘high and low suppressitivity in Saccharomyces cerevisiae.



109,

et s X C el W s . : ,
Genetic ¥vidence for "Darwinian Selection at the Molecular Level:
JT Genetic Analysis of Cytoplasmically - Tnlierited High and Low Supressitivity

in Saccharomyces cervisiae,

CERALD W. RARK.

Department of Botany, The University of British Coluwbia, Vancouver 8,

British Columbia,

SUMMARY
A method was devised for the genetic analysis of cytoplasmically -
inherited high and low suppregsitivity in S. gerviéfae,thus’enabling a

v

tostbof thé prediction, by'the modgl of ”Darwiniaﬁ” selection of mitochopdriél
' DNA, that abnormal mitochdndfial\DNA of d high.suppressifiQitf séféin

© has abréplicative advahtage over abnormai mitbchoﬁaf;al DA of a low
suppreésitivity strain. ‘Support for the model waé indicated by the

ability of thé.suppressivé fac;of resident in the high suppreséitivify

strain to control the phenotypic expression of suppressitivity in zygotes

formed by crossing a low and high suppressitivity strain.

;yINTkODUCTION
A model"ﬁas been proposed (Carnevali, Morpﬁrgo and Tecge? 1969;
Rank and Person,.1969; Rank, 1970) ﬁo_g#plﬁin thg suppregéitivity {the
subpreésion of ﬁhe respirafory - sufficignF (RS) phenotype in zygoté"
colonies arising from conjuéation betwéen aﬁ RS‘énd'a respirgtory -
Adcficiénﬁ (RD) ceil) of cytoplasmiéally - inhérited reépirétory deficient
strains of yeast, The cytoplasmically - inherited genetic element_of the

RD cell responsible for the conversion of an RS by RD zygote to an RD
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colony is referred to as the suppressive factor. The proposed model assumes

that gpontavncously gencrated abnoymal mitochondrial DNA ie¢ the suppresgive
I At}

factor and that such abuormal mitochondrial DN4 has a replicative SUpEr -~
'iority over normal mitochondrial DNA.
A spacwac pccdictlon of th]g model is that sn RD, strain cyhlbitlng

high suppressitivity (pruducing a low frequency of RS zygote colonles

when érossed to an RSAstrain) would cont&inAabnorm 1 miLochundrlallﬂ\A |

:with a repll. itive superiorit& over the abnormal ﬁitdchondrial DNA of

an RD strain exhibiting low suppfcsszt:vxLy (ptooucxng a high frequoncy

of RS zygote cclonles when_crossed to an RS strain). The followxng

.rcport déécribés a method for the geneéic.analysis of crosses between

high and 10Q éuypressitivity strainé which was uséd/to‘test this predicﬁion\
and presents the resﬁlts of studies iu which the method-was used. As
expecféd\ thg.phanotypic expressionlof suppressitivity in such crosses
.Qas confrolléd'by the suppréssive facto;bresident in.the high suppfessitivity

strain,

MATERTALS and METHODS
A detailed description of strains, media and methods of genetic

analyses is given in an eerlier report (Rank, 1970);

Genetic Strains:  Haploid étfain L49:q(g£lhis ;Q- was isolated as a
e derivative of L411 d(ux his e+ Haploid'strains M2-1, MZ»Z; M2-3

and M2- 4 arose as spontaneously ariSLngf? isola Lcs from M2: a tr2 “dl

hls‘e‘{‘ Supprcssitivny of al] () stlains @31 a, or all) was determined

by crosses to ghe diplo}d strain Rl?):o(kileulllegl 3§6/ad6}Q+'

Determination Qﬁ suppressitivity: The suppressitivity ofba.e? strain
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.cén be determingd only by crossing it to aQA-strain since suppregsitivity
is dcfiﬁed by the percentage.of‘coloniés resulting from such & cross thgt
are RS, Haploid@w-straiﬁs 'qf mating tyﬁevior é were first crossed Lo
" R175 (to produce an H/ot/i or &/ellst ﬁriploid) to define ﬁigh and low.
éupprgssitivity. L&9,.selected as>ﬁhe cowmon high suppressitivity parent,
was tﬁen gfossed to four low suppressitivity stfains derived from MZ thus
producijng an afef his/his;: (JJN dip.loid. This'e- diploid was then crvc,-'ss;ed.
to RifS (Qo produce an gk{h&ﬂﬁ>tetraploid)'fo determine which of thg
suppressive factofs'(the factorv for high suppre sitivity~from L49 of the
factor f;r low suppresgitivity from the(?- isclate of M2) controiled the
phenotypic expression of suppressitivifyf

Variation of subpressitivity within any haplbid or diploid e-' gtrain
was deﬁerminedvby sampling 18 to 20 individual colonies from each gtrain
and crossing thenxindividualiy to R175. An average of 144 zygote colonies
from.each cross was then examined.in ordér to determine tﬂe lgveifof
sppprégsitivity. |

All cultures were!ghaken_in 2% gluéése - 1% yeast extract ﬂv2% bacto-
zpeptonevmedium at 30°C for 48 hours to a finai cohcentrétion of 2x108 cells
?ér ml-vbefore_crdssing. VSamples of 0.5 mi:were ﬁBen‘tékén from ﬁéirs of
pafental cultures and placed iﬁ a common tubekfor tﬂreevhours at_3OOC :
.prior to spreading on selective:medié that allowed only the growth of-
zygotes, .Tetrozolium staining of three - é;y - old zygote.colonigs.
determined their respifatory capacity,

Copulation mixtures of L49 andQ~» isolates of M2 were plated:on 2%
.glucdse, histidine - supplemented:minimal media which permittéd oﬁly the
growth of the §A7(Difjﬁi§§e' zygotg. CroésescASQ- or éﬂgseé by R175

E}
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produced 50 to 200 zygote colonies when 0,05 ml of the undiluted copulation
mixtuve was spread onto 2% glucose, minimal media, The copulation mixture
of Rl?EInrQ« isclates of M2 yielded 50 te 200 zygote colonies when 0,02ml

of a 1/10 dilution was spread on 2% glucose, minimz) media.

RESULTS

Variation of suppresgitivity within a0 ~ line: As reported earlier
: X ' :

(Rank and Person, 19069 all 0~ strains produced three types of coleonies
yp

(RS, P4 (colony with a RD base and a RS apexn) and RD) when cressed to
s M _ ¥ »

R175. The mezn percentage and stendard error of the mean of PA and RD
P 5€
i

zygote celonies firom crosses of differenﬁ:Q~ lines to R175 are recorded
(I - ) T

~in Table 1. It is clear that there ig .enough uniformity among isolates

within aQ- strain to allow the clear definition of high (Fig. 1) and

(<

low (Fig. 2) suppressitivity. For example, thé Students '"t" 95% confidence
g supp Y ‘ _ _

. limits for the mean percentage RD colonies in the crosses L49, M2-1, M2-2

M2-3 and M2-4 by R175 are 61.13 + 3,96, 24,04 + 10,06, 11.61 + 2.18,

13.26 + 3.01 and 7.48 i,1'58 respectively, However, it must be noted.

that moste-strains contain a low frequency (approximately 1 to 5%) of

. 1solates that deviate greatly from the mean percentage of RS, PA and RD

colonies. For exémple, the range in'percentageé of RD zygote colonics
produced by isolate$from L49, M2-1, M2-2, M2-3 and M2-4 was 35.00 to
75.00, 21,70 to,78.38, 2148 to 21.05, 0,10 to.25.71 and 2.11 to 13,53,

réspcctiﬁely.' A similar varjation in frequency of RS, PA and RD colonies

was observed when isolates of diploid Qf strains were crossed to R175

(sce Fig 3 and 4). This serves to emphasize that gcnetié analysis of

'suppressitivity requires that suppressitivity be determined on an adequate
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-number of isolates of a\\— strain to obtain a clear estimate of the

;/Variation within the{?— strain.

1

ol

1

Alteration of suppressitivity by ploidy level of the m- strain: Haploid
: \

Q- cells were crossed with R175 in . the original definition of high and

low suppressitivity whercas diﬁlohief cellsvwere crossed with R175 in
thé’genetic anaiysis of high and low'supprcssitiyity, Th¢refore it was
necessary to determing if the suppressiye fécﬁor; resident,in haploid

149, produced an altered suppregsitivity when ﬁresent in an gégjem diploid.
Diploid &/ his/his; Qw colonies were isolated from the cydsé L49 by M2,
The suppressive factor present in éuch §/°<hiﬁfﬁi§?€3“ cells originated

in L49 since M2 is a respiratory sufficient strain. As seen in Tab&e 1
tﬁe supéressitiﬁity of haploid cells (61.13% RD zygote colonies) ié lower
_than.that of dipioid cells (88.08% RD zygoﬁe coloniesg) which coﬁtain the
same suppressive féctor, The presence of the suppfessive fac@or pf 149

in a diploid cell, in tﬁe genetic analyéis.of high:and low suﬁpréssitivity,
~requires that 88,08 rather than.61.13 be.takeﬁ_qs the expected percen@aéé

of RD zygote colonies for such an analysis.

Genetic anélysis of highiénd low suppregsitivity: Without exception
.:_tbe supprgssitiyity>6f thézef diploid (formed by fhe fusioﬁ of afhigh

with a low suppfeééitivity'céll) was that expééted if the éuppressive
-factof‘from the highly suppressive cell was'regnanté(see Table 1). For
example, the percentégc of RD zygote colbniesvwas increased.fr m 24,04

to 92.02, 11,61 fo_82,22; 13.26”to 89,77vand 7.48 to 87.83 Qhen the
éﬁppressive_factor from L49 was added to the cellsbof s;fain M2-1, M2-2,
M2-3 and ﬁé.&,,réspectivcly. The high péfcéntage of RD tetraﬁloid zygote

colonies (92.02, 82,22, 89,77 and 87.83) is adequately explained by the
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presence in the diploidQ—'cell of the suppressive factor of L49 which

produced 88.08% RD tetrapleid zygote colonies,

DISCUSSTON
The model of "Darwinlan” selection of mitochondrial DRA, with abnormal

mitochondrial DNA equated with the suppressive factor,.adQQUétely pfedicts
the re?ults observedl [&Qw strain exhibiting high suppressiﬁivity is
expected to have an abnormal mitochondrial DRA with a replicative
superlority over thc_abﬁormal mifochohdrial DNA of a low suppreséitivity
~strain, When these two mitochondrial DNA molecules afé brought together

in a com@on hybrid cell, #he fastér reﬁlipating abnormal mitochondrial

DNA from the high suppressitivity,sﬁrain.should'bécamelthe‘prédominaﬁt
molecular species in the majority of progeuy cells. Such hybrid telis
should exhibit the phenotypic expression of high suppressitivity, as
:was'observed (Table i)._ o :. 'f" S e

" Varjation of énxppressitivity withix:x a haploid or diploid Q— strain

reflects the:ability of mitochéndrial DNA with a replicative inferiority:

to be maintaiﬁed in_s‘me qelillinéggeé for many.cell genérations.
Heteropl&smic.cells, containiné both normalband abnormal_mitochondr151 . .
DNA, could be maintained byvsélectién preséure; indicéting that abnormal
.mitochondrial DNA may not immediately becomé_thé Sole molecﬁlar species
(Ran& and Person,‘1969).- Similarly. the ﬁaintenance of normal mitochondrial
DNA for many cell generétions was_indiéated_by‘the presence ofe-rcells

with fhe cytoplasmically inhgrited factor for erYEﬁromycin resistauce
'(Rank;1970). Chance segregation of only low suppressitivity mitoéhéndrial.

. DNA into a daughter.bud would explain the infrequcnt'occurrence of isolates
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with greatly reduced suppreséitivity, Simiiarly, tﬁe spentaneous generation
of new forws of abnormal mitochondri&l DNA with a preater replicative
sﬁperiérity would explain thc:iﬁfreﬁuent occurreﬁce of isolates with
an unexpectedly high suppressitivity,

‘SUpport for the model of ”Darwiniap”iselection co@és from the:dehon"
stration by Diécumakos, CGarnjobst and Tﬁﬁum (1965) that the microinjection

of mitochondria from a2 cytoplasmicaglly - inherited Neurespora mutant

(abn ~1), into a single hyphal compartment, resulted in the suppressicn
of the normal phenotype and the pleiotrophic phenotypic espression of

the mutant (abn -1), Although they were unable to identify the active

component in the mitochondrial preparation, recent biochemical studics of

. 8. cerevisiae support the premise -that "Darwinian” selection can occur

at the level of mitochondrial DNA rather than at the level of mitochondrion.

Mitochondrial DNA synthesis independent of mitochondrial division wasg
| A

observed in anaérobically grown yeast cells (which lack the typical

mitochondrial brofiies) by Fukuhara (1%67). 1In additioﬁ,'the requiremént
for ﬁormal synihesis ofiﬁbﬁormal mitochondrial DNA is indicated by the;
abilityvdf mitochdndrial DNA syntﬁesié in a Qn strain ﬁo respond to
oxygen inductién and glucose repression (Rabinowitz, Getz, Casey and
Swift, 1969). | |

As an alternative to ”Darwinian”:seléction,ﬁtﬁe classical hypothesis
to explain supprcssitivify would be tﬁgtvsﬁﬁprQSSitivity is éaused by

the formation of an aberrant protein. Genetic information for such an

abberant protein would have to regide in mitochondrial DNA since

suppressitiﬁity‘is cytoplasmically inherited, Failure to extract 23S

-and 165 RNA froniQ- mitochondria (Wintersberger and Viehhauser, 1968),
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and theAiﬁabiiity of(a— mitochoqdria to‘carrybout proteinvsynthesis
(Kuzela, Smigan and Kovac, 1969) suggest that an aberrant protein could

not: be producgd within the mitocbondrionu .However, Fukuhara, Faures and
3Cenin (1969) éxtracﬁcd RNA from whéle ccllsVof.a'nbn:-'sﬁppressivczQ—
strain_(neu;ral petite)l that hybfidized with mitechondrial DNA; whiéh
suggest that transcripté of abnormal mitochondrial DA may be tranﬁlated

on cytoplasmic ribesomes. Turther cvidence that mitochondrial DNA :
transcripﬁsjmay be translated oo cytoplasmic ribosomes is the fgilu:e of
antibiotics, which intevfere witﬁ mitochondrial protein syntheéié, to
' disrupt the protein synthesizing ability'éf mitochcndfia extracted from
'cells cultured in the presenﬁe of the éntibiotic (Davey, Yu and Linnane,

. 1969). A necessary function of any postulgtéd ébéfrant protein is the
interfe;enﬁe with no;mal mitachondrial DNA synthesis, since Qw progeny of
Q— bybrid cells formed by crossing a suppressive.gf strain with a RS strain'
are suppressive and therefore conféin abnormal mitochondrial DNA.(éCZ adenine.
plus thyhine and 4% quaﬁine plus cytosine (d(A-T)) (Mehrotra and Mzhler,
1968; Bernardi, Carnevali, Nicolaieff, Piparinq_and fécce, 1968);

Howevcf, the mitochondrial DNA cistron tha; codes fbr the postulaﬁed
abérrant'protein nust Ee maintained in its pgsﬁulated ﬁutant form éince
conversion to a d(4-T) copolymér would limit an§ translaﬁed pfoteiﬁ to

a non functional tyrosine - isoleucine polypeptide, The restrictions of

1The model of 'Darwinian' selection predicts that mitochondrial DRA
of a.neutral petite would not have a replicative advantage over normal
mitochondrial DNA. This is supported by the calculation (Fukuhara, Faures
and Genin, 1969) that the small change in buoyant density of DNA taken
from a neutral petite (1.685 g/ml ofg~+ to 1.682 g/ul for @-) represents
only a 3% decrease in GC content. Mehrotra and Mahler (1968) report a
neutral petite with mitochondrial DNA of a similar buoyant density (1.681
g/ml) and a thermal transition midpoint similar to normal mitochondrial DHA.
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the above mechanism as well as the necessary high frequency of the
postulated mitochondrial DNA mutation .for an aberrant protein (1% of
cells in a.Q+-strain becomeQEF) argue ggainst the hypothesis that

suppressitivity is achieved at the level of translation,
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vPercentage cf'PA1 and RD zygote colonies produced by crosshngg- isolates to R175.

S Table-do— ..

b et A S A e ot b & A bR < Rt 5 b €7 44

‘Mean % Mean % Ploidy i % PA and No. of Average'No.
PA zygote RD zygote of RD in (>~ colonies of zygote colonies
colonies colonies zygotes R175 cressed to counted per
CROSS ' ‘ ~ R175 “CTCSS
| o a - al
L49 by R175| 26.74 % 0.91°61.13 ¥ 1.89%]  3n | 1.96 20 203
@ by r2ipn® M v | 6,23 30.55 (88,08 10.69 | 4m 3,98 20 172
M2-1 Woow 119,46 ¥ 3.264 {2604 3 4.81|  3n 3.24 20 53
(L49 by M2-1) TNE 3.47 T 0.58 192.02 T 3.24 | . 4n - 2.48 20 208
¥2-2 TR 0.86 ¥ 0.29111.61 ¥ 1.04 3n 1,01 20 58.
(L49 by M2-2) 1t U | 5,12 %0.63162.22 3 0.70 |  4n 2.28 20 88
M2-3 T 7.59 ¥ 2.31 |13.26 T 1.44 | 3n 1.48 18 97
(L49 by M2-3) T 7.11 + 2.88 {89.77 + 4.14 ~4n 4,04 20 257
124 #ow 0,72 30.15 ) 7.48 3 0.76 3n 3.22 20 171
. v » =
by M2-4) o v\ 7,72 50,91 187,83 % 3,081 4n 6,33 19 137 &

(149

w Mo

Moszaic colonies with a respiratory

alf, hisfhis; Q- zygote colonies were selected and then crossed to R175.
tandard error cof the mean.

deficient base and a respiratory sufficient apex,
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Figure 1. CTriploid (</«/w) zygote colonies from the cross L49 by R175.
The dark area or sector is RS aund the light area or sector is

RD.

Figure 2. Tfipioid (é/d/x)“zy;ote colonies from the cross M2-3 by R175,

rv}
]

1

-

ure 3, Tetraploid (a/r/#ft) zygote colonies from the most prevalent

isolate of the cross (L49 by M2-3) by R175.

. i
Figure 4, = Tetraploid (a/«</<¢/«) zygcte colonies from a rare isolate of the
_ K ‘ . A A Hare
cross (L49 by M2-3) by R175,.
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