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SUPER-SUPPRESSORS IN Saccharomyces cerevisiae 

RICHARD A. GIUVIORE 

Lawience Radiation Laboratory 

University of California, Berkeley, California 

May 3  1966 

ABSTRACT 

Eighty-three multiple-site revertants were induced in a polyauxo-

trophic strain of Saccharomyces cerevisiae. These super-suppressor-

bearing vertants were distributed over eight phenotypic classes. 

Genetic analyses showed that 44 multiple-site revertants represented 

a minimum of 17 siper-suppressor loci. Six of these loci, all from one 

1 • 	 : phenotypic class, are distributed over two linkage groups. 

• 	 •A two-suppressor effect was observed for all pairwise combinations 

• of super-suppressor-bearing revertants from one class. This effect was 

manifested whenever two suppressors were in a haploid cell. The effect 

resulted in markedly reduced growth and morphologically aberrant cells 

• 

	

	This effect was not observed in the spore progeny from interclass hybrids 

nor from other intraclass hybrids. 

Comparison of the phenotypic classes of the Super-suppressor-bear-

ingrevertarits induced by X ray and uv showed that these classes are not 

mutagen-speciuic. X rays are 3.6 times as efficient as uv for inducing 
S 

super-suppressor-bearing revertants. • One class ofreyertants.is more 

readily induced by X rays, whereas another class is more readily induced 

by uv. It Is possible that the former are base-pair addition or deletion 

mutants, whereas the latter are base-pair substitution mutants 
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The super-suppressors from one class are dominant for four out of 

the five mutant alleles suppressed, whereas those from another class are 

dominant for the three mutant alleles suppressed 	A method was devised 

for determining growth characteristics on solid media This method was 	 Pr 

used to study the growth patterns of some of the super-suppressor-bear- 

ing revertants Six of the revertants from one class had indistinguishable 

growth patterns, whereas two revertants from another class had growth 

patterns different from each other and different from the first group 

It was determined that the le 112  allele, a nonsuppressible allele used 

to determine true tetrads, undergoes gene conversion with a frequency of . 

about 3%. 	 . 	. 	 .. 	. 	. 

Models of suppressor action are discussed and compared with the 

results for yeast. A modification of a model involving sA is proposed 

as a possible mode of action. Experiments are described which will 

assist in determining themode of action of suppressors and in deter- 	: 

mining the equivalency of suppressors and suppressor action in different 

organisms. 	 . 	. 	 . 	. . 

I 
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• 	 SUPER-SUPPRESSORS IN Saccharoxnyces cerevisiae 

IITRODUCTION 

Suppressor mutations in the yeast Saccharomyces cerevisiae which 

• 	 have the ability to suppress more than one mutant phenotype were first 

reported by Hawthorne and Mortimer (1963). These "super-suppressors 

were characterized by allele specificity and locus nonspeciuicity, and 

it was shown that approximately one-fOurth of the ultraviolet-induced 

mutants in this yeast were suppressible. 

One of the earliest cases of a single suppressor gene's affecting. 

several mutant loci was reported in Drosophila (Schultz and Bridges, 

1932 ). Since that time, other workers have reported instances of this 

• . 	. 	type of suppressor effect in Drosophila (Bridges and Brehme, 1944 ; 

• 

	

	Lewis )  unpublished, cited in Wagner and Mitchell, 1964)., Neurospora 

(Giles )  1951; Mitchell and Mitchell, 195 2; Yanofsky and Bonner, 1955b), 

• 	Escherichla coil (Campbell, 1961; Benzer and Chainpe, 1962; Garen and 

• 	 Sidd.iqi, 1962), and bacteriophage T4 (Jinks, 1961). 

Possible modes of action of suppressors have been proposed and 

investigated by several workers. Basically there are three types of ,  

• 	 models, but each may have more than one mode of action. Lein and Lein. 

• 	• 	• . (1951) proposed that the suppressor mutation opened an alternative bio- 

• 	chemical pathway and thus bypassed the defect imposed by the original 

• 	 mutants... Others supporting this point of view were Strauss and Plerog 

(195 4 ), Howarth (1958), and Kaker ( 1963). An inhibitor mádel was the 

second type proposed. A mechanism for this type of suppressor action 

was givenby Mitchell and Mitchell (1952), who considered that the action 
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of the suppressor was to alter the balance of reaction rates. DDudney 

and Wagner (1955) presented a similar argument to explain some of 

their data. A second mechanism of this type was given by Suskind 

and Kurek (1959).  They proposed that the suppressible mutant was mak-

ing an enzyme which was inhibited by something normally present in 

the cell. The suppressor locus was considered to be involved in the 

control of this inhibitory substance. Support for this idea was given 

by Campbell (1961), Davis (1961, 1962), Hawthorne and Mortimer (1963), 

and Kakar (1963). 

The third type of model was based on the concept of the suppressor's 

being involved in protein synthesis. This was proposed by Yanofaky and 

St. Lawrence (1960) and amplified by Yanofsky, Helinaki, and Maling 

(1961). Ohe ,elaboration of this concept has been followed by Gorini and 

Kataja (1964a, 1964b) and tvies, Gilbert and Gorini (1964). They showed 

that a suppressor action was caused by an external agent (streptomycin) 

that affected the ribosoines. A different approach was taken by Benzer 

and Chainpe (1962) and Garen and Siddiqi (1962). They postulatd that the 

suppressor. action was to insert an amino acid into a protein at 

of the suppressible mutant and thus allow a protein to be formed. This 

idea has been elaborated and investigated by Brenner and co-workers 

(Sarabhai, Stretton, Breñner, and Bolle, 1964, Brenner, Stretton, and 

Kaplan, 1965)  and by Garen and his colleagues (Weigert and Garen, 1965b; 

Capecchi and Gussin, 1965) and others. The work of Holley et al. (1965) 
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on the elucidation of the structure of a soluble ribonucleic acid bears 

heavily on the theoretical implications of this problem. 

Although much effort has been put forth regarding the biochemistry 

and mode of action of suppressors, relatively little work has been con-

ducted along the lines of determining the numbers of these suppressors 

in an experimental organism or in determining the nature of the suppressor 

mutation Eggertsson and .Adelberg (1965) have examined suppressor muta-

tions in Escherichia coil and have found six loci for multiple-site sup-

pressors which fall into four specificity groups In addition, they 

reported the possibility of two additional suppressor loci which fall into 

a fifth specificity group but which did not show multiple-site suppres- 

s ion 

Two sets of mutants in the bacteriophage T4 which have been exten-

sively studied with respect to suppression are termed amber mutants 

(Epstein et al 1963)  and ochre mutants (Brenner and Beckwith, 1965) 

The amber mutants are those which cannot grow on E. coil B but are able 

to grow on E. coli C13 The ochre mutants are a different set of mu-

tants that are similar to the amber mutants in that they grow on one 

strain of E. coll but not on another. Suppressors which act on amber 

mutants are called amber suppressors and suppressors which affect ochre 

mutants are termed ochre suppressors. 

Hill and Stent (1965) examined the suppression patterns of 16 sup-

pressor-bearing strains of E. coil on 30 different amber mutants of T 11. 

bacteriophage and found nine distinct classes Linkage studies sbowed 

that a minimum of four genetic loci were involved. Signer, Beckwlth, 
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and Brenner (1965)  have mapped two ochre and two amber suppressors, and 

Indicate that one of the amber suppressors may be allelic with one of 	 * 

the ochre suppressors. A third amber suppressor has been studied but 	
' 

has not been mapped. These authors also point out that the amber sup-

pressors they have studied may be the same as those mapped by Garen, 	S  

Garen, and WiTheJ.xn (1965). Hill and Stent (1965) also indicate that 	 S  

some of their suppressors may be the same as those studied by others. 

S 

	

	 Signer, Beckwith, and Brenner (1965)  have compared their mapping results 

with those of Eggertason and Adelberg (1965) and concluded that there 

• S 	 are at least five different ochre suppressor loci.  
• • 	 Hawthorne and Mortimer (1963) reported the presence of three super-. 	: 

suppressors in the yeast Saccharomyces cerevisiae. Two of these suppres 	S  

sors are either allelic or very closely linked. Manney (196 1 b) has 

reported the presence of an additional super-suppressor, and Mortimer • 

and Hawthorne (1966) have reported the existence of two more such loci 

The purpose of this investigation was to obtain en estimate of the num-

ber of super-suppressor loci in yeast, to study the nature of the super- 

: 	suppressor mutation, and to examine any possible interaction effect that 	
' 55 

may exist when different suppressors are combined in one cell. 

• 	
S 	ATERIAr.s AND NETHOLS 	S 	 S 	

S 

• 	 S 	

S 	Yeast Cultures 	 S 	 •, 	 S  

The yeasts employed in these experiments were beterothallic strains 

• ' of Saccharoirxyces cerevisiae which were obtained from Dr. R. K. Mortimer ' S  

of the University of California at Berkeley and Dr. D. C. Hawthorne of 	• • 

the University of Washington. The symbols and nomenclature employed for 	• 



genetic markers, other than super-suppressors, are those established at 

the Carbondale Yeast Genetics Conference held in 1961 (von Borstel, 

196). The symbols employed for the five super-suppressors reported 

prior to this investigation are those established by Hawthorne and Nor-

timer:(1963). The genotypes of the strains employed and the person from 

whom the strains were received are presented in Table I. Figure 1 shows 

the genealogy of the X1687 hybrid. This hybrid is thediploid parent 

of the haploid strains used for inducing the suppressors. 

Media 

The culture media used and the purpose of each are as follows 

YEPD 	 1% yeast extract, 2% Bacto-peptone, 2% dextrose, 

and 2% agar (agar was omitted for liquid media) 

Natural complete (as opposed to synthetic com-

plete) for stock maintenance, routine culturing, 

assaying viability.  

2 x YEPD 	YEPD with all concentrations doubled (except agar 

• 0 	 omitted) for growing cultures to a stationary 

O 	
• 	

O• 	

. 	

. 	 phase.  

GNA 	 5% dextrose, 2 3% Bacto-nutrient agar, 1% yeast 

extract, 0 5% additional agar. Used for prespor- 

ulat ion growth 

p 	
RA 	 0 022% raffinose, 0 3% sodium acetate, 2% agar 

(agar omitted for liquid media) Used for sporula-

t ion 
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TABLE I. 	Genotypes of haploid parents 

Strain Designation 	 Genotype Source 

)a687-12B tr5 	-17 	5-2 	1-1 	21 
* 	 J 

x1687- i6c a tr - l 	417 	5  -2 	1 	2- 1 	1- 12 Tel 
* 

xio86-2A q tr -2 	1c 

X1491-5A a j2l 	2-1 	d 

X1588-15C a ad2-1 	b 
* 

X1588-15B * 

x1687-20I a 	548 	4-17 	1-1 	2-1 	1-12 	d 
* 

802 Eu- (ma?) a4 	1-i 	2-1 k-3 

2 	2 1i1 	1-1 	e 
DCH 

1761-10B 
- 5-2 	1 	2 	!1_1 thr2 if 

DCH 

* 	- Diploids received from RKM 

HKM - Dr. R. K. Mortirner, University of California, Berkeley. 

DCII - Dr. D 	C. Hawthorne, University of Washington 



U',  

	

X1491-9B x JR74 	XT479-3B 

X1491 	 XT479 

Uv 	 Uv 	 t 	 t 
DV147 	JB97 	JF1 x XT39-6D 	XT39-2A x XT408-1D 

\ / 
XT39 	XT39-6D x ER36 

uv 	 t 	 tuv 

X841-C2-5B x S288C 	 DS6 

t 
(Primarily from mutants of S288C) 	 uv 

S288C 

Figure 1. Genealogy of the X1687 hybrid. uv--ultraviolet light; 

S288c--wild-type (haploid); DV147., JB97, DS6, etc.--

uv-induced mutants (haploid); XT39,  X11 91, etc.--hyb-

rid strains (diploid); )39-6D,  X1491-9B, etc.--spore 

isolates from hybrids (haploid). 

7.  
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MV 	: .0.67% Difco Yeast Nitrogen Base without Amino. 

Acids (Difco, 1953),  2% dextrose, 2% agar. 

Minimal medium. 

COMP 	: MV supplemented as follows: 	adenine, arginine, 

lysine, methionine, tryptophan, phenylalanine, 

tyrosine, and uracil, each at 20 mg/liter; leu- 

cine, 30 mg/liter; histidine, 10 mg/liter; and 

threonine, 75 mg/liter filtered. 	Used as a con- 

trol medium for scoring nutritional phenotypes. 

Omission 	: C.QMP lacking one of the supplements. 	-TB, -AR, 

-HI, -LY, -PD indicate COMP minus tryptophan, COMP 

minus arginine, COMP minus histidine, COMP minus 

lysine, and C4P minus adenine, respectively. 

Used for scoring nutritional phenotypes. 

3% glycerol, 0.025% dextrose, i% yeast extract, 

2% Bacto-peptone, and 2% agar 	A medium with 

glycerol as the sole carbon source, used for 

scoring the presence (or absence) of respiratory 

deficiency (genie or cytoplasmic petite) 

Mutation Induction 

Mutations were induced in strains X1687-12B and  X1687-.16C  by ultra-. 

violet light, using 
Li. 

a dose of 5.37 x 10. 	ergs/cm . 	The strains were 

grown on YEPD plates for 1 day and then suspended in disti1ed water. 

Aliquots of these suspensions containing approximately 2 x 107  cells 

were plated on each of the following omission media:. -TR, -AR, -HI, -LI, 

j I 
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-AD. 	One half of each plate was irradiated (about 50 to 60% survival) 

and the plates were then incubated at 300C for I. days. 	The revertant 

colonies were isolated onto YEPD plates. 	Some of the tryptophan rever- 

tants fed the background of nonrevertant cells to produce a halo of 

growth. 	This made it difficult to ascertain which colonies were rever- 

tants and which were being fed. 	Thus, some of the true tryptophan 

revertants may have been missed and some of the colonies sampled may 

have been colonies that were being fed. 	The YEPD master plates were in-. 

cubated for 1 day and then each was replica plated onto -TR, -AR, -HI, 

-LY, and -AD. 	The master plates were incubated for 7 days and scored at 

intervals of 1, 3, 5 1  and 7 days 

X irradiations were performed by use of a Machlett OEG 60 bery].- 

hum-window tube operated at 50 kVp and 25 mA 	The dose rate under these 

conditions was approximately 250 roentgens/sec. 	For each strain ,(X1687- 

12B and X1687- 16C), five 250-ml Erlenmeyer flasks, each containing 30 in]. 

of 2 x YEPD plus tryptophan, arginine, histidine, lysine, adenine, and 

leucine, we;e inoculated with about 10 	cells. 	These flasks were incu- 

bated at 300C on a rotary shaker for 2 days 	From each flask, approxi- 

mately 108 washed cells were plated on each of two plates of -TR, -AR, 

-HI, -LY, -AD 	These plates were incubated for 4 days at 30°  C, the 

• number of colonies counted, reincubated for a total of 7 days, and final 

) colony counts performed 	The flask from each strain which had the lowest 

S frequency of spontaneous mutants was used for the X-ray experiments 

Twenty ml of the cell suspension was centrifuged, washed twice, and re- 

suspended in 10 ml of sterile distilled water. 	From this stock suspension, 



• 	 •• 	 10 

for each strain, 0.1 ml was plated on each of eight plates of -TR, -AR, . 

-HI, -LY, and -AD 	The stoce suspension '. as then diluted by a factor 

of 106 for survival studies 	From this diluted suspension, 0.1 ml was 

• 	plated onto each of eight YEPD plates for each strain. 	For each strain,..... 

two plates were used at each dose point. 	All plates were incubated at •. 	 •• 

300C for l. days and then colony counts were made. 	All revertant colonies 

• 	on the omission plates werestreaked onto YEPD master plates for analysis . 	 V  

The omission plates and the survival plates were returned to the incu- . 	. . 

bator for an additiOnal 3 days, after which the late-growing clones were 

counted and additional revertant master plates made. 	Al]. master plates . 	 V  

• 	were incubated for 1 day at 30
0
C and then replica plated onto the omls- 	. 

sion media. 	The omission plates were incubated for 7 days and scored at ...... 

intervals of 1, 	5, 	and 7.days. 	 . 	 .. 	 . 	 . 	 V  

• 	

. 	 Genetic Analyses 	 .• 

• 	 Diploid hybrid strains were obtained by mixing together, on YEPD, 

freshly grown hapläid cells of opposite mating types. 	These znictures 	• 	. 	 . • 

were incubated for 3 to 5 hours and then individual zygotes were iso- 

lated with a micromanipulator. 	This operation was carried out as fol- 

lows. 	Onto a 40x22-mm cover slip, a thin layer of YEPD medium was . • 	 • • 

spread and allowed to set6 	The mixture of cells and zygotes was streaked 

along one edge of this slab and the cover slip inverted on.adissection • 

chamber which was placed in the slide, holder on a microscope stage. 	By 	. 

use of a glass microneedle held in a mechanical microuianipulator, zygotes, 	• 
• 	 • 	 V 	 • 	 V 	

• 

which have a characteristic morphology, were moved to the u.ninoculated 	• 	 • •• 

portion of the slab 	the YEPD slabs on which the zygotes were isolated 
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were transferred to a YEPD plate and incubated for 2 days. 	The individual 

clones.'were inoculated to YEPD slants which were incubated for 1 day and 

then maintained at 2
0C as diploid stocks. 

• Tetrad analysis was performed as follows. 	Diploid cells were incu- 

bated for 3 days on GNA slants and then, to induce sporulation, were sus- 

pended in HA medium and maintained for 4days at 30
0C on a rotary shaker. 

The suspension of asci and cells was centrifuged, the supernatant de- 

canted, the precipitate washed once, and resuspended in a solution of 

snail digestive juice enzyme to remove the ascus wall (Johnston and 

Morbimer, 1959) 	The tetrad of spores from four-spore asci were separ- 

ated by micromanipulation on a YEPD slab, the slab transferred to a YEPD 

plate and incubated at 300C for 2 days. 	The plate was photographed 

• (Polaroid camera, 1:1 size correspondence) and the spore colonies iso- 

lated onto a YEPD master plate. 	•• 

Handom spore analysis was performed on some hybrid strains. 	The 

diploid strains were incubated at 30
0
C for 3 days on GNA plates and then 

replica plated onto HA plates. 	The sporulation plates were 'incubated 

for 3 to Ii. days, after which distilled water suspensions of the hybrids 

were made 	Hemocytometer counts were made on each suspension to deter- 

mine the titre of four-spore asci, three-spore asci, two-spore asci, and 

single cells (diploids which did not sporulate or one-spore asci) 	The 

• 	suspension was then centrifuged, decanted, and resuspended on 0.lml of 

• a solution containing snail digestive juIce (Glusulase; Eido laboratories, 

New York) 	After 1 to 2 hours' treatment, the suspension was diluted to 

a volume of 10 ml and sonicated for 3 minutes to disperse the spore 
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groups. An M. S. E. Ultrasonic Disintegrator (Cat. No. 3000) with a 

i-cm-diameter probe operated at 1,0 to 1.3 amperes was used. The cells 

were plated on YEPD. The dilutions and volumes plated were adjusted so 

that the number of viable cells per plate was in the order of 100. This 

treatment dispersed all spore groups so that only single spores and 

single cells were in the suspension. Viability of the total cells (single 

spores pius diploids) was approximately 25%. Diploid cells as well as 

single spores were able to survive this treatment. Haploid cólônies were 

identified as those that expressed the phenotype of heterozygous reces-

sive genes in the hybrid 

All YEPD master plates were incubated for 1 day and replica plated 

onto omission media. These omission plates were incubated for 7 days and 

the nutritional phenotypes scored at 1, 3, 5, and 7 days. 

Mating type was scored by cross streaking with tester strains of 

both mating types and examining for zygote formation after 3 to  5 hours' 

incubation. 

Growth Rate Determination 

• 	Because the various suppressors allowed growth at different times 

on the several types of omission media, it was deemed advisable to 

attempt to quantitate this. Liquid growth determinations were ruled. 

out because replicas on different media could not be ascertained, and 

there was the possibility of spontaneous revertants' populating the 

• media. A system was devised for determining growth rates on solid media 

- • by measuring the optical density of the yeast growth. This offered the 

advantage that one is able to follow growth of one strain on several. 

Hg: 
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different types of media inoculated by replica plating. A second advan-

tage was that spontaneous revertants would occur as single clones in the 

nongrowing streak and the indicated growth of the streak could be approp-

riately adjusted. - 

The system consisted of a Densichron (w. H. Welch Scientific Corn-

pany) with a model S-i probe, a microscope lamp (American Optical Com-

pany, model 350), and apertures of photographic film (Figure 2) The 

two Identical slit apertures were prepared by normal photographic tech-

niques. One aperture was placed in the filter holder of the microscope 

lamp, the other over the aperture of the S-i probe so that the two slits 

were aligned. Prior to any optical density determinations, the plate 

with the growing yeast was placed in the system so that a portion of the 

plate without yeast was in the light path. The optical density was 

adjusted to zero and then readings taken. These readings were indica-

tive of the extent of growth. 	 . 	. 	. 

The system was calibrated by determining the optical density of a 

haploid wild-type strain (S288C) as a function of the number of cells 

viewed. The latter parameter was selected because only a portion of the 

streak on the plate was "seen" by the slit. A YEPD plate  of freshly 

grown S288C was replica plated onto COMP and -TR. The optical densities 

of the streaks on the replicas were immediately determined, . to give a 

base-line value. The optical densities were then determined at various 

times of incubation. After each density determination, the plates were 

photographed (l:lsize correspondence) with a Polaroid.Camera with L-1 1 6 

transparency film (Polaroid slide film) Also following each density 
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Figure 2. Growth-determination system. 

10 
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reading, one streak from each plate was excised and suspended in 10 ml 

of distilled water, and hemocytometer counts were performed. The area 

of the excised streak was determined by projecting an enlarged image 

(approximately 6x linear dimension) of the transparencies onto a grid 

for determining areas by a probabilistic method (Figure 3). Knowing the 

area of the slit and assuming a uniform distribution of cells throughout. 

• the streak, one could calculate the number of cells viewed. On a few 

• selected streaks, comparison of the probabilistic method of area deter- 

IL 

	

	

mination with planimetering gave an error of 1.65%. The calibration 

curve is presented in Figure 1. 

RESULTS 

Classification of Revertants 

Of 1053  uv-induced revertànts tested, 83 reverted for two or more 

of the nutritional requirements and were considered to contain super-

suppressors That they contained suppressors was later demonstrated by 

genetic analyses. Revertant colonies that were able to grow on only one 

of the omission media (single'revertants) were not analyzed. It is quite 

possible that the single revertants were due to suppressors or possibly 

even super-suppressors which suppressed alleles other than the ones 

studied. The numbers of total revertants and super-suppressor-bearing 

revertants are presented in Table II. The percentage of multiple rever-

tants ranged from zero (for adenine) to 22.9 (for tryptophan). The 

absence of suppressor-bearing .revertants selected on adeninèless medium, 

I 

	

	 and the ability of suppressors selected on the other media to suppress 

the adenine requirement, could be attributed to slow growth of the 



Figure 3. Grid for probabilistic area determination. 
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TABLE II. 	Numbers of revertants (uv-induced). 

Selection Mediuin 
• -TR • 	-AR -HI 	-LY 	-AD • Total Numbersof 

• 	 Revertants 240 2O 352 	• 	120 	101 1053 

Number of 

Super. Suppressor- 

Bearing Revertants 55 7 15 	6 	- 83 

% Total Revertants 

Bearing Super- 

Suppressors 22. 9 2. 9 4 3 	5.0 	- 7.9 

(i) 	About 107' surviving omission medium cells for each 
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suppressed mutant onadenineless medium. The uv-induced revertants were 

isolated after 4 days' incubation, whereas the X-ray-induced revertants 

were isolated after 4 and 7 days' incubation. Comparison of the two 

X-ray groups showed that those isolated at 7  days had four times as many 

super-suppressor-bearing revertants as the group isolated at 14  days. 

Super-suppressor-bearing revertants occur approximately 1/10 as 

frequently as single revertants (Table II). Although this is of inter-

est, its significance is limited, because the single revertants were not 

analyzed to determine if they contained suppressors 

The suppressor-bearing revertants can be grouped into eight classes 

on the basis of phenotypic expression after 7 days' Incubation (Table 

III) Most classes can be divided into sets on the basis of the number 

of days of Thcubatlon prior to appearance of growth on the omission 

media For example )  in the class in which all five alleles are sup-

pressed, one set of suppressors allows growth after 1 day's incubation 

on all the omission plates, whereas a second set allows growth on four 

of the omission plates at 1 day, and on the fifth not until after 3 days' 

incubation These classifications may not all be valid, because not all 

were tested for their reproducibility through meiosis The number of 

sets ranges from two (Classes II and vii) to seven (Class I) 

Unless one invokes a model of suppressor action, there is no a 

priori reason to expect a given number of classes of suppressors How-

ever, with the operational definition of super-suppressors (i e ) the 

ability to revert two or more mutant phenotypes simultaneously), com-

binatorial analysis shows that 26 phenotypic classes are possible The 
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TABLE III Phenotypic classes of revertants (uv.4nduced) 

Alleles Suppressed 	. 	Number of Total for 

Class Set i58 	1417 	5-2 -.-1 	2-1 Revertants Each C1ass 

1 	1 	1 	1 	1 	1 	26 

2 	1 	1 	1 	1 	3 	5 

3 	1 	3 	1 	1 	3 	1 

1 	3 	3. 	3.3 	2 

5 . 3 	• 1 	3 	3 	3 	1 •  

6 	3 	3 	1 	3 	3 	5 

7 	3 	3 	3 	1 	3 	1 41 

1 	.l 	3 	.3 	3 	 3. 

2 	1 	5 	5 	.5 	- 	' 1 	. 

3 	3 	-. 	- 	16.. 

III. 	2 	1 	3 	5 	 . 	3 

3 	1 5 	5 

1 	5 	7 	- 	- 	1 	21 

	

IV 	1 	3  

	

V 	2 	1 	5 	- 	- 	- 	9 

3 	1 	7 	- 	- 	- 	2 	12 

	

VI 	 5 

• 	. 	VII 	 . 	•. 	. 	 • 	. 
2 	1 	- 	- 	7 	- 	1 	 2 

	

VIII 	 1 	. - 	. 	- 	- 	3. . 	. 1 	. 	1 

(i) Number indicates days of incubation prior to appearance of growth 

on the plate. 	 . 
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observation of only eight classes is possibly an expression of the nature 

and the mode of action of the suppressors. A discussion of this point 

will be found in the section on models of suppressors. 

Colony Morphology and Suppressors 

Observations on colony morphology have shown that this criterion 

can be.correlated with the presence of a suppressor. Yanofaky and Bonner 

(1955a) found suppressors among the slow-growing tryptophan revertants 

of Neurospora. Similar results were obtained by Yanofsky (1958) with 

E.Coli and by Smith-Keary (1960) with Salmonella typhimurium. Working 

with the yeast Saccharomycescerevisiae, Parks and Douglas (1957)  found 

that suppressors were assciated with the nonfeeder tryptophan (tr 1 ) 

revertants in contrast to feeder colonies that were back mutants 

Mortimer, Brustad, and Cormack (1965) also obtained evidence that the 

nonfeeder tr1  revertants were due to suppressors 

Table IV presents the frequency of super-suppressor-bearing rever-

tants as a function of.revertant colony size and feeder activity. The 

sample analyzed involved approximately one-half the total revertants, 

and the feeder colonies were found only on the -TB plates The fre-

quencies of super-suppressor-bearing revertants are not statistically 

different for the different colony classes except for the small feeders, 

for which the sample was not large enough for valid comparison. The 

difference between "large" and "small" clones was purely arbitrary in 

assignment, but was consistent throughout the experiments The data 

show that the probability of a clone's bearing a super-suppressor is 

independent of clone size and of whether or not the clone is a feeder.  
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TABLE IV Comparison of revertants with clone 

size and feeder colonies.. 

S.  

(i)  Feeders Nonfeeders 

Nuniber of Large Small Large Small 

Revertants 27 7 84 449 

.Numberof 

Super-Suppressor- 

Bearing Revertants 3 - 12 59 

Per Cent Revertants 
. 

• that are Bearing . 

Super-suppressors 11.1 -. 14..3 13.1. 

(1) 	Feeder colonies founa Only on the -TR plate 
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Genetic Analysis of Suppressors 

Genetic analysis is a powerful tool, because it provides a means 

for answering several questions. With regard to the multiple revertants 

(super-suppressors), genetic analysis can establish whether the super-

suppressor is a single Mendelian character or the chance association of 

five single revertants. If the suppressor is a distinct gene, spore 

progeny from hybrids involving two suppressors would show the segregation 

of these genes, because the suppressible genes are homoallelic If the 

multiple revertants are the result of chance association of single rever-

tants, hybrids of two such haploids would always produce prototrophic 

spore progeny.  

A second question which can be answered by genetic analysis is 

Are the suppressors at the same or different loci? If the two suppres-

sors in a hybrid formed from two revertants are at the same locus, all 

spore progeny will bear a suppressor. If the two suppressors are at 

different loci, recombination results in some 5pQr5  bearing two sup-

pressors and some spores' not having a suppressor. The latter can be 

determined by the phenotype of the spores Genetic analyses also pro-

vide a means for determining the linkage relationships among genes 

Table V presents the data from tetrad analysis for the suppressor-

X-suppressor hybrids obtained from the revertarits of Class I, Set 1, 	. . 

The segregation patterns for the individual suppressible alleles are not 

- . .., 	. 	presented. In each case, if the scoring for one of the suppressible 

alleles was phenotypically plus (able to grow on omission media), the 

phenotypic scoring for all the suppressible alleles was plus 
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Similarly, if the scoring for one of the suppressible alleles was pheno-

typically minus (not able to grow on the omission medium), the phenotypic 

scoring for all the suppressible alleles was minus. For the nonsuppres-

sible alleles, Only the data from the four-spore asci are presented. In 

some cases, it was not possible to score the nonsuppressible allele even 

though the suppressible alleles were scored. This resulted from a very 

limited growth on the master plate and the lack of transfer of cells to 

the -LE plate in the process of replica plating. All of these cases were 

the result of two suppressors' segregating in one haploid spore. This 

phenomenon will be discussed in the next section. Approximately 95% of 

all the four-spore asci were 2:2 (growth:nongrowth) fOr the le 

allele :  (nonsuppressible.). The 5% that do not show a 2:2 segreation 

result from gene conversion of the 1e 112  allele or false tetrads or 

both. The data also show that approximately 0.5 spore per ascus is 

• • 	 nonviable. The hybrid X1687-12B x  X1687-16c (no suppressors segregating) 

has approximately 0. 4 nonviable spore per ascus. The tetrad analysis of 

hybrids between two suppressor-bearing revertants to determine if the 

suppressors were at different loci was performed on 8to 12 asci. if 

spores were formed which did not contain a suppressor, it was assumed 

that the two suppressors represented different loci. If all the viable 

spores were found to carry a suppressor, a repeat was indicated. For 

those cases in which a repeat was indicated and for those In which 

• possible linkage was indicated, additional asci were dissected and 

analyzed This explains the differences In the number of asci per hybrid 

• 	 analyzed as presented in Table V. 	 • 

• 	 . 	 • 
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Although the data in Table V did not show any recombinant spores for 

the asci from hybrids indicated to be the same, it is possible that the 

two suppressors in each of these hybrids were not identical butinstead 
t 

were very closely linked. If only the four-spore asci are considered 

and the number of asci for the several hybrids for each apparent repeat 

are added, the maximum map distances (Perkins, 1949)  if two loci are 

Involved range from 1.44 cM (centimorgans) (S/S5)  to 0.42 cM (/s). 

• 	Most linkages in yeast are in excess of 3 cN; however, there are a few 

• 	examples of two or three genes' mapping at the same locus (Mortimer and 

HawthOrne, 1966). These may be the result of a single gene's conferring 

two mutant jphenotypes by virtue of its position in a metabolic path or 

may represent operons (Jacob and Monad, 1961) Both of these types of 

genes are known to exist in this yea.st  (Mortimer and Hawthorne, 1966; 

Douglas and Hawthorne )  1964; Costello and Bevan, 1964;;Dorfman, 196)4). 

The size of some genes in Saccharomyces Is in the order of 1 to 5 cM 

(Jones, 196)4). From this, it can be inferred that each apparent repeat 

most probably involves only one locus. 	 . 

Because two methods were employed for genetic analysis, a comparison 

• 	was made to determine the relative effectiveness of each. Tetrad analysis 

provides more information than random-spore analysis, but with respect to 

determining whether or not two genes are at the same locus, random spore 

analysis is more rapid. One of the main drawbacks of random spore. 

analysis is the reduced sensitivity in determining linkage Because of 

this, linkage analyses were not conducted on the random spore date. Table 

VI provides a comparison of the two methods of spore analysis when each 
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TABLE VI. Comparison of tetrad and random spore analyses. 

Random Spore Analysis 

Genetic Segregations--Growth (+):nongrowth (-) 

Assignment Number Suppressible Nonsuppressible 

from of Genes Genes 

Tetrad Spore (tr ar hily ad) (le met) Genetic 
ita(2) Hybrid Clones -- -+ +- Assignment 

XG202 D 38 15 	23 9 9 16 D 

XG210 S 121 - 	127 77 33 17 S 

XG243 S 36 - 	36 8 11 17 S 

xG267 S :63 _ 	•63 •21 • 25 17 5 

XG270 D 71 21 	50 13 22 29 D 

XG273 S 63 - 	63 20 23 20 S 

XG284 D 33 13 	20 10 12 8 D 

XG296 S 48 - 	48 13 15 20 S 

XG302 D 46 14 	32 12 14 15 D 

XG305 S 47 47 11 16 20 S 

XG382 - 30 12 	18 2 19 1 - 
This hybrid had only one suppressor segregating. It was included 

for comparison. 

See Table V. 

The fourth class of segregants (++) was not included, because the 

spore clones could not be differentiated from the diplold clones, 

which are also ++. 

() A ratio of 1:1:1 is expected for the three categories  

Except for hybrid XG210, the data are in agreement with this expec-

tation. The unusual ratios of XG2I0 could Indicate selectIve elimin-

ation of certain spore classes or linkage of le and me brought 

about by a translocatiOn. 



33 

parent of the hybrid brings a super-suppressor gene into the cross. 

Because the suppressible alleles were all homoallelic, any spore which 

was wiable to grow on the omission media would indicate that recombina-

tion of the suppressors had occurred. With tetrad analysis, the problem 

of identifying spore clones does not exist, because individual spores are 

isolated by micromanipulation. In random spore analysis, both' diploid 

and spore clones are obtained. The spore clones were identified as those 

which expressed the phenotype of the norisuppressible alleles that were 

segregating. For many of the analyses, 
-1-12  was the Only nonsuppres-

sible marker scored. Later tests indicated that me 1,which also is 

nónsuppressible, was also segregatingl. This allowed identification of 

a.d1tional spore clones for random spore analysis. 

The linkage relationships (same locus or different loci) of the 

suppressors in the first ten hybrids in Table VI were origiially made 

from tétrad analysis. The eleventh hybrid contaIned Only one suppressor 

• and was included for comparison. The variation In the number of spores 

analyzed by the random spore technique was related in part to . the fre-

quency of sporulatlon of the diplold and in part to the survival of the 

sonicated cells. The distribution of the spore clones relative to the 

phenotype ofthe nonsuppressed genes is consistent with the expectation 

of random segregation of le1  and me,, ike., the ratio of  

for growth (+) or nongrowth (-) on -LE and -1€ Is approximately 1:1:1.. 

The fourth class of segregation for these genes) (++), could notbedIf-

ferentiated from the diploid phenotype, andhence thesa.spores were not 

included. The data in Table VI demonstrate that hothmethods of spore 
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analysis can be used to determine if two suppressor genes are at the 

same or different loci. 

Table VII presents data obtained by random spore analysis of suppres-

sor-X-suppressor hybrids from the Class. I, Set 1, revertants. The spore 

clones were identified as those that were phenotypiàally negative for one 

of the nonsuppressible or suppressible genes. For the suppressible 

genes, the expected ratio of the two phenotypic classes (growth:nongrowth). 

is 3:1 if the two suppressors in the hybrid are segregating randomly. The 

expected ratios of the phenotypic classes of the nonsuppressible. genes 

is 1:1:1, because le1-12 and met are not linked. The ratios 

observed for the individual hybrids are consistent with this expectation. 

Table VIII presents the number of independent mutations observed for 

each of the suppressor loci identified in the Class I, Set 1, revertants. 

A minimum of seven suppressor loci was identified among 22 independent 

mutations. Of the four mutations not assigned to one of these seven 

loci, two had reverted to a nonsuppressor state, one.autodiploidized, and 

one was not tested completely. The suppressorgene in.this latter rever-

tant was shown to recbmbine with S , S , S , S , S , and S , and hence is 
-a - - 	 . 

not one of these six. F\irther tests with this mutant in hybrids with 

are in progress.. 	 . 	 . 

Tables IX, X, and XI present the results of genetic analyses on the 

revertants from Set 1 of Class III. The 14 revèrtànts tested were found to 

contain suppressors at five distinct loci. Of the remaining two mutants 

in this class, one had reverted to nonsuppressor and one has not been 

tested. 
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Two-Suppressor Effect 

In analysis of hybrids formed by crossing two suppressor-bearing 

revertants (s 1  + X +s2), the three ascus-type segregations are ex-

pressed phenotypically by the ratio of growth:nongrowth on the omission 

media corresponding to the homdzygous suppressible alleles. Parental 

ditype (PD) asci 	 s 2  +s2) segregate. 4:0, nonparental ditype 

(NPD) asci (s1s2,.s1s2, ++, ++) segregate 2:2, and tetratype (T) asci 

(s1+, S1S2, +S
22  ++) segregate 3:1. A relation was consistently observed 

between the distribution of spore colony sizes and type of ascus. Paren-

tal ditype asci always were associated with four spore colonies of the 

same diameter, NPD asci had two normal-diameter spore colonies (the same 

diameter as the spore colonies in the PD asci) and two colonies of greatly 

reduced diameter, whereas tetratype asci had three normal and one small-

spore colony. Figure 5 is a diagrammatic representation of this observed 

effect. In Figure 6, photographs of spore colonies from hybrids xpected 

to express or not express this effect are presented. When no, suppressor, 

one suppressor, or two identical suppressors were in the cross, all the 

spore colonies were normal size. Only when two different suppressors 

were segregating was the above pattern observed (Figure 6c). The slow-

growing colonies in the NPD and T asci were always phenotypically positive 

and the results were consistent with the hypothesis that slow growth was 

related to. the presence of two suppressors in the same cell. 

To test this hypothesis further, many smafl-spore colonies from NPD 

and Tasci were mated to either X1687-12B  or X1687-16C, the resulting 

diploids sporulated, asci dissected, and the spore isolates scored 



14.3 

Scoring, on 

Number of Omission Media Segregation 

Suppressors Ascus Relative Spore (+able to grow; of the 

Segregating Type Colony Size - unable to grow) suppressors(1) 

o - + 
None PD 

o - + 

0. . s1+ 

0 + 	 . s 	-i - 
Two,. PD 

. 1 

0 *. 

0 + 

Two NPD . 	. 	. . 	.. 	 . 	. . 	. 	. 
.0 SS 2 . 

o 	. . 

+ .. 

+ 	. 	. 

0 + s1+ 

Two . T . 	 . . . 	 . ....,.... 

o + +s2  

0 + S1S2  

(1) 	Based on proposition of two suppressors in the same cell retarding 

growth For suppressors, + indicates the wild-type form of the 

suppressor (nonsuppressor form) and S 1, S 2  represent the two sup- 

pressors 

Figure 5 	Relative spore colony size and phenotype 
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Scoring on omission media 

.......... 
---++-++-- 

Figure 6. Spore colony gro•th. (a) No suppressors segregating. 

All minus on omission media. (b) Diploid homozygous 

for one suppressor. All plus on omission media. 

(c) Diploid heterozygous for two different suppres-

sors. Scoring on omission media as given. (d) Dip-

bid heterozygous for one suppressor. Each ascus is 

2:2 (+:_) on omission media. 
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phenotypically. Because there were no suppressors in either X1687-12B or 

X1687-16C, the presence of one or two suppressors brought in from the 

swall.spore colony could easily be detected If only one suppressor were 

present in the diploid, each ascus would have a 2 2 segregation of 

growth nongrowth on omission media. If two suppressors were brought in 

from the small-spore colony., there would be an assortment of the suppres-

sors among thespore progeny resulting in 4. 0, 3 1, and 2 2 segregations 

for growth nongrowth on ommission media. Table XII presents the results 

of the experiments on the spore colonies suspected of bearing two suppres-

sors All spores suspected of bearing two suppressors on the basis of 

segregation ratios and spore colony size were confirmed to contain two 

suppressors In addition, the same pattern of spore Colony size and 

phenotypic scoring was evident in the spore isolates of these hybrids 

Thus, having two suppressors in one haploid cell is deleterious in that 

it retards growth on YEPD Also, the degree of suppression, as measured 

by growth on omission medium, is less than observed for only one sup-

pressor. 	 . 	. 	. 

The diameters of a number of spore colonies known to contain no, 

ore, or two suppressor genes were determined. This was accomplished with 

the aid of an American Optical Company micrometer ocular on a Bausch and 

tomb dissection microscope The measurements are presented in Table 

XIII. These data show tt each type of spore, has a dstributiàn• of 

colony diameters. They also show that the presence of one suppressor 

in a haploid spore does not affect the spore colony diameter. The most 

striking effect is the fivefold difference in colony: diameters between 
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TABLE XIII 	Spore Colony Dianeter.  

Number Spore Colony Diameter 

of (micrometer 
• Spore Average .• 

Spore Genotype Colonies Diameter a Range 

No suppressors; from XG99 with 

no suppressors segregating 20 11 1.8 22.4 103.0-186.0 

One suppressor, from hybrids 

with 2 suppressors segregating 100 12.1 42.2 50.9-230.0 

• 	 No suppressor; from hybrids 

with 2 suppressors segregating 45 155.0 143 	8 55 5-226 0 

Two suppressors, from hybrids 

with 2 suppressors segregating 36 29 3 18.7 0 0-70 5 

One suppressor, petite, from 

hybrids with 2 suppressors 

segregating 3 liii. 	7 9.7 31 0-50 0 

XG99 is the hybrid of X1687-12B crossed with X1687-16C 

1 micrometer unit = 9.25 x 10 	mm. .• 
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spores with no or one suppressor and spores with two suppressors. 

An additional line of evidence bearing on the effect of two suppres-

sor genes involves the comparison of individual cells of the various 

types. Figure 7 presents photomicrographs of four different strains, two 

not bearing suppressors (7a)  7b) and two bearing one suppressor each (7c, 

7d). Individual cells in these four pictures are all approximately the 

same size. Figure 8 presents photomicrographs of clones formed from 

single haploid cells after 24 hours' incubation Figure 8a is a photo- 

graph of a clone formed from a cell bearing one suppressor, whereas 

Figures Bb to 8d show clones formed from haploid cells bearing two sup-

pressors The clones formed by cells with two suppressor genes are much 

smaller than those formed by a one-suppressor-bearing cell Also, the 

cells with two suppressors are much larger than the cells bearing either 

• 	one suppressor or no suppressor. The swollen appearance is suggestive of 

• 	the unbalanced growth of certain auxotrophs on minimal medium or of 

progeny of irradiated cells Thus, there are definite morphological dif -

ferences associated with the presence of two suppressors in a haploid 

cell 

Although the "two-suppressor" effect was evident in all hybrids of 

Set 1 of Class I that were analyzed by tetrad analysis, there were some 

asci which were not consistent with this pattern For example, some asci 

had four spore colonies of normal size and yet segregated 3 1 for 

growth nongrowth, and there were some PD asci with one small spore colony.  

Of the total number of asci analyzed, 9 2% were in agreement with the 

hypothesis of the two-suppressor effect Most of the 91 exceptional 

asci can be accounted for by one of three possible explanations (Table 
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Figure 7. Photomicrcgraphs of single cells ( 1 20<). (a) No sup-

pressor, a mating type. (b) No suppressor, a mating 

type. (c) One suppressor, a mating type. (d) One 

suppressor, a mating type. 
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Figure 8. Photomicrographs of clones derived from single haploid 

cells after 24 hours' incubation (420<). (a) One sup-

pressor. (b) to (d) Two suppressors. 
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XIV): (1) the spore tetrad isolated was not from a single ascus, i.e., 

• 	false tetrad; (2) small spore colonies may be due to segregational or 

cytoplasmic petites; (3) one of the suppressor genes failed to segregate 

in a 2:2 fashion, i.e., gene conversion. These asci were grouped accord-

ing to the three categories, and several asci from each category were 

analyzed. In all, about 40% of the exceptional asci were so analyzed. 

False tetrada were determined on the basis of scoring markers not af-

fected by the suppressors. If these markers (mating type and le 1-12 	g- 

regated 2:2, it was assumed that a true tetrad had been isolated. The 

presence of spontaneous petites as an explanation of slow growth was. 

•sccred by replica plating the master plates on petite medium. Gene con-

version of one of the suppressors (1 e , 1 3 segregation) was assayed by 

first determining that the esci were not false tetrads and then outcross-

ing each spore in the ascus to either x1687-12B or X1687-16C. These 

diploids were sporulated, asci dissected, and the spore isolates scored 

If each suppressor-bearing spore carried only one suppressor, the spore 

isolate scoring would be 2 2 (+ -) Only 2 2 asci were obtained in such 

crosses. Some asci could not be adequately classified. It is possible. 

that these are either false tetrads which, by chance, gave 2 2 segrega-

tion for the nonsuppressed markers or some such combination as a false 

tetrad and gene conversion 

Is the two-suppressor effect a characteristic of all super-suppres-

sors? Kakar (1963) reported what appeared to be a two-suppressor effect . 

while working with suppressors of the isoleucine mutations in Saccliaromycès 

cerevislae. These suppressors were not shown to be multiple-site suppres-

sors and he did not find this effect in all suppressor crosses. • 

'4. 
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TABLE XIV. 	Spore colony growth patterns. 

Number of Asci Number of Exceptional Asci 

Number Number Showing 	Number of That Are Aie To: 

of of Two-Suppressor Exceptional False 	 Gene 

Hybrids Asci Effect 	Asci Tetrads Petite Conversion Other 

85 1558 1 1467 	91 23 	47 	11 	7 
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Ecanination of the spore clones from hybrids involving the suppressors 

from Set 1 of Class III snowed that the two-suppressor effect did not 

occur in this. case. In addition, hybrids formed by interclass crosses . 

did not exhibit any evidence for this effect. 	. 

In suinmary,.all pairwise combinations of two different suppressors 

from Class I, Set 1, exhibit the two-suppressor effect. The effect is 

reproduced when a haploid spore containing two suppressors is outcrossed 

to a nonsuppressor-bearing strain. The colonies produced. by spores with 

two stppressors are approximately one-fifth the diameter of clones formed 

by spores with no or one suppressor. The cells with two suppressors are 

niorphologically aberrant compared with cells having one or no suppressor. 

The effect has not beeri observed in spore isolates derived from two-sup-

pressor hybrids involving other intraset or interciass and interset 

crosses 

Any explanation for:thls two-suppressor effect would of necessity 

involve speculation about the nature and mode of action of the suppres-

sors. Because these problems are discussed at length in another section, 

the nature of the effect is discussed there also 

Linkage 

The data obtained from tetrad analyses were examined to determine 

linkage relationships between the Identified suppressor genes. The ascus-

type ratios for the combination of suppressors in Class I, Set 1, are 

presented in Table XV. Lie to nonviable spores, tetrad types could not 

be determined for all asci. The sample size for each gene pair is pre-..' 

sented as the total number of asci analyzed and as the per cent of the 
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TABLE XV 	Linkage data 

(Class I )  Set 1, suppressor loci) 

Sample Size P(X2 ) P(X2 ) 

Number, % of Tetrad P(X2 ) from 1 1 from 1:2 
of Total Asci Types from for for 

Hybrid Asci Dissected PD NPD T 1 1 1  PD NPD PD+NPD T 

ss 
13  

60 82.2 ii 8 	!i 0 78 0.49 

SXS 61 81.3 12 13 	36 0.29 0.78 

SXS 101i. 86.0 19 111 	71 0.65 0.40 

ss 88 83.8 30 5 	53 <<0.01  <0 . 01 

ss 96 999: 21 7 	68 0.04 <0.01 

SxS 58 98 11 9 11 	38 0 86 0 67 

SxS 106 93.8 36 12 	58 <<0.01 <<0.01 

SXS 26 89.6 3 5 	18 0.59 0..119 

SxS 54 96.5 15 111 	25 <0.01 0.80 <0.01 

S,xS 23 95.8 5 6 	12 0 32 0.69 

SxS6  30 88 3 9 3 	18 0 13 0.09 

S.xS 179 91.0 117 11 	121 <<0.01 <<0.01 

SôxS€ 21 95.5 5 1 	12 0 .57 0.67 

S5xS 21 95. 5 3 3 	15 0 76 >0 99 

SxS 22 91 6 1 3 	12 0 16 0.21 

- - 
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total asci dissected. 

Random assortment of the two suppressors in the hybrid is expected 

to give a ratio of 1 1 # for PD NPD T The ascus types were determined 

from the segregation ratios of growth:nongrowth on the omission media 

• 

	

	
corresponding to the suppressible alleles, i.e., :0, 2:2, and 3:1 for 

PD, NPD, and T respectively. A statistically significant deviation from 

the expected 1:1;1 ratio indicates linkage. If the PD:NPD ratio is 

• 	significantly greater than 1, gene-gene linkage is indicated. A (PD+NPD):T 

• ratio significantly greater than 1:2 indIcates that the two suppressors 

• 

	

	are linked to their respective centromeres but not to each other (Haw- 

•thorne and Mortiiner, 1960). 

The data in Table XV show that S is linked to S and 5 , S is 
- 	 -€ 	- - 

• linked to S, and ,  is linked to Sc  In addition, S and S are linked 

to separate centromeres. Map distances were calculated from these data 

according to the formula presented by Perkins (1949)  for gene-gene link-

age, and the mapping functions of Barratt, Newmeyer, Perkins, and 

Garnjobst (1954) for centromere-linked genes. The linkage maps for 

these six supe r- suppressor genes are presented in Figure 9. All link-

ages indicated are highly significant. Only the sum of the céntromere 

distances of S and S are determined from the data, and hence the dis- 

• 	tance of each gene from its centromere is assigned a range of values. 

• • 	None of these suppressors has been extensively tested for linkage against. 

already mapped genes. Hence, it is not known if the centromeres of the 

• two linkage groups in Figure 9 correspond to ones previously described 

(iviortimer and Hawthorne, 1966) or represent new ones. It is particularly. 
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Sc, 	 SE 

47- 

S$ 

k-20-0 WI" 	 61 

Figure 9. Relative map  positions of super-suppressors. Distances 

are in centimbrgans. 
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interesting that these six related suppressors fall in Only two linkage 

groups. Random location would make it unlikely that even two would be 

on any one chromosome, because l4  linkage groups. have been established 

and the total map distance is in excess of 1300 cM (Mortimer and Hawthorne, 

1966). Most related series of genes in this yeast (i.e., genes involved 

in one biosynthetic path) are unlinked and in most cases are on different 

linkage groups. However, there are isolated examples of linkage of func-

tionally related genes. Six of the nine genes involved in histidine 

biosynthesis are located on separate linkage groups (Mortimer and' Haw-. 

thorne, 1966), the remaining three are linked in an operon-like fashion 

(Fink, 1966). The five tryptophan genes are located on five separate 

'linkage groups (Mórtjmer and Hawthorne, 1966) as are the four genes in-

volved in homoserine biosynthesis (de Robicbon-Szulmajster )  Surdin, and 

Mortimer, 1966). There is one series of genes in which five of eight 

members exhibit a linkage relationship somewhat similar to that observed 

for the six super-suppressors. This is the a.denine series, and .séveñ of 

the eight genes have been mapped (Mortimer and Hawthorne, 1966). Three 

of these are located on linkage group VII but do not show linkage with 

each other because of the distances involved (200 cM and 107 cM for the 

two pairs). Two other genes in this series are located on an unassigned 

fragment and are only 24 cM apart. Thus, although the suppressors do 

exhibit an unusual linkage relationship compared with most relatedseries 

of genes in this organism, it is not unique.. 	' 

The tetrad data for the two-suppressor hybrids of Class III, Set 1,, 

are presented in Table XVI. Mapping information cannot be obtained from 
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TABLE.XVI. Linkage data. 

(Class III, Set 1, suppressor loci) 

Number Number Per Cent 

of of Tetrad Types Nonviable 

Hybrid Hybrids Mci PD 	NPD 	T 	Indeterminate Spores 

SxS9  4. - 	9 	2 38 38.3 

SxS. -1 12 - 	2 	5 5. 16.7 

S 1xS 4 42 1 	5 	9 27 24.4 

S xS 
• 

4 45 1 	6 	14 2 22. 

S xS. 1 12 - 	- 	- 12 25.0 

SexS 1 - 	1 	1 7 41 7 
r 

S9xS 1 11 - 	- 	2 9 43.2 

S.xS 1 12 1 	1 	3 7 29.2 

SxS 1 11 - 	1 	1 9 45.5 

SxS Random spore analysis only 

a 
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these data because of the high incidence of undetermined tetrad types 

caused by nonviable spores. The frequency of nonviable spores ranged 

from 16.7% to 15.5%  for different suppressor combinations, with an aver-

age of 1.4 nonviable spores per ascus. For the Class I, Set 1, hybrids, 

there was a frequency of 0.5 nonviable spore per. ascus, which isnot 

unusual for other hybrids from this organism. 

An interaction effect similar to that observed with the suppressors 

of Class I, Set 1, was looked for with the suppressors of Class III, Set 

1, as a possible explanation of the high incidence of nonviable spores. 

However, four-spore asci of all three tetrad types were recovered, rul-

ing out.any possible relation between nonviability and the presence of 

two suppressors in a haploid cell. Also the growth rates of the haploids 

did not appear to be related to the number of suppressors present. 

One possible explanation of the low spore viability is that the two 

suppressors interact in some fashion during meiosis or during development 

of the spores to lead to nonviable spores. This effect could be unrelated 

to the genotype of thespore and depend Instead onthe .  genotype of the 

diploid parent. 

'Interciass Crosses 

To determine if allelic suppressors could have different suppression 

patterns, hybrids containing suppressors from different classes were 

analyzed. Approximately one-third of the possible interclass crosses 

were studied and the resultant data are presented in Table XVII. 

Allèlism was detected by analyzing the growth of spore progeny on omis-

sion media. The tr 	mutant is suppressed by all the suppressors 
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TABLE XVII. Interciass crosses. 

Class and Set Number Number of Per Cent 

Parents (respectively) of Asci Viable Negative 

Hybrid a a a a Analyzed Spores Spores 

XG191 16C-I 12B-R22 1-3 12 41 29.3 

XG101 16c-R1 12B-R2 1_1(2) 1-6 7 13 7.7 

• 	XG105 16C-Rl 12B- 1_1(2) 1-6 9 17 17.7 

XG1O6 16c-R1 12B-R7 1_1(2) 1-6 7 9 22.2 

XG195 16c-R2 12B-R35 I_i 111-1 10 18 	• 22,2 

xG80 16c-R17 12B-R33 11-2 Il-i 12 39 17.9 

XG714  16C-R16 12B-R35 11-1 111-1 8 15 33 3 

XG75 16C-R16 12B-R37 lI-i 111-2 5 8 26 7 

XG71 l6C-R16 12B-R29 Il-i 111-2 8 13 23 1 

XG77 16c-R16 12B-R44 11-1 111-2 6 13 30 .8 

XG59 16c-R14 12B-R33 111-3 lI-i 8 28 17 9 

xG66 16c-l15 12B-R33 iII- li-i 8 29 27 6 

XG44 16c-R5 12B-R31 VI il-i 8 12 16. 

XG45 16c-R5 12B-R33 VI 11-1 8 26 15. 4  

XG51 16c-R9 12B-R31 vU-i 11-1 8 29 20 7 

XG76 16c-R16 12B-R40 11-1 VII-2 8 27 22.2 

XG78 l6C-R17 12B-R29 11-2 111-2 8 24 33 3 

XG82 i6c-r1 12B-R37 11-2 111-2 12 I2 19 1 

xG60 16ciu1  12B-R35 111-3 Ill-i 8 26 26.9 

X067 16c-R15 12B-R35 III- ill-i 8 26 3t 6 

xG'6 16c-R5 12B-R35 VI Ill-i 5 18 22 2 
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TPBLE Xvii. (Continued) 

Class and Set Number Number of Per cent 

Frents (respectively) of Asci Viable Negative 
Hybrid a a a a Analyzed Spores Spores 

X063 16c-R1 12BR4 111-3 111-2 8 26 1902 

xG68 16c-R15 12B-R37 III-4 111-2 5 13 15.4 

XG70 16c-R15 12B-R1 111-4 111-2 8 27 11.8 

XG91 16c-R21 12B-R1 14 IV 111-2 11 23 56.5 

XG49 16C-R5 12B-R4 vi 111-2 •8 20 3000 

XG47 16c-R5 12B-R37 vi 111-2 8 32 25.0 

XG43 16c-R5 12B-R29 VI •  111-2 8 25 16.0 

XG98 16C-R35 12B-R viii 111-2 9 17 53.0 

XG62 16c-R14 12B-R40 111-3 '111-2 8 21 28.6 

XG69 16c-R15 1114 VII-2 8 27 29.6 

XG198 16c-R19 12B-R140 '1-2 V11-2 10 17 11.8 

XG48 16C-R5 12B-R40 VI VII-2 8 32 15.6 

(1) 

(') 	S cz 
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reported here (see Table III). Thus, if the two suppressors ins hybrid 

were allelic, all spore progeny would be able to grow on the -TR.plate. 

If the two suppressors were not ailelic, recombination would result in 

some spore progeny not able to grow on -TR. In all cases of interciass 

(and interset) crosses analyzed, allelism was not detected and no intei - 

• 	 action effect was observed. Thus it appears that each class may repre- 

sent a distinct set of loci, and it may be that each set represents a 

unique set of loci. 

Intraset crosses for Sets I-i and Ill-i have established that, 

respectively, these sets have a minimum of seven and five distinct loci 

(Tables VIII and xi) 

Estimate of Number of Suppressor Loci 

To derive anestimate for the minimum number of suppressor loci, six 

• 	 of the loci from Class I, Set 1 (, S, 5, E61  6, s), were crossed in 

all possible combinations, with two loci from Class III, Set 1 (5, 	). 

These eight loci were also crossed, in all possible combinations, with 

the known super-suppressors S , Sb (Hawthorne and Mortimer, 1963), § 

(Manney, 1964b; Mortimer and Hawthorne, 1966) and S (D. C. Hawthorne, 

private communication) The suppression patterns of 8 , Sb, S , and 

on the five alleles used for isolating the new suppressors are presented 

in Table XVIII Except for one combination, it has been shown by genetic 

• 	
analysis (tetrad or random spore) that each of the twelve suppressors is 

at a different locus. For this combination, S x S , results are not avail-

• able due to failure to obtain a hybrid of this genotype that sporulated. 

The five revertants in Class I, betS. 2 (Table III), have suppression 

pattLns Uke S 	Because SS.
' b'  nnd 	have indistinguichable iction 
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TABLE XVIII0 Suppression patterns of S, Sb ,  Sd, and  Se 

tr58 
	

4r 17 	hi52 	ly11 	ad21  

S 	 + 	+ 	+ 
a 

S 	 + 
b 	

+ 
• 	 - 

Sd 	+ 	+ 	+ 	+ 	+. 

S 	 + 	+ 	- 	- 	- 
e 

+ indicates ability to suppress. • 

- indicates inabIlity to suppress. 

Blank spaces indicate that the suppression pattern is not known. 
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spectra on a large series of mutant alleles (Mortimer, unpublished 

results), it was decided to test these five revertants against 

and S to look for repeats. Of the five, one had reverted. The other 

four recombined with S , S, and S . Because these four have not been 
—a—b 	—d 

intercrossed, there is a minimum of four loci in Class I, Set 2. 

Assuming that the five suppressor loci which have not been tested 

(one in Class 1, Set 1; three in Class III, Set 1; and one in Class I, 

Set 2) are at separate loci, there is a minimum of 17 super-suppressor 

loci in this yeast. 

Reversion of Suppressors 

As discussed previously (Table xIv), gene conversion of the suppres-

sors can occur. In addition, spontaneous reversion of the suppressors 

can also occur. Evidence of this latter phenomenon was obtained from 

the two-suppressor-bearing stocks. These would be mixed only if one or 

two of the suppressors reverted. The data regarding hybrids of XG220-1B 

are presented in Table XIX. This spore isolate was mated with Xi687-12B, 

a nonsuppressor-bearing strain, to determine if there were two suppressors. 

in the spore (as discussed previously under the two-suppressor effect). 

This hybrid, XG364, was sporulated and 14 0, 3 1, and 2 2 asci were 

obtained (see Table xii), thus confirming the presence of two suppres-

sors In addition, the spore-colony diameters again reflected the two-

suppressor effect. In an attempt to obtain a haploid spore isolate 

bearing three suppressors, XG220-1B was mated with X1687-1 2B-R24  and 

the resultant hybrid, XG558, was sporulated. As can be seen in Table 

XIX, only 2:2 asci were obtained, indicating the presence of only one 
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• 	 suppressor. Also the two-suppressor effect was not observed in the spore 

isolates. 

It is possible that the presence of two suppressors in one haploid 

cell provides a basis for a high reversion pressure. With two suppres-

sors, growth is retarded. However, reversion of one or both of the sup- 

• 	 pressors allows normal growth. 

X-Ray- Induced Suppressors 

All the suppressors discussed in the earlier sections were ultra-

violet-induced Would the same classes and sets of suppressors be ob-

tained with other types of radiations, or are the classes and sets in 

Table III unique to ultraviolet-induced mutants? To answer this question, 

the same twohapldd strains used for uv induction (X 1687- 12B and )1687-

160 were subjectbd to irradiation by X rays The survival curves for the 

strains are presented in Figures lOa and ha The two curves are statis-

tically the same from 100% survival to about 10% survival )  at which point 

they diverge The divergence is attributed to differences in the frequency 

of budding cells in the Irradiated population (Beam, Mortimer )  Wolfe, and 

Tobias, 195).  Figures lcrb-f and 11B-f are lots of revertants per sur-

vivor vs dose for the reversions on the various media These curves are 

for total revertants after 7 days' incubation. 

The data in Table XX allow a comparison of the phenotypic classes of 

revertants obtained by uv and X ray. The data for uv are the same as in 

Table III. All the datahavebeen corrected for spontaneous reversions. • 

With uv, eight classes were obtained, whereas with X ray, ten classes 

were obtained There was an overlap of the X-ray classes with all but 
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TABlE XX. Comparison, of classes of super-suPPreSSOrS 

induced by uv and X ray. 

Class tr 

Phenotype 

ar hi ly ad 

Ultraviolet 

Number of 

Super- 	Per Cent 

Suppresors 	of Total 

X Ray 

Number of 

Super- 

Suppressors 

Per Cent 

of Total 

I ± + ± ± +. 41 49.4 370 75.2 

II + + ± + - •.8 18 3.7 

III ' 	+ + +. - - 21 25.3 9 1.8.. 

IV + + - + - 1 1.2  

V + + - - - 12 145 88 179 

VI + - + - -. 1 1.2 1 0.2 

VII -- - +- 2 2 1 02 

ViiI - - - - 1 12 - - 

IX -- - - 2 Oh- 

X +- + - - 1 02 

XI .- ++'+ + - - 0.2 

Total Super-Suppressors 	83 	100.0 	492 	100.0.  

• 	Nonsuppressors(1) 	 970 	 ' 	122 

Total Reveants 	 1053 	 1716 

Per Cent of Total Revr- 	 '• 

•tants That Are Bearing 

Super-Suppressors 	 7.9 	 287 

(1) These did not show multiple-site suppression on the five alleles 

• 	., • 	used in these experiments. Sec text (pose i) for discussiOn. 
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Class VIII of the uv group, and three additional classes were obtained 

with X rays. In another uv experiment, in which a different spore iso-

late of X1687 was used with the same five suppressible alleles used in 

these experiments, Mortimer (unpublished results) obtained 39 super-

suppressors which were distributed over four classes. These four 

classes were I, Iv, IX, and a twelfth class which suppressed only the 

arginine and histidine alleles. Thus the classes derived from these two 

mutagens do not reflect any striking mutagen specificity. 

Of particular interest is the 3.6-fold increase in the percentage of 

multiple revertants among the X-ray- compared with uv-induced revertants. 

Two other important results of the comparison are the increase in fre-

quency of Class I reveftans and the decrease in frequency of Class III 

revertants in the X-ray sample. It appears that Class I suppressor nmjta-

tions are more readily Induced by ionizing radiations and Class III 

suppressor mutations are more readily induced by nonionizing radiations. 

The action of various mutagens can be interpreted at the molecular 

level. Using Neurosporá as an experimental organism, de Serres (1964). 

compared mutants arising spontaneously ( sP), and induced by Xrày (x), 

nitrous acid (NA), and 2-amlnopurine (AP). His results showed that two 

types of action are involved for the four mutagens. The SF- and X.-induced 

mutants are essentiallybase-pair additions or deletions, whereasthe 

NA- and AP-induced mutants are mostly the result of base-pair substitu-

tions Drake (1964) found that approximately one-half of his uv-induced 

mutants were of the base-pair addition or deletion type, whereas the 

other half were of the base-pair substitution type Although Diakets 
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work was performed on bacteriophage and de Serres used Neurospora, de 

Serres has evidence that the mode of action of the various mutagens is 

the same for bacteriophage and for Neurospora. Thus one interpretation 

of the yeast data could be that the Class I super-suppressors (Table xx) 

are mostly the result of base-pair additions or deletions, whereas the 

Class III super-suppressors result primarily from base-pair substitutions. 

Dominance and Recessiveness of Suppressors 

Dominant and recessive suppressors have been reported in Saccharo-

myces cerevisiae. Parks and Douglas (1957) isolated a dominant suppres-

sor of a tryptOphan mutant and it was later shown that this was a super-

suppressor (Hawthorne, personal communication). Hawthorne and Mortimer 

(1960) reported a recessive suppressor of a methionine mutant which 

they mapped on linkage group IV. Mannéy (196 1 a) isolated a dominant 

suppressor,.., of a histidine mutant which he showed to be a super- 	. 

suppressor.. The super-suppressors S, Sb,  and 	have been examined to 

determine if theyare dominant or recessive (Mortimer, unpublished 

results). The results are striking in that the suppressors are dominant 

with respect to most alleles tested For the adenine allele, ad21, 

•used in these experiments, the suppressors were found to be recessive. 

Dominance tests were conducted on several of the suppressor genes 

from Class I, Set 1 1  and Class III, Set 1. The suppressor-bearing . 

strains were mated to the nonsuppressor-bearing parent and the resultant 

diploids tested on omission media.. These diploids were homozygous for 

• .. . • 	the five suppressible genes and heterozygous for a suppressor. The  

results arepresent in Table XXI. For the Class I, Set .1, suppressors, 
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clear dominance is exhibited with respect to four of the five suppres-

sible alleles. For the fifth allele, !2_1' growth was observed on the 

-AD plate after 5 days' incubation. With the exception of S and 

the growth on the -AD plate was of the type expected for mitotic recom-

bination of the suppressor (many small individual clones or papil]-

tios appearing throughout the streak). 

• 	 The one suppressor of Class III, Set 1, which has been tested 

• 	 exhibits dominance for the three alleles suppressed, but growth is 

• 	: 	retarded approximately 2 days compared with the haploid. 

• 	 Growth Studies 

• 	: 	Studies of the growth characteristics of suppressor-bearing stocks 

• 

	

	Of different organisms have been performd by several workers. Although 

the results of these studies do not yield a consistent pattern, a brief 

• 	review of this work would be beneficial for comparison with the results 

obtained with the suppressors reported in this study. Giles (1950, 

1951) studied suppressors of a methionineless. mutant of Neurospora and 

found that, although the suppressors allowed growth on nthionineless 

media, the growth was retarded compared with wild-type. Eventually the 

suppressor-bearing strains attained the same level of growth as the • 

wild-type On a medium containing methionine, the growth of the sup- 

:pressed mutants was found to be similar to the wild-type.. Working 

with a suppressor of an inositolless mutant in Neurospora, Giles (195 2 ) 

found results similar to those obtained with the methionine suppressor.  

In this case, however, he also coupled the suppressor with a wild-type 

allele of the suppressible mutant and found retarded growth both with 



15 

• and without the addition of inositol. Growth studies with a suppressor 

of acetate-requiring mutants of Neurospora (Lein and Lein, 1952) 

showed that the suppressed mutant could grow on minimal plus glucose 

and that the mutant (without the suppressor) could grow on sodium 

acetate. However, when the suppressed mutant was grown on minimal plus 

glucose plus sodium acetate, there was no increased growth over the 

mutant type. Other cases in which the presence of a suppressor (either 

with the suppressible mutant or wild-type) retarded the growth have 

been presented by Yanofsky (1952) for Neurospora, Howarth (1958.) for 

• Salmonella typhimurium, and Rachmeler and St. lawrence (1964) for Neuro-

spora. Other cases in which a suppressor coupled with the wild-type 

allele of a suppressible mutant has given reduced growth have been cited 

by Yourno and Suskind (1963, 196 )4) 

Instances of retarded growth on minimal medium and wild-type-like 

growth on complete medium for mutant-suppressor combinations have been 

reported by Yourno and Suskind (1964) Mitchell and Mitchell (195 2 ) and 

Kakar (1963) found instances of growth equivalent to or less than wild-

type for different combinations of mutants and suppressors Using 

Neurospora heterokaryons in which one nucleus carried a suppressor and 

the other nucleus carried the wild-type allele of a suppressible mutant, 

St. Lawrence, Naish, and Burr (1965) found normal growth on complete 

medium but retarded growth on minimal. Thus, about the only growth 	• • 

effect which has not been demonstrated is.wild-type growth on minimal, 

medium when a suppressor Is coupled with a wild-type allele of a sup-

pressible mutant. 	 • 	• 	 • 	• 
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Growth studies with suppresors in a diploid organism have not 

been reported. Saccharomyces cerevisiae can exist either In a haploid 

or a diploId state and thus affords an opportunity for such studies. 

Growth analyses were made on both haploid and diploid cultures. For 

the diploids, strains homozygous and heterozygous for one suppressor 

• and strains heterozygous for two different suppressors were studied. 

The strains used and the suppressors involved are presented in Pable 

XXII. The media employed were COMP, MV, and -TR. The latter omission 

medium was used because all suppressors studied were able to suppress 

the tryptophan requirement. 

Growth studies of strains bearing the èuppressors obtained in this 

study showed that different effects cOuld be attained (Figures 12 through 

16). For example, strains bearing the suppressors from Class I. Set 1, 

grew the same as the wild-type on medium lacking tryptophan or on 

complete medium. With minimal rnedium.as the growth substance, the wild-

type had a lag time Of approximately 2 hours, whereas the suppressor 

strains had lag times of from 1  to 6 hours. Although there was a 

longer lag time for the suppre s s or-bea ring strains, the rate of growth 

and the final level of growth were the same as for the wild-type strain. 

The strains bearing suppressors from Class III, Set 1, had a growth 

rate less than that of the wild-type strain. On complete medium or on 

a medium lacking tryptophan, these suppressor-bearing strains had a lag 

time of about 10 hours and attained a growth level of only. 40 to 80% 

of the wild-type level (after.  100 hours' incubation). The parent of • 	• 

the suppressor-bearing strains which carried the five, suppressible 
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TABLE XXII. 	Strains employed for growth studies 	• 	 • 

Strain 	• Ploidy Suppressors 	• 	 • • 	 • 

S288C haploid wild type 

• 	 X1687-12B 	• haploid • 	 none 	• 	 • 	 :.. 

X1687.-12B-R3 haploid S 	 • 	 • 	 • 	 • 

cl 

• 	 • 	 • 	 • 	 . 	 • 	 X1687-12B-R4 haploid • 	 S 	• 	 • 	 • 	 • 	 • 	 • 	 .• 

X1681-12B-R1 	. • 	 •• haplold . • 	 . 	 57 	•. 	• 	 •. • 	 • . 	 • 

• 	 . 	 • 	 • 	 • X1687-12B-R19. •  haploid • 	 S 	• 	 . 	 • 	 • 	 • 	 • 	 • 	 • 

• . 	

• X1687-1B-R21 	.• haploid • S 	. 	 . 	 : • 

•Xl6 - 12-R26 	. haploid • 	 S 	• 	 : 	 : 	 •.. 

X1681-12B-R3 0  haploid S 

X1687-12B-R42 haploid • 	 • 	 S9 	 • 	 • 	 • 	 . 

• 	 XG200-12A • 	 • haploid . 	 • 	
• 	 :. 	

'• 	 .. 

XG99 	. 	 • 	 . diploid • 	 none 	. 

XGII.99 diploid Sx+ 

diploid S7X+ 	. 	 .. 	 .. 	 . 	 . . 

XG206 diploid S7xS7  

XG210 diploid SSa 

XG207 diploid 
Y. 

XG431 diploid S 11xS 

XG481 diploid S7xS 

XG87 diplold S7xS9  

XG200 diploid S7xS 
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wild-type. (b) X1687- 12B, haploid mutant without 
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(a) Sa(X1687_12B_R3)•  (b) s(x1687-12B-RiI). 
(c) S(X1687 .-12B- RL). (d) S5(X1687-12B-R19). 

(e) S(X1687- 12B- R21 ). (1)  S(X1687-12B- R28). 
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Figure 114.  Growth curves; Class I, Set l,suppressors(diploid). 

(a) Sax + (xG499). (b) s,,x + (xG501). 
(c) SXS(XG21O). (d) SXS(XG206). (e) SaXS(XG2OT)• 
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Figure 15. Growth curves; Class III, Set 1, suppressors (haploid and 

diploid) and Class I cross Class III diploids. 

(a) S(X1687.-12B-R30).  (b) S9 (X1687-l2B-R1i 2 ). 

(c) S x S9  (XG431). (d) S x S (XG481). 

(e) S x 5 (xG4 87). 
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Figure 16. Growth curves; two suppressor effect (Class I, Set 1, 

suppressors). (a) S7(X1687-12B-R1,  haploid). 

S (X1687-12B-R28,  haploid). 

S x S (XG200, diploid). (d) S,S (xG200-12A, 

haploid); spore isolate of XG200. 
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mutations had a lag time of 4 hours on complete medium and its growth 

reached a level of about 65% of the wild-type levl (after 100 hours' 

incubation). 

Growth studies on diploid strains that carried suppressors provided 

some interesting results. For the suppressors of Class I, Set l,.three 

types of diploids were used (Table XXII). When grown on a medium lacking 

tryptophan or on complete medium, all diploids responded essentially the 

same. The growth observed was the same as that found with the parental 

haploids and haploid wild-type strains On minimal medium, the strain 

with two different suppressors (S X S had a lag tithe of about. 2 hours, 

whereas all other diploids had lag times of about 8 hours In all cases, 

the rate of growth and final level of growth were the same, and the 

final level was equivalent to that of haploid wild-type strains. One 

• diploid (XG431) from Class III, Set 1, was heterozygous for the same 

twosuppressors followed in haploids (i.e.., S x S ). 
•n complete 

medium, this strain had a lag time of about 3 hours and on tryptophan-

less medium)  the lag was about 8 hours. The final growth on complete 

was about 50% that of haploid wild-type, whereas the final growth on 

-TR was approximately 98% that of haploid wild-type Diploid strains 

heterozygous for suppressors from different classes were also examined. 

In both cases (xG481, XG487), the growth on -TR and COMP was the same as 

that observed for the Class I, Set 1, suppressors 

One haploid spore isolate, XG200.-12A, bearing two suppressors from 

• • 	• Class I, Set 1, was followed for growth. No growth was observed on MV 

after 172 hours.. This may be due to the methionine requirement that 
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was segregating but not scored. There was no growth on the -TR and 

COMP plates until 28 hours of incubation. The rate of growth was slower 

than observed for either parent, and the final level of growth was. only 

50% to 60% that of the parents. 	 . 

The growth results for the Class I, Set 1, suppressors support the 

contention that these all belong to one class and set because no differ-

ences in growth between these suppressors were obtained on -TR or COMP. 

The lag on minimal might be expected because the suppressors must corn-

pensate for five enzymic deficiencies compared to only one on -TR. The 

results obtained for the. Class III, Set 1, suppressors can be inter-

preted to indicate that these two suppressors are from different sets 

because their growth patterns are diferent. Although strains bearing 

the Class III, Set 1, suppressors did not grow so well as strains 

bearing Class I, Set 1, suppressors, diploid strains XG 1 81, XG1487, with 

one suppressor from each class, are not affected by the presence of the 

Class III, Set 1, suppressor. The results of the spore isolate bearing 

two Class I, Set 1, suppressors provide additional data on the two-sup-

pressor effect. Initial growth is retarded, proceeds more slowly, and 

attains a lower level than a haploid strain bearing just one of the . . . 	. . 

suppressors 

As with previous growth studies on suppressors, there was no con-

sis -tent pattern. These inconsistencies may indicate that different 	. 

suppressors have different modes of action or it may be a reflection of 

different efficiencies of suppression for the various suppressors. Most . 

of the previous studies showed differences between the growth patterns 



85 

of suppressor-bearing strains and the wild-type. In contrast to this, 

the Class I, Set 1, suppressorshad growth patterns the same as the 

wild-type. One of the interesting results of the diploid growth studies 

isthe absence of any gene dosage effect. More discuss'ion of the growth 

studies will be found in the section on models of suppressor action. 

Incident al Data: Gene Conversion of the le 1 	Allele -12 

Segregation of the nonsuppressible leuc the allele, le112, was used to 

indicate the presence of true tetrads for many of the suppressor. hybrids. 

This allele was heterozygous in most of the hybrids and was expected to 

segregate 2:2 (growth:nongrowth) in each ascus. Aberrant segregations 

were observed in some instances and were, originally ascribed to false 

tetrads However, some hybrids that were heterozygous for nonsuppres-

sible alleles of other genes segregated 2:2 for these genes but had. 

aberrant tetrad ratios for the -le 1 	allele. In these cases, it was 

concluded that le1-12 was undergoing gene conversion. Because many 

asci were scored,,it was possible to estimate the frequency of conver-

sion for this allele. These data are presented in Tab:Le XXIII. The 

ascus ratios (.growth:nongrowth) are presented in two groups. The first. 

represents those asci for which, in addition to .il_l2  at least one 

other nonsuppressible gene was segregating 2 2 Of this group, one-

fourth represent asci where two or more other genes were segregating. 

The second group represents those asci for which the Only nonsuppressible 

allele scored was;le 112  (the mating-type locus, which is expected to 

segregate 2:2, was not scored in all asci). This group may include 

some false tetrads (which is probably the case for the asci which 
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TABLE XXIII. Gene conversion of 1e112 .. 

• 

(ispore asci) 

Growth:Nongrowth 

3:1 2:2 1:3 	O: 

• 	 Shown to be conversion by 

segregation of 2 or more • • 

other genes 

Number of asci - 199 5 	- 

% of total - 1.92 95 75 2.4 	- 

Possible conversion or 

false tetrads 	
: 	•• • - 	• 	 • 

Number of asci 5 20 1335 16 	- 	 • 

% of total 0 363 1.45 97 1 1.16 	- 

Total number of asci 5 24 153 4  21 	- 

Per cent 0 315 1.515 96 85 1 325 	- 

0. 
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segregated :O). The sum of these two groups is also presented. 

The frequency of gene conversion for other alleles in Saccharomyces 

ranges from 0 to 15.48 (Roman, 1963). This is based on the sum of the 

3:1 and 1:3 segregatiOns. Thus, the frequency of gene conversion of 

l-12 (3.15) is consistent with other results. 

Summary of Experimental Results 

The suppressor-bearing revertants were distributed over eleven 

phenotypic classes (for the combination of uv- and X-ray-induced rever-

tants). Some classes were shown to be further divided into sets based 

on the time when growth was observed on the omission media. There is a 

minimum of seventeen distinct loci for the super-suppressors, based on 

the sample of the süpressr reported here and on some of the previously 

reported suppressors. Four sets have been shown to contain seven, five, 

four, and one distinct loci. A two-suppressor effect was observed for 

all possible pairwise combinations of the suppressors of Class I, Set 1. 

This effect (a drastic reduction in growth rate) is manifested when a 

haploid spore contains two of the suppressors All other interset and 

Intraset crosses showed no evidence for such an effect 

Linkage studies of the Class I, Set 1, suppressors showed that six 

• 	 of these were distributed over two linkage groups with two of the suppres- 

sors lInked to their respective centromeres. Regarding the reversion of 

the suppressors, one line of evidence supports the proposition that they. 

revert to a normal functional state. The evidence was not sufficient to 

prove this supposition. Comparison of the frequency of super-suppressor-

beating rcvertants obtained with uv and X ray showed that X rays were 
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more efficient for inducing these revertants. The X-ray sample had a 

marked increase in the freq.uency of occurrence of Class I suppressors 

and a decrease in the frequency of Class III suppressors. From these 

observations and results reported in the literature, it is possible 

that the Class I Suppressors are the result of a base-pair addition or 

deletion mutation, whereas the Class III suppressors are the results. of . 

base-pair substitution. 

Of the suppressors tested, all were dominant in suppxssion of four 

of the five alleles tested.. Growth studies were performed for several 

suppressor-bearing strains in both the haploid and diploid states. The 

results showed that the Class I suppressors were indistinguishable, 

whereas two suppressors from Class III were different from each other 

and from the Class I suppressors. 



DISCUSS ION 

Multiple-site suppressors have been reported in several different 

organisms (see Introduction) and several modes of action have been pro- 

• posed. Several investigators have made extensive studies on the suppres-

sors and suppressible mutations in bacteria and bacteriophage. Because 

much will be drawn from these reports, a comparison of the suppressors 

and suppressible alleles of the two organisms seems appropriate. 

• 	 Comparison of the Yeast and the B. coil--Bacteriophage 

• 	 Suppressors and Suppressible Mutations 

What is the evidence that the suppressors and the suppressible muta-

tions are the same for the two organisms? There is no direct evidence 

to support this contention, but there is circumstantial evidence which 

would argue for similar if not identical systems Manney (1964b) showed 

comparisons of the suppressors and suppressible alleles of the two 

• 	 organisms on the basis of the distribution of suppressible alleles 

within genes, complementation-suppressibility patterns, and the fre-

-quency of occurrence of suppressible mutants. The results were quite. 

similar for the two organisms Hawthorne and Friis (1964) observed 

osmotic reversibility of approximately 10% of a group of nutritional 

mutants in yeast but were unable to show such a reversal with any mutants 

known tobe suppressible. This observation is consistent with the con- 	• 

cept that the suppressible mutants are not making a complete protein, as • 

proposed for the suppressible bacteriophage mutants. • 

Studies on the amIno-acid codes of different organisms have produced 

results which argue strongly for one universal amino-acid code (Speyer, • 



Lengyel, Basilio, Wahba, Gardner, and Ochoa, 1963; Weinstein, 1963). 

Oxie direct comparison cited by Speyer et al. was thatcell-free systems 

of yeast and E. coli give the same amino-acid coding relationships. 

Thus, yeast might be expected to have suppressible (nonsense) mutations 

similar to if not identical with those found in E. coil. 

Another line of supporting evidence for similarity of the suppres-

sible mutations in E. coil and yeast is as follows. Freese (1959b)  has 

shown that mutations induced by 2-aminopurine can be reverted by the 

same compound. Such mutations are termed "transitions" (Freese, 1959a) 

in that a purine is changed to a purine and a pyrimidine is changed to a 

pyrimidirie. Benzer and Champe (1962) have shown that the suppressible 

rII mutants of the. bacteriophage T1 are revertible by 2-aminopurine and 

hence are of the transition-type base substitution. Magni (196 1 ) has 

presented evidence that a base subst itut ion.mutant in yeast induced by 

2-aminopurine does not show a "meiotic effect" (an increase in reversion 

rate, during meiosis as compared with mitosis; Iviagni and von Borstel, 

1962). Examination of a suppressible mutant in yeast (von Borstel, 

Bond,. and Steinberg )  1964) has shown that this mutant does not exhibit 

a meiotic effect and hence is apparently a base substitution mutant 

of the transition type, as are the suppressible mutants of E. coli. 

Models of Suppressor Action 

One point that must be clarified regarding the modes of action of 

suppressors is that there are various types of suppressors. There are 

supressors that are allele-specific; that is, they suppress only a 

specific allele at one 'locus, based on the alleles tested. There are 
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some that are locus-specific, which suppress all alleles at one specific 

locus; and there are those which are allele-specific and locus-nonspeci-

fic, which suppress only certain alleles, but these alleles, are distri-

buted over several loci. . . 

Eberhart and Tatwn (1959)  considered that the basis of suppressor 

action was fundamentally the same as that of other modifiers (genes which 

• 	apparently have the function only of modifying the expression of other 

• 	genes). Although modifiers (as opposed to suppressors) will not be dis- 

• . 	cussed, it is of interest that, for suppressors per se, several differ- 

• 	ent modes of action have been put forth and there are experimental data 

to support each In view of the many models of suppressors (for all 

types of suppressors) and the instances of modifiers that can be found 

• 

	

	in the literature, the proposal of a suitable unifying'mode of action to 

explain all the observed effects would, at present, be a tremendous task. 

There are three basic classifications of action that have been pro- 

• 	posed. for multiple-site suppressors. These are (1)  an a1teatie, 

biochemical pathway is opened.by  the mutation to "suppressor,' t  (2) the 

suppressor mutation in some way prevents the synthesis of or removes an 

inhibitor which, in combination with a mutant gene, yields the mutant 

phenotype, and (3) the suppressor is involved in one of the steps in 

the synthesis of protein to reverse, in some way, the original mutation-

al defect 

Alternative Biochemical Pathway 

Lein and Lein (1951) and Lein and Lein (195 2 ), working with 	. 

acetate-requiring mutants of Neurospora crassa, found three nonällelic 
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mutants that were suppressed by the same suppressor. They propbsed that 

the suppressor made functional an alternative pathway for acetate for- 

matlon, although biochemical experiments to test this were not performed. 

Strauss and Pierog (1954) examined biochemically some acetate-requiring 

mutants of Neurospora and found them to be deficient in their ability to 

oxidize pyruvate directly, even though they were able to decarboxylate 

this compound to acetaldehyde. In the presence of a suppressor, the 

activity of the pyruvic carboxylase was reduced and the strains were 

able to grow without added acetate. They proposed that the strains 

carrying the suppressor are forced to utilize an alternative metabolic 

pathway for growth because their isotopic labeling expenments showed 

that glucose was metabolized via a pentose shunt Eight nonspecific 

suppressors were isolated from cystine mutant stains of Salmonella 

typhimuriumby Howar-th (1958). She showed that at least five of the 

suppressors were effective against all known single-site mutants of the 

rys A and cys F loci (a total of eight mutants) as well as the multisite 

mutant çys-2O. She pointed out that the suppressor genes were probably 

not closely linked to the cys A - cys.F region of the genome, but she 

did not perform tests to determine if the eight suppressors were alleles 

of the same locus. Although biochemical tests were not performed, she 

indicated that the likely explanation was an alternative pathway for the 

synthetic step blocked in the original mutant. Kakar ( 1963), working 

with nonspecific isoleucine suppressors in Saccharomyces, proposed that 

the suppressors opened up an alternative pathway which was normally not 
	 a 

operative. He pointed out that normal isoleucine synthesis in yeast was 

probably through a-aminobutyrate to a-ketobutyrate to isolöucine, but 
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that an alternative path (a-methyl asparate to a-ketobutyrate) might 

be possible based on biochemical data from other organisms. 

Because the suppressors reported here have the ability to revert 

as many as five distinct mutant phenotypes that represent unrelated bio- 

• 	 synthetic pathways, it is difficult topropose a single alternative 

metabolic pathway that would satisfy all the nutritional requirements. 

In addition, the existence of at least 12 distinct loci, any one of 

which can simultaneously suppress at least two of the nutritional pheno-. 

• 	 types, would require either twelve equivalent alternative paths or twelve 

different ways to get to the one alternative path. It wouldthus appear 

that the concept of an alternative metabolicpath is not the explana-

tion for these super-suppressors. 

Inhibitor Model 

The suppressor of a pyrimidine mutant (yz 3a) in Neurospora also 

suppresses two proline mutants, prol 2 and prol 3, as well as the double 

ñititants pyr 3à - prol 2 and pyr 3a - prol 3 (Mitchell and Mitchell, 1952). 

These authors considered the possibility that the suppressor action 

• 	 involved alteration in the balance of reaction rates under the influence 

of the various mutant genes. ]udney and Wagner (1955) studied a mutant 

strain of Neurospora that required thiazole for growth at temperatures, 

lower than 35
0C. At 35 0C, this mutant was able to grow like wild-type 

• • strains but it was markedly inhibited by threonine. They proposed that 

the thiazole requirement was due to a competitive antagonism between 

threonine and homocysteine, because the thiazole requixement was removed 

by introduction of a genetic block in the threonine biosynthetic pathway 

• 	• 	• 	• 	•• 
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On the strength of these observations, they argued that suppressor action 

could possibly be due to competitive inhibition. In Neurospora, the 

cytoplasmically inherited trait poky (for slow growing) is associated 

with certain defects in the cytochrome system. Mitchell and Mitchell 

(1956) found a nuclear gene f, which restored normal growth to pokybut 

did not alter the cytochrome defects. They considered that the cyto-

chrome defects were compensated for by an increase in activity of some 

other enzyme system. Eberhart and Tatum (1959)  considered that modi-

fiers could operate at two levels. One was the enzyme-synthesis level 

and the other was at the level of enzyme function where cofactors, sub-

strates, pH,. and other factors are involved. Suskind and Kurek (1959) 

examined some of the properties of the td 24  mutant of Neurospora in 

the presence of the suppressor, as well as some of the properties of the 

wild-type and suppressed mutant enzyme. From their studies, they con-

cluded that suppressor gene action might involve control of factors 

such as metal and coenzyme concentrations or metal-binding agents. 

• 	With the results obtained from E. coil-bacteriophage mutants and 

suppressors, Campbell (1961) supported the concept that suppressor action 

is due to stabilization against inhibition of abnormally se.nsitivepro-. 

teins. These conclusions were based on the observations that different 

mutants were sensitive to particular conditions and to different sup-

pressors and on the fact that suppressibility is a property of the 

mutant instead of the locus. Davis. (1961, 1962) conducted biochemical 

experiments on the suppressor s which had been isolated by Mitchell and 

Mitchell (1952).  His studies led him to the conclusion that the suppres- 
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sor limited the substrate utilization of the ornithine transcarbamylase 

reaction, which resulted in thereduction of arginine levels. This was 

mechanistically corsistent because he had shown that the pyr 3a mutant 

•(the suppressible mutant) phenotype was due to feedback inhibltion of 

an early step in pyrimidine synthesis by arginine. Hawthorne and Mor 

tther (1963) proposed, as one possible explanation of the action of the 

super-suppressors of Saccharomyces, that they altered the cell physiology 

to. create a more favorable environment for the modified proteins formed 

by the mutants For the specific suppressors of the isoleucine locus in 

yeast, Kakar (1963) opined that the effect could be of adiréct nature 

through some kind of rel±ef of inhibition. 	. . 	 . . .. . 

In an attempt to explain the super-suppressors in- yeast. on the basis 

of some type of inhibition phenomenon, Nanney (l96I.a) proposed that a 

"super-inhibitor" could be affecting many different sensitive enzymes. 

Tf' 4.1 	 ----- 	. 	 . 	 - 	- 	 - 
DI)J nu-ian-is were producing altered enzymes, .they could 

be inhibited in their action by the presence of something normally in the 

cell. The suppressors would be mutations which block the synthesis of 

this inhibitor, and the different suppressor loci would reflect differ-

ent steps in the biosynthesis of the molecule The existence of at 

least twelve distinct super-suppressor loci may not be inconsistent with 

this concept. . The possibility of seventeen different loci all giving 

rise to th 	 h+. -r 	 . .. 	 - J .
Vuiu 

 to oeieve that this mode 

of action is the explanation. This mechanism would also predIct that 

the suppressors would be recessive, and such is not the case with the 

suppressors reported here. An alternative possibility is that there is . 
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a multiplicity of inhibitors and that these affect the mutant enzymes 

to varying degrees. If this were the case, it would seem improbable that 

one locus could effectively remove all the inhibitors as would be re-

quired for one suppressor to revert all five mutant phenotypes s imul- 

taneously. 

Protein Synthesis Models 

Although there are many steps in the biosynthesis of proteins (see 

Hartman and Suskind, 1965, and Haggis, Michie, Muir, Roberts, and Walker, 

196, for schematic diagrams), only three have been considered as pos-

sible levels for suppressor action. Yanofsky and St. Iwrence (1960) 

proposed that suppressors could act at the level of protein translation 

by effecting, an amino-acid substitution to reverse the defect associatd 

with the particular mutant. In an amplification of this model, Yanofsky, 

Heiinski, and Maling (1961) proposed that the suppressor genes were 

either structural genes for the amino acid-activating enzymes or were 

the genes that determine the compositions of different s-RNA species 

and their specificity for an activating enzyme. Gorini and Kataja 

(1964a), on the basis of their experiments with streptomycin, have pro-

posed that ribosomes may be involved in the action of suppressors. 

Ribosoxnal Protein Model 

Because the antibiotic streptomycin has been shown to be effective 

in suppressing mutant phenotypes (Gorini. and Kataja, 1964a), the action 

of the drug and the results in support of this mode of suppressor,  action 

must be examined. Spotts and Stanier (1961) proposed that streptomycin 

attached to the ribosomes of streptornycin-sensitive cells and thus 

prevented the attachment of messenger RNA. Flaks, Cox, and White (1962) 
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concluded that streptomycin was bound to ribosomes, and they also found 

that the related compounds dihydrostreptomycin and hydroxystreptomycin 

had similar action. To determine the manner in which the drug was act-

.ing, Flaks, Cox, Whiting, and White (1962) conducted in vitro experiments 

with ribosomes and supernatants from sensitive and resistant strains. 

They found that the only factor common to streptomycin sensitivity was 

the ribosomes from the streptornycin-sensitive strain. Using a cell-• 

free system of E. coil and following the incorporation of C - ]abeled 

phenylalanine, Speyer, Lengyel, and Basillo (1962) found the ribosomes 

to be the site of action of streptomycin and showed. that the genetic . 

locus determining streptomycin sensitivitr was associated with a ribo- 

some-specific region of the bacterial chromosome 

Elucidation of the streptomycin effect by Gorini and Itaja 

(1964a) involved the use of strains of E. coil that were streptomyàin-

resistant These strains were termed "conditional streptomycin-depen-

dent" because they required streptomycin for growth on minimal medium 

but could grow without streptomycin on a medium supplemented with speci-

fic amino acids Fiaks, Cox, Whiting, and White (1962) have shown that 

even streptomycin-resistant cells were inhibited by higher concentra-

tions of the drug. ]vies (196) showed that the ribosomal protein 

fraction was the site of action of streptomycin and that the mode of 

action was one of cationlc competition at the ribosome. In support of ., 

this view, Aronson, Meyer, and Brock (1964) have shown that strepto-

mycin (and dihydrostreptomycin) is polycationic 

Additional studies on locating the genes that control streptomycln 
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dependency, resistance, and sensitivity, as well as studies on mapping 

the position of the chromosomal site for ribosomal protein, have proved 

very interesting. Leboy, Cox, and Flaks (1964) found the locus for 

ribosomal protein synthesis to be either identical with, or extremely 

close to, the streptomycin locus. Aibnau, Smith, and Marmur (1965), 

using the heavy isotope transfer method of Yoshikawa and Sueoka (1963), 

found similar results, and the experiments of Rudner, Rejman, and Chargaff 

(1965), using a method of P32-orthophosphaté labeling, also confirmed 

this. 

Further experiments on streptomycin and suppression were conducted 

by Lederberg, Cavalli-Sforza, and Lederberg (1964) and Anderson, Gorini, 

and Breckenridge (1965). In both cases, the results were analogous to 

those of Gorini andKataja (1964a). 1vies, Gilbert, and Gorini (1964) 

found that streptomycin caused ambiguities in translation during protein 

synthesis. Other instances in which streptomycin caused ambiguous 

reading of the triplets assigned to amino acids have been found by Pestka, 

Marshall, and Nirenberg (1965), using polyuracilmessengers, and by 

Schwartz (1965), using cell-free extracts of the coliphage f 2. Studies 

on homopolymers and copolymers by Friedman and Weinstein (1965) and 

Kaji and Kaji (1965) produced the same results. Studies on coding 

ambiguities have been pêrforméd by Szer and Ochoa (1964) and Friedman 

and Weinstein (1964). They found that the cation concentration 

(specifically rg) had en effect on the translation properties. It 

thus appears that the suppressor action of streptomycin is to alter the 

coding specificity at the ribosomal level by virtue of its polycationic 
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In another set of experiments,. Gorini and Kataja (1964b) observed 

an effect they termed "oversuppression. H  High concentrations of 

streptomycin resulted in high levels of the enzyme associated with the 

suppressible mutant, but decreased levels of other enzymes,with con-

comitant lithibition of growth. Although streptoniycin suppression to 

this time had been observed only in streptoinycin-resistant strains, 

Gorini and Kataja (1965) found that the same effect occurred in sensi-

tive strains by using sublethal quantities of the antibiotiô. 

Are the super-suppressors of Saccharomyces functioning ma manner 

analogous to the streptornycin suppression of E. coil?• Because strep-

tomycin is a material added to the medium, it must be functionally dif-

ferent in action from the suppressors, which are genetic in nature. 

However, this does not preclude the possibility that some of the sup-

pressors in Saccharomyces are functioning by altering the binding 

capacity of ribosomal proteins for cations normally present in the 

media. Such a mechanism would be unlikely for the Class I, Set 1, 

suppressors because strains bearing these genes have the same growth 

as wild-type. Any suppressor of the streptomycin-type would be expected 

to give less than wild-type growth by virtue of its nonspecific coding 

ambiguities, which would be expected to affect all proteins It is 

conceivable that the suppressors of Class III, Set 1, are of the 

ribosomal-protein-alteration-type, on the basis of their growth 

characteristics 
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Amino Acid Substitution Model 

The amino acid substitution model offers several possibilities for 

explaining the observations in yeast. Yanofsky (1965) has shown that 

a protein can be biologically functional with different amino acids 

inserted at one site. In addition, certain amino-acid insertions at the 

same site produce a nonfunctional protein. The results reported for 

yeast showed that many different classes of suppressors could be ob-

tamed (Table III). These different classes could arise from differ-

en-b amino-acid insertions. For example, the amino acid(s) inserted 

by the Class I suppressors would result in functional enzymes for all 

five genes, whereas those inserted by other classes of suppressors 

would yield functional enzymes for only some of these genes With 20 

amino acids, many phenoty-pic classes of suppressor-bearing revertants 

would be possible. 

One important point that is intrinsic in all the proposed variations 

of the amino acid substitution model is the concept that Only one struc-

tural gene is responsible for the synthesis of a given molecular species. 

This is an extension of the "one gene-one enzyme" concept to include gene 

products other than proteins. Thus, there would be only one gene whose 

product is a. particular species of sHNA. 

In an expansion of the amino acid substitution model proposed by 

Yanofsky and St. Lawrence (1960), Benzer and Champe (1962) proposed that 

suppressors were changing "nonsense" to "sense." They proposedthat 

suppressible mutants arose by single-base changes. This base change 

gave rise to a coding triplet in the messenger RNA which was not 
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recognized by any aminoacyl-sBNA, hence the name "nonsense." They 

expanded the model of suppressor action proposed by Yanofsky; Helinski, 

and Maling (1961), namely that the suppressor mutation resulted in 

either a modified sRNA or a modification Of an sRNA-activating enzyme. 

In the first instance, they imposed the condition that the modified 

sRWA recognized nOnsense. As an alternative, they considered the possibility 

that an sBNA which normally recognized the nonsense triplet was present 

and not charged with an amino acid. The suppressor mutation would be a 

modification of an activating enzyme to allow this "nonsense-sRNA" to be 

charged. 

Garen and Siddiqi (1962) examined the alkaline phosphatase pro-

duced by mutant and suppressed-mutant strains of E. coli They foun 

that the mutants did not make any enzyme unless the suppressor was 

present. In the presence of the suppressor, the amount of enzyme 

synthesized ranged from 3 to 100% of normal for different mutants. 

They interpreted their results of suppressor action in the same manner 

as Benzer and Champe (1962), i e , that the suppressor was acting on 

nonsense at the level of translation. Other work in support of this 

concept Of suppressor action has been reported by Brody and Yanofsky 

(1963), who found that the suppressor altered the primary structure. o 

the A protein of tryptophan synthetase in E. coli, and by Sarabhai, 

Stretton, Brenner, and Bolle (1964), who showed that the suppressible 

amber mutations of the head protein of phage TD produced protein 

fragments These'fragments were in the same order as the segments 

defined on a genetic map In support of the concept that the action 

of the suppressor was at the level of protein synthesis, Zinder and 
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Cooper (1964) examined some of the bacterial strains that carried 

suppressors known to act on certain alkaline-phosphatase mutants, 

T4r11 mutants, lambda hd mutants, and T4 amber mutants, all from DNA 

genomes. They infected the bacteria with mutant strains of the bac-

teriophage f2 (an RNA genome) and found the suppressors were also 

effective on these mutants. They argued that the suppressors were 

operating at equivalent levels in both systems, namely the level of 

protein synthesis. 

Crick, Barnett, Brenner, and Watts-Tobin. (1961) conducted experi-

ments on base-pair addition and deletion mutants. They concluded that 

such alterations shift the frame of reading in translation of a protein 

Using this concept, Brenner and Stretton (196 1 ) constructed a stock 

with an amber mutant bracketed by a base deletion and a base insertion, 

both the latter being acridine-induced (Lerman,196k). Regardless of 

the sequence of the three (deletion-amber-insertion or insertion-amber-

deletion), the amber mutant was not expressed. These results, coupled 

with an earlier report (Sarabhai, Stretton, Brenner )  and Bolle, 1964), 

prompted them to postulate that the amber mutation resulted in protein-

chain termination They also mentioned that protein fragments, as well 

as complete proteins, were found in suppressor-bearing strains 

Studies on amino acid substitutions at a site in the alkaline 

phosphatase molecule of bacteriophage enabled Weigert and Geren (1965a) 	 : 

to determine the base composition (but not the sequence) of the mutant 

codon. This mutant was known to be suppressible and the wild-type 

amino acid for that site had been determined. By inducing reversions 
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at the mutant site with different mutagens, and determining the amino 

acids inserted in the various revertants, they were able to elucidate 

the composition of the suppressible mutant codon. From these studies, 

they concluded that the mutant codon (a nonsense codon) had a cornposi-

tion of UAG. Brenner, Stretton, and Kaplan (1965) used similar studies 

and used mutagens having known specificities of base alterations to 

derive a codon for nonsense that cOnsisted of UAG. In addition, they 

used other data from the literature and some additional information 

from some of their experiments to show that the sequence was tJAG. 

Using analogous studies with another nonsense codon, they determined 

its sequence to be UAA 

In view of the results they obtained, Brenner, Stretton, and Kaplan 

(1965) proposed. that the mechanism of suppression for the amber mutants 

occurred in one of two ways. They postulated the existence of a chain-

terminating.sRNA which is not charged with an amino acid. This uncharged 

sRNA species recognizes nonsense codons as the signal for terminating 

the synthesis of the polypeptide. The insertion of one of these chain-

terminating sRNPs prevents further translation of the message and 

hence only protein fragments are formed They proposed that the muta-

tion to suppressor form caused a chain-terminating sRNA to become 

charged with an amino acid, or allowed a normally charged sRNA to . 

recognize nonsense In the first case, the modification of the chain-

terminating sBNA could occur by altering the amino acid attachment site 

so it would bind an activating enzyme or by altering one of the amino-

acid-activating enTymes so it could bind to the chain-terminating sRNA 
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• As these authors pointed out, there are áertain problems with the 

concept of alteration of a normal sRNA, namely that it must still code 

for its normal triplet as well as the nonsense triplet o This ambiguity 

must be narrowly restrictive so that only the normal and nonsense 

triplets are read. They also stated that the coding ambiguity could 

arise from enzymatic alteration of one of the bases in the recognition 

site. Under the conditions proposed, they are facedwith the possibility 

of normal chain termination's being suppressed, so they invoked the 

ad hoc hypothesis: that UAG was rarely used for chain termination in E. 

coil and bacteriophage T. 

Another important observation by Brenner and Stretton (1964) was 

that the suppressor was not i00% efficient, i e , protein fragments, 

as well as complete proteins, were found when an amber mutant was grown 

on a suppressor-bearing strain of E. coli. These results would be 

expected from the model proposed (Brenner )  Stretton, and Kaplan, 1965), 

because the modified sRNA was required to read its normal codon.es well 

as the nonsense codon. 	• 	 .• 

Prompted by the finding that an amber suppressor always inserted 

serine at the nonsense codon (Notani, Engelhardt, Konigsberg, and 

Zinder, 1965; Weigert and Garen 1965b; Stretton and Brenner, 1965) and 

with the probable involvement of sRNA in suppression, Capecchi and 

Gussin (1965) analyzed serine sRNA's from permissive (suppressor-bear-

ing) and nonpermissive (nonsuppressor-bearing) strains of E. coil. 

Their experiments were conducted in vitro, using the RNA isolated from 	• 

an RNPi-containing bacteriophage 017)  that had an amber mutant in its 
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coat-protein cistron. In addition, they employed cell-free protein-. 

synthesizing systems from a permissive host and from a nonpermissive 

host. When the mutant RNA directs the protein synthesis in the permis-. 

sive extract, a functional coat protein is formed. When the cell-free 

system from the nonpermissive host was used, no functional protein 

was obtained. In a mixed system of the nonpermissive extracts, the 

mutant RNA, and serine-accepting sRNA from the permissive strain, a 

functional coat protein was formed. From these results, they inferred 

that a seriné-accepting sRNA species present in the permissive strain 

but absent In the.nonpermissive strain was involved in suppression. In 

their prognostications about models of suppressor action, they argued 

for essentially the same models as had been proposed by others and dis-

cussed above. One modification they introduced was the possibility 

that enzymes which produce the unusual bases In sRNA, such as methylated. 

bases, pseudourocil, or dihydrourocil (Holley et al., 1965), couldbe 

the suppressor gene product. Using a bacteriophage with an RNA genome, 

Engelhardt, Webster, Wilhelm, and Zinder (1965) found similar.results. 

Brody and Yanofsky (1965) analyzed suppressed .A protein of the 

tryptophan synthetase system in E. coli and compared it with normal and 

mutant protein Although specific amino acid sequences were not deter-

mined, they did investigate the amino-acid-activation properties of 

arginine, glycine, histidine, and tyrosine No differences between 

suppressed and nonsuppressed strains were observed for these amino 

acids, but they did show that the suppressor acted before or during 

protein synthesis and not after. This was determined by repression 
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studies using various permissive hosts. In all cases, the ratio of 

suppressed protein to normal protein was constant.. They argued that, 

if the suppressors were acting after protein synthesis to form a func-

tional protein, repression experiments would give an increased amount 

of suppressed protein compared with normal protein. The models of 

suppressor action that they presented were the same as ones previously 

described. 

Brenner and Bekwith (1965) reported the existence of a second .set 

of mutants and suppressors in the bacteriophage-E. coli system which 

they termed ochre mutants and ochre suppressors. They found that the 

ochre suppressors could suppress ochrê and amber mutants, whereas the 

amber suppressors could suppress Only amber mutants.. The oähre mutants 

were found in many genes and the ochre suppressors were found to be 

relatively inefficient in suppression (1+ to 8%) as compared with the 

amber suppressors (about 60%; Brenner and Stretton, 196 1+). On the 

basis of their experiments and the work of Brenñer, Stretton, and lc.a:p-

lan (165), they concluded that different nonsense codons were involved 

for the two sets of mutants and suppressors. Brenner, Stretton, and 

Kaplan (1965) concluded that the ochre mutants were related to the . . 

amber mutants by a single base change. They deduced the amber nonsense 

codon to be UAG and by similar experiments found the ochre nonsense 

codon to be UAA. 

As discussed earlier, Brenner and Stretton (1961+) had shown that 

the amber suppressor acted at the level of protein synthesis by bracket-

ing the amber mutant with an addition and a deletion mutant. Identical 

C 
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experiments were performed with the ochre mutants (Brenner and Stretton, 

1965) and the same .results were obtained. 

Following the studies which showed that at least one amber suppressor 

(and pPssibly three) was inserting serine at the nonsense codon (Notani, 

Engelhardt )  Konigsberg, and Zinder, 1965; Weigert and Garen, 1965b; 

Stretton and Brenner, 1965), Garen, Garen, and Wilhelm (1965) found that 

different suppressors had different effects on the alkaline phosphatase 

• 	 enzyme formed. In one test, they found that three different suppressors 

• 	 gave three different amounts of enzyme. The second test showed that the 

three enzymes. formed were different in their specific enzymib activities. 

They interpreted this result to indicate differences in primary struc-

ture of the suppressed enzymes Additional experiments shoved that the 

amino acids inserted by the other two suppressors were glutamine and 

tyrosine (Weigert, Lan1, and Garen, 1965; Kaplan, Stretton, and Brenner, 

1965).. It was also shown (Kaplan, Stretton, and Brenner, 1965) that 

the efficiencies of suppression of their additional two suppressors 

were 51% and 30% 

An important point pertaining to chain termination was brought out 

by Engelhardt, Webster, Wilhelm, and Zinder (1965) when they found that 

chain termination at the nonsense codon was not 100%.  Their results 

showed that as much as 20% of the protein was formed in nonpermissive 

strains 

Recent biochemical work on protein synthesis has established that 

theze is a definite initiator of protein synthesis (Adams and Capecchi, • 

1966; Webster, Engelhardt, and Zinder )  1966) These results would, of 
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protein synthesis. Adams and Capecchi (1966) used the bacteriophage 

R17 RNA.as a messenger.in  E. coil extracts. They found that N-fo'r-

mylmethionine was incorporated into the R17 coat protein and that 

digests of this protein produced a dipeptide of N-formylmethlonylalanine. 

From their results, they proposed that the in vitro sequence of the 

bacteriophage coat protein was: N-formylmethionine-alanine-serine-

asparagine.-phnyla1anine-threonine --. In contrast to this, the in 

vivo sequence from the amino terminal end is: alanine-serine-asparagine-, 	
a 

phenylalanine-threonine -- - With the results obtained, they proposed a 

model for polypeptide initiation. The initiation signal was proposed to 

be a minimum of three bases which constitute the codon for formyl-

methionine (but may be a. sequence of six or nine bases). An enzyme... 

is proposed that, after the polypeptide has been completed, removes 

the formyl group, the forinylmethionine, or one or two amino acids as 

well as the formylmethionine. Reasons that N-formylmethioniné might be 

used as an initiator were presented. . One was that the compound defined. 

a direction for polypeptide growth because it could form apeptide bond 

only with its free carboxyl group. The secoid reason was that the 	. 	.. . 

masking of the amino group may be necessary to allow a peptide bond to 

form because the free amino .group has a positive charge. 

Webster, Engelhardt, and Zinder (1966) used a similar system and 

found the same results regarding the initiator of protein synthesis. 

In their discuss ion, they pointed out some of the consequences of such 

an initiator. First, as with the other group, they showed that this 



compound would impose a direction on protein synthesis Secondly, 

they pointed out that, regardless of the nature of chain-terminating 

signals, linked proteins could not be obtained from polycistronic mes-

sengers when the nonsense (chain-terminating) codons are "read" by a 

suppressor The existence of such an initiator would also explain why 

protein fragments are obtained when nonsense codons within the message 

are not suppressed They also pointed out that another class of sup- 

pressible codons might be possible in the middle of a gene, i.e., muta-

tions to the N-forniylmethionine codon. These mutatIons would lead to 

the formation of two peptide fragments. 

Working on the other end of protein synthesis, i.e , chain termina-

tion, Ganoza and Makamoto (1966) examined polypeptide chains to deter-

mine if they were released from the messenger as free polypeptides or as 

peptidyl sENA (polypeptides esterified tó:SRNA). They found that with 

biological messengers, free polypeptides were formed, whereas with 

synthetic messengers, the amount of free polypeptide was negligible or 

comparatively low. They did find, however, that the synthetic copolymer 

of AU in the ratio of 3 3A to 1U produced about 50*  free polypeptide 

This is consistent with the concept proposed by Brenner, Stretton, and 

Kaplan (1965) that UAA is a chain-terminating signal. The results 

support the hypothesis that a nucleotide sequence on the messenger func-

tions as a signal for chain completion or termination. 

Comparison of Yeast Results with Various Models 

Activating enzyme Model 

Such a model would predict the existence of twenty E-uper-suppressors, 
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i.e., one for each amino acid attached to the chain-terminating sRNA. 

This figure is in agreement with the number of different sets of sup-

pressors found (Table III), but would not explain the multiplicity of 

suppressor loci in each set. If it were argued that the different lcd 

• in one set represented closely related amino acids, this would have the 

concomitant effect of reducing the number of sets expected. A modifi-

cation affecting the activating enzyme must bestow a dual capacily on 

this enzyme species so that the amino aci4 could be inserted by the 

normal sRNA as well as the chain-terminating sBNA. From this, a reduced 

growth would be expected, but such was not the case for the Class I, 

Set 1, stppressors Although this explanation would be plausible for 

• the classes .with few suppressors, it would be incompatible with the • 

classes in which several loci are involved. 

Alteration of a Chain-Terminating sNA 

This model would predict a maximum of twenty classes of suppressors 

but only one locus, the structural gene for the chain-terminàtingsRNA. 

This limitation to one locus is not consistent with the data in yeast or 

in E. coil 

Modification of a Normally Charged sRNA • 	 • 

This model also predicts a maximum of twenty classes or sets of 

suppressors because any one of the sA's could be altered to read the 

nonsense codon. Because there should be sixty-two different s IAts  

which code for the twenty amino acids, there would be the possibility 

of many suppressor loci. On the surface, this seems like a good explana-

tion, but further examination points out some limiting factors. 

Let us assume the mutational event results in a change in the 
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"anticodon" of the normally charged sRNA, the "anticodon "  being the 

triplet sequence of the sRNA that is complimentary to the triplet codon 

of the messenger. Because the triplet codes reported in the literature 

are the messenger triplets, arguments will be confIned to these trip-

lets and to their conversion to the nonsense triplet iJAG. This will 

:avoid any confusion that might arise if the anticodon triplets were to 

be used. 

Beca.use the mutagenic events are presumed to be single-step, the 

number of ways to get to a nonsense codon from a sense codon are limited. 

There are three types of mutational events that can convert sense to 

nonsense (UAG or tJAA), i.e., base substitution, base addition, and base 

deletion. Table mv presents a tabulatiOn of the sense codons which 
can be. converted to nonsense by single-step events. The corresponding 

amino acids are also given, as well as the mutational event that can 

cause the change. These twenty-one triplets represent only eleven dif -

ferent amino.•acids, and one of the triplets is the nonsense codon UAA. 

This provides a maximum of twenty loci that could be converted to 

1 ' 	 . read nonsense but only eleven phenotypic classes would be observed (one 

for each of the eleven different amino acids). The number of loci per 

class would range from one (for four of the classes) to four (for the 

four serine triplets). This is consistent with the observationson 

E. coil for the numbers of suppressors, numbers of classes, numbers 'of 

j loci per class, and amino-acid insertions in the presence of the sup-. 

pressors. In addition, it provides an explanation for..the results of 

Brody and Yanofaky (1965). These authors examined the amino-acid-fl 
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T.ABIE XXIV. Mutation of amino-acid code triplets from 

sense codons to the nonsense codon UAG. 

Mutational Event 

Amino-Acid 	Amino 	Base 	 Base 	Base 

Codon 	Ac1d 	Substitution 	Addition 	]letion 

UAU 	 tyr 	 + 	 + 	 + 

UAC 	 tyr 	 + 	 + 	 + 

UAA 	"oche' 	 + 	 + 	 + 

UtJG 	 leu 	 + 	 - 	 - 

UCG 	 ser 	 + 	 - 	 - 

UGG 	 tryp 	 + 	 + 	 - 

CAG 	 g 	 + 	 - 	 - 

AAG 	 lys 	 + 	 - 	
- 

GAG 	 glu 	 - 	 - 

UIJA 	 lèu  

AUA 	 met 	 - 	 - 	 + 

CUA 	 leu  

GUA 	 val 	 - 	 .- 	 + 

UCA 	 ser  

UGA 	cysortryp 	- 	 + 	 + 

AGU 	 ser  

AGA 	 arg  

AGC 	 ser  

AGG 	 arg 	 - 	 + 	 - 

UGU 	 CyS 	 - 	 + 	
- • 

UGC 	 cys 	 - 	 + 	 - 

(1) From Brimacombe et al., 1965, and S11 et al, 1965. 
• 	 (2) + indicates that the change to nonsense is possible by this event. 

- indicates that the change is not possible. 

• 	 (3) Nonsense codon for ochre mutants. 

4 
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activation properties of glycine, histidine, arginine, and tyrosine and 

found no difference between suppressed and nonsuppressed strains. This 

model proposes that only the.anticodon of the sRNA has.been modified, and 

this does not alter the activation properties of the amino acids, nor does 

it involve changes in the relationship between the amino acid and its 

specific sRNA. Ahother interesting point is that, of the four amino acids 

studied, the first two cannot be converted to nonsense by single-step 

events, the third one can be converted only by base addition, and the 

fourth one is represented by only two of the twenty amino-acid triplets 

This model does not adequately explain all the yeast results It 

is consistent with the observation of eleven classes, the proposed muta-

gen effect, and the dominance results However, the preöiction of a 

maximum of four loci in any one class cannot account for the miniim.un of 

• 	 seven loci in Class I, Set 1. If the amino acids in Table XXIII are 

grouped according to their side chains--e.g., acidic, basic (see Steiner, 

1965)--there would be a maximum of six loci for one such group. This 

• 	 is still not consistent with the observations in yeasto 

• 	 ecause one of the requisites of this model is that the altered sRN.A 

must code for both the normal triplet and the nonsense triplet, this 

could be the basis for the observation of protein fragments among the • 

complete proteins (the efficiencies of suppression) as reported for E. 

• coil. This could also provide a basis for the two-suppressor effect 

observed in yeast. If it is assumed that the altered sRNA translates the 

two codons (normal and nonsense) with equal frequencies, the efficiency of 

suppression would be 50% Without invoking additional factors, there would 
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be no change in the level of suppressed protein when two such suppres-

sors are in one cell. This cOmes from the following. If the two sup-

pressors have efficiencies of f 1  and f2, then the probability of the 

nonsense codonts  being translated when both suppressors are present is 

f1 (l f2 ) + f2 (l - f1 ). If both have the same efficiency, thisredüces 

to 2f(1 - f). If the efficiency of each is 5 0%, the efficiency when 

both are present is 50% and no effect would be observed. If the two 

suppressors each had efficiencies of 75%, the efficiency of suppression 

when both are in one cell would be only 37.5%. This is a reduction of 

1/2 and could be deleterious. This would also imply that classes of sup-

pressors, other .than Class I, Set 1 )  are operating at efficiencies of 

approximately 50% because the two-suppressor effect was not observed with 

any. hybrids of these classes. 

One drawback to such a high efficiency of suppression for this model 

is that the mutant sRWA must still recognize the normal codon with a 

minimum efficiency of approximately 50% Efficiencies much lower than 

this would be in the range of the 37.5% that is proposed as being 

• 	deleterious. This produces the dilemma of having one sRNA species 

recognize two codons with a combined efficiency in excess of l00%. 

Modification of an Existing Model 

The model that proposes an alteration of a normal sRNA species 

provides an explanation for most of the observations in yeast and E. coil 

but is inadequate for some points. What modifications can be made on 

this model that will provide a basis for all the results obtained? The 

data obtained in the yeast experiments reported here can lead to one 
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modification of this model. This modification is that there exist sets 

of sRNA genes in which all members of a set make the same sRN.A. A muta-. 

tional event occurring in one of the genes of a set would be reflected 

in the coding specificity (for normally, charged sRNA's) or in .the 

ability to be charged (for normally uncharged sRNA's). In either case, 

the altered sRNA would be able to translate the nonsense codon by insert-

ing the characteristic amino acid into the protein at that site. The 

remaining members of the set would function normally by translating their 

normal triplets. This modification obviates the necessity of a parti-

cular sHNA coding for nonsense and for its normal triplet. Because Only,  

one gene of aset is altered, the remaining members are normal and the 

mutational event is not lethal. 	 H 

This modification makes it possible to explain all the yeast and most 

of the E. coli observations. In yeast, the existence of as many as seven 

distinct loci (Class I, Set 1) which are indistinguishable phenotypically 

could indicate that all are members of one set. Additional support for 

this comes from the growth curves, which show that at least six of these 

seven are indistinguishable in their growth patterns. This modification 

provides an explanation for the two-suppressor effect observed with the 

Class I, Set 1, suppressors. If it is assumed that all seven genes in 

thisset code a particular sRNA, then modification of two ormore of 

these genes to recognize nonsense might decrease to a limiting level 

the amount of this s1NA that is available for translating the normal 

triplet Thus, the interaction effect can be explained as a reduction 

to a limiting level of the amount of a particular sRNA This two-sup- 
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pressor effect would not be expected in interset or interciass crosses 

because different sA sets would be involved. 

For E. coli, this modification would explain the existence of pro-

tein fragments, as well as complete proteins, in a suppressor-bearing 

strain as the result of competition between the normal and mutant sRNA. 

The altered s1RNA (whether normally charged or normally uncharged) would 

be competing for the nonsense codon with an uncharged chain-terminating 

sRNA. The efficiency of suppression could be a reflection of the amount 

of gene product of the various sRNA genes as pointed out by Kaplan, 

Stretton, and Brenner (1965).  If the various members of a set of sRNA 

genes were producing different quantities of sBNA, modification of the 

one that produced the argestamountwou1d provide a high efficiency of 

suppression. 	. 	 . 

One point that is difficult to explain on any existing model is the 

fact that ochre suppressors suppress ochre and amber mutants, whereas 

amber suppressors suppress only amber mutants (Brenner and Beckwith, 1965). 

The main difference between the two is that the amber mutants are UAG and 

the ochre mutants are UAA (Brenner, Stretton, and Kaplan, 1965)..  Brenner 

and Beckwith (1965) proposed that the ochre suppressor products were able 

to recognize both UAA and UAG, whereas the amber suppressors allowed 

recognition of only the UAG triplet. Under these conditions of recogni-

tion, it must be assumed that the amber and ochre suppressors are funda-

mentally different If the two types of suppressors are fundamentally 

the same, there is no a priori reason to have one read two triplets and 

and the other read only one triplet. One argument to support the concept. 
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of differences in the two types of suppressors has been presented by 

Kaplan, Stretton, and Brenner (1965). They discuss the possibility 

that one sRNA species does not distinguish between A and G in the third 

position of the triplet and another reads only G in that position. The 

sRNA species that reads both UAA and UAG could be the chain-terminating 

sRNP proposed by these authors. This species, when charged with an 

amino acid, becomes the ochre suppressor product. The sRNA species that 

• 	 reads only UAG could be a normally charged sRNA that has mutated to 

recognize the UAG nonsense codon and is termed an amber suppressor. This 

concept could also account for the low efficiency of the ochre suppres-

sors compared with the amber suppressors. If the ochre suppressor is 

• reading both codons, it would be competing for the mutant sites as'weli 

• as the chain-terminating sites. . Hence, it would be available less fre- 

• quently at any given sites. Because the UAG codon is seldom employe.d as 

a normal, chain-termination signal in E. coil (Brenner, Stretton, and 

• Kaplan, 1965; Garen, Garen, and Wilhelm, 1965;. Ganoza and Nakamoto, 1966), 

any suppressor tht recognized only the UAG codon would have fewersites 

for which to compete and hence would have a higher efficiency. 

Is there any suuporting evidence to warrant the proposal that there 

• exist sets of genes in which all members of the set make the same sRNA?. 

• 	There is no evidence for this type of genetic redundancy, and conversely 

there is no evidence against it. One could extend the arguments of one 

gene--one enzyme to include all gene products, but there is a definite 

difference between enzymes (and proteins) and sRNA's. . The elements of 

each are very dissimilar, with proteins being comprised of amino acids 
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and sRNA's being polynucleotides. The methods of synthesis for the two 

are diverse also. Proteins are synthesized on a template (messenger RNA) 

which is derived fromthe DNA of the organism, whereas sRNA is synthesized 

directly on the DNA. 

On a quantitative basis, it may be necessary to have more than one 

gene producing a given species of sRNA so that a sufficient amount of 

product is available to satisfy all the requirements of all the proteins 

• 	being synthesized. 

Possible Experiments to Further Elucidate 

• 	 the Nature and Action of Suppressors 	• 

Because all the suppressors of Class I, Set 1, are indistinguishable 

phenotypically, it would be advantageous to determine what each does to 

a protein when the structural gene for a protein contains a suppressible 

mutant site One possible protein in yeast for such a study is iso-i-

cytochrome c. This protein has a molecular weight of about 10,000 and 

its amino-acid sequence is known (Narita )  Titani, Yaoi, and Murakami, 

1963) The genetic system that controls cytochrome c in yeast has been 

determined by Sherman (1964) If all the suppressors of Class I, Set 1, 

inserted the same amino acid, it would support the contention that there 

are sets of sRNA genes in which all members of a set make the same sRNA. 

Another possibility would be to examine various properties of a protein 

(electrophoretic, heat stability, acid stability, etc.) when the struc-

tural gene has a suppressible mutation and a suppressor is present in the 

• 	strain. 	• 	 •. 

Synthetic copolymer experiments could be performed using sRNA's 
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extracted from suppressor-bearing strains of yeast, from normal (wild-

type) strains, and from strains bearing suppressible mutants but without 

suppressors. The synthetic polymers to use would be those containing 

high frequencies of UAA and UAG triplets. If the sRNA's from the sup-

pressor-bearing strains, in contrast to those from wild-type strains, 

were able to incorporate amino acids into, the polypeptide, this would 

indicate that sRNA is involved in suppression in yeast as it is in E. 

coli. 

With the apparent universality of.the genetic code (as discussed 

previously), it would be interesting to conduct an in vitro experiment 

using the messenger for the head protein from bacteriophage T. and the 

sRNA's from yeast To assure that there were no differences in coding 

specificities between the two organisms, which could give rise to ambi-

guous results, sRNA's from a wild-type strain and from a nonsuppressor-

hearing mutant strain should be used as controls. This could possibly 

show that the yeast suppressors and the E. coli suppressors are equiva-

lent 

An extension of the suppression patterns for the various suppressors 

reported here should be undertaken. This would determine ifthe suppres-

sors from Class I, Set 1, for example, are indistinguishable phenotypi.cal-

ly over' a large number of alleles and loci or if it is just coincidental 

for the five alleles tested here 

The same mutant strains employed in the studies reported here should 

be subjected to various types of mutagens and the suppressors isolated 

The distribution of classes of suppressors for each mutagen should be 
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compared, as well as the frequency of suppressor-bearing revertants. 

Representative samples of these suppressors should be tested genetically 

• 

	

	with the Class I, Set .1, suppressors to determine if the same loci are 

involved. 

The Class I, Set 1, suppressors should be mapped in relation to the 

known linkage groups, and the other suppressor loci should be mapped 

also. 

• 	 Extensions of the testing for genetic repeats should be conducted on • 

all the suppressor-bearing revertants isolated in this study, and these 

should be checked against all the previously reported suppressors. 
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• 	 SUMMARY 

Eighty-three multiple-site revertants were induced in a polyauxo-

trophic strain of Saccharomyces cerevisiaeby ultraviolet light. These 

super-suppressor-bearing revertants were arranged in eight phenotypic 

classes on the basis of the spectrum of alleles suppressed. 

Genetic analyses established a minimum of seventeen super-suppressor 

lad. Six suppressor loci from one class are distributed in two linkage 

groups. 

A two-suppressor effect was observed for all pairwise combinations .of 

one group of suppressor loci. This effect occurs whenever two suppressors 

• 	 are in one haploid cell. It results in markedly reduced growth and mor- 

phologically aberrant. cells. 	 H 

Comparison of the phenotypic classes of super-suppressor-bearing 

revertants induced by X ray and uv showed that these classes of revertants 

are not mutagen-specific. One class is induced with a higher frequency by 

X ray and another class is induced with a higher frequency by uv. It is 

• 	probable that the former are base-pair addition or deletion mutants, 	• 

whereas the latter are base-pair substitution. mutants. . . 	. 

The super-suppressor-bearing revertants from one class showed 

dominance for four out of five alleles suppressed, and those from another. 

class, showed dominance for the three alleles suppressed. 

A method for determining growth characteristics on solid media was 

devised. This method was used to study growth characteristics of 	. 

suppressor-bearing revertants. All the suppressor-bearing revertants 

:rroni one class bad indistinguishable growth patterns, whereas those from 
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another class were different from each other and from the former. 

The 1e112  allele, which is nonsuppressible, was used to ascertain 

the presence of true tetrads. It was found that this allele undergoes 

gene conversion with a frequency of 3%. 	 . 	. 

Various models of suppressor action are discussed and compared with 

the results obtained in this study. A modification of an existing sRNA 

model is proposed as a possible explanation for the mode of actiora. 

Experiments are suggested to further ascertain the mode of action 

• 	. 	of the suppressors and the equivalency of suppressors in different. 

organisms 
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