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INTRODUCTION 

Several systems of inheritance within the species, Paramecium aurelia, have been 
studied by SONNEBORN and his associates 3, 4, 5,8. The genetic control of one of these, the 
killer trait, has been worked out in detail. I t  has been established that  some stocks 
are phenotypically "killers" and can kill animals of the "sensitive" phenotype by 
releasing a poisonous substance, "paramecin",  into the culture medium. This substance 
affects sensitive animals in a typical manner ~. Paramecin is found in the medium from 
which killer animals have been removed as well as in breis of killer animals 8. 

A cytoplasmic component, "kappa" ,  controls the production of paramecin. Kappa 
is maintained f rom generation to generation by the killer gene, designated " K " .  Animals 
possessing the killer gene (either in the homozygous or heterozygous condition) and a 
normal complement of kappa show the killer trait. The genotype of the sensitives may 
be either KK, Kk, or kk. Those which have the K K  or Kk genotype and lack kappa 
are sensitives but can be transformed into killers upon the introduction of kappa into 
their cytoplasm. This can be accomplished by allowing exchange of cytoplasm between 
sensitive and killer animals at the time of mating 9, or in other cases by exposing the 
sensitive animals to concentrated breis of killer animalsX°, 11. Once a small amount of 
kappa is introduced into the cell, it will multiply under the influence of the K gene, 
provided that  opt imum conditions of feeding and temperature are maintained. The 
other sensitive types are those which lack both the killer gene and kappa.  The genotype 
of these sensitives is designated kk. By breeding analysis, it has been shown that  the K 
and k genes are alleles. 

Kappa  has been termed a "self-duplicating" cytoplasmic particle. The principal 
support  for self-duplication has been obtained by DIPPE~L in her studies on the muta-  

* Contr ibut ion J# 542 of the D e p a r t m e n t  of Chemist ry  and @ 499 of the D e p a r t m e n t  of 
Zoology, Ind iana  Universi ty.  Suppor ted  by  grants  f rom the Jane Coffin Childs Memorial Fund  for 
Medical Research, the American Cancer Society upon recommendat ion  by  the Committee on Growth 
of the Nat ional  Research Council, the Rockefeller Founda t ion  (grant  for research on Paramecimn 
genetics), and Ind iana  Universi ty.  Pa r t  of this work  was carried ou t  under  a contract  between the 
Office of Naval  Research and Ind iana  Universi ty  (Contract @ 6o nr-i8OlO). Based on a thesis 
presented by  the senior au thor  in part ial  fulfilment of the requi rements  for the Ph. D. degree by  the 
Ind iana  Universi ty.  

** Public Heal th  Service Research Fellow of the Nat ional  Cancer Ins t i tu te  ( i95o- i95I) .  
§ Prel iminary repor ts  of this work  have been presented1, ~. 

Re/emnces p. 527. 



516 D . H .  SIMONSEN, W. J. VAN WAGTENDONK VOL. 9 (1952) 

bility of the killer character12, la. She analyzed several mutat ions which appeared in 
stocks of variety 4 killers and demonstrated that  no mutat ion had occurred in the killer 
gene. The changes in killer character were strictly correlated with the presence of 
different types of kappa. Thus it is apparent  that  the specificity for the particular killer 
type does not reside in the nuclear genes but is determined by kappa. 

The Cytochemical similarity between kappa and nuclear genic material has been 
demonstrated by PREER, who established the presence of Feulgen positive particles in 
the cytoplasm of killer animals and the absence of these particles in the sensitives 14,1~. 
The stained particles are either identical or are closely associated with kappa.  Further,  
the stainable particles in the killers can be removed by incubating the animal prepa- 
ration with desoxyribonuclease prior to staining. The approximate size of the stained 
bodies is between 0.2 and 0.8 micron. 

I t  could be expected that  the maintenance of a cytoplasmic particle of the size 
of kappa would impose an additional metabolic requirement upon the killer cell, 
resulting in different metabolic patterns in killer and sensitive animals. 

MATERIAL AND METHODS 

I. Stocks 
The four stocks of P. aurelia, var ie ty  4, mat ing  type 7 obtained f rom the labora tory  stocks 

of Dr T. M. SONNEBORN were 51.7 killers and 51.7, 29.7 and d 1 86. 7 sensitives. The 51.7 sensitive 
stock has the K K  genotype and differs f rom the  51.7 killer only in the absence of kappa  from the 
cytoplasm, while the 29.7 stock has  the kk genotype.  The d 186.7 stock is "h igh ly"  isogenic wi th  
the stock 51 and differs f rom it in the presence of the k gene instead of the K gene la. This stock 
was derived f rom a cross between a stock 29 sensitive animal  and a stock 51 killer. The progeny 
derived f rom the  original cross segregated into killers and sensitives following au togamy in the 
F- I  generation. The sensitive segregants  were then back-crossed to the stock 51 killer, and the 
procedure was  repeated. Stock d 186. 7 was  obtained from one of the  sensitives which segregated 
after  the seventh backeross.  

I I .  Culture technique 
Animals used for the respi ra tory  studies were grown in tes t  tubes. The cul ture medium consisted 

of a lettuce infusion prepared from dried baked lettuce 11, inoculated wi th  a pure  s t ra in  of Aerobacter 
aerogenes twenty- four  hours  prior to the t ime of addition of the paramecia.  One volume of paramecia  
culture was added to one volume of bacterial  suspension. The animals  were grown for forty-eight  
hours  during which t ime the  m a x i m u m  populat ion densi ty in the par t icular  cul ture medium was 
attained. The animals  usual ly cleared the tubes  within the  first twenty- four  hours.  Fresh culture 
medium was added every other  day. The effective average growth  rate  was one-half fission per  day. 
Larger  mass  cultures were grown in a similar manner .  Animals used for the par t icular  exper iments  
were always taken f rom forty-eight  hour  cultures. Under  these conditions the bacterial  concentrat ion 
was at  a low level. 

I I I .  Respiratory measurements 
The Cartesian diver technique as described by  HOLTER 16 was used for these respira tory studies. 

The diver was  selected in preference to the Warburg-Barc rof t  type  respirometer  for several reasons. 
An adequate  response wi th  the usual  W a r b u r g  appa ra tus  can only be obtained when high concen- 
t ra t ions  of paramecia  are used. In  order to satisfy this condition, large mass cultures would have 
to be concentrated wi th  the  risk of damaging the animals.  In  addition, the conditions in the \ ¥ a r b u r g  
flasks would be unphysiologieal wi th  respect  to popula t ion  densities, and the respi ra tory  rates  might  
be affected by  the accumulat ion of toxic end-products.  Determinat ions  made in the diver avoid 
this complication. An adequate  response m a y  be obtained wi th  divers having a gas volume of ten 
microliters when ten to twen ty  animals in 3.2 microliters of respir ing medium are used. This is a 
concentrat ion of animals only slightly higher than  tha t  at  which they  are normal ly  grown (i.e., 
3,ooo to 6,ooo per  ml). 

The a r rangement  of drops in the divers is shown in Fig. I. Drop A consists of 3.o microliters 
of sodium hydroxide (o.I N). Drop 13 contains the paramecia  in 3.2 microliters of respiring medium. 
Above this, a 3.0 microliter drop of paraffin oil, C, serves to prevent  diffusion of oxygen out  of the  
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diver;  and finally, at  the top of the  diver, a 2.o m m  length of head seal, D, consisting of half-strength 
flotation medium, seals the diver. In  all exper iments  in which subs t ra tes  or inhibitors were used 
the substance was  added to the  respiring medium by  means  of the side- 
drop technique 1~. A side drop (E, Fig. I) was  placed on the side of the 

D HEAD SEAt. 
diver immediately below drop B which contained the paramecia.  The 
placing of the side drops was facilitated by  coating the inside of tlle diver 
wi th  a hydrophobic  film. Organo-silicone compounds  provide a satisfac- 
to ry  coating is. One of these, Dri-film 9987, was obtained from the General 
Electric Company.  I t  was used as a solution of 5 % Dri-film solution in C PARAm,'0'L 
chloroform. The diver was filled wi th  this solution, immediately sucked 
dry, and dried in an oven at  i i o  ° for io hours.  After drying, the  coating 
gave a slight acid reaction. The diver was then washed with glass-redis- 
tilled wa te r  and dried. B RESPIRING MEDIUM 

For each determination, a control diver was filled, containing the 
same a r rangement  of drops, bu t  no paramecia  were added. After the E SIDE DROP 
divers were placed in the flotation vessels, a period of one hour  was allowed 
for a t ta in ing thermal  equilibrium. At this time, a high overpressure was 
placed on the flotation sys tem by means  of a syringe, and the liquid seals A somuu ,vo~0xlm¢ 
in the diver were displaced downward  until  the respiring medium made 
contact  wi th  the side drop. The t ime of addition of the side drops was 
taken as the  s ta r t  of the exper imental  period. 

All of the respi ra tory  measurements  were made at  27 ~ o.02 °. 
There was a cons tan t  rate  of diffusion of gas out  of the  control diver 
which was  subt rac ted  from the rates  determined in the experimental  
divers. All rates  reported are corrected values, expressed as millimicro- 
liters of oxygen consumed per  animal-hour.  

IV. Respiring media 
Three different respiring media were used during the course of 

these investigations. Each of these prepara t ions  was adjusted to a pFI 
of 7.0, placed in test  tubes, autoclaved, and stored for future use. The 
p H  was rechecked immediate ly  before each experiment .  

Respiring medium I consisted of autoclaved " e x h a u s t e d "  culture fluid. A single ba tch  of fluid 
was  used for all of the determinations.  I t  was obtained from a large culture of stock 31 sensitive 
animals.  The animals  and any  contamina t ing  bacteria  were removed by filtration th rough  a Berkefeld 
filter. 

Respiring medium I I  consisted of a lettuce infusion in which Aerobacter aerogenes had grown 
for twen ty - four  hours.  The whole suspension was  then  autoclaved. 

Respiring medium I I I  was an inorganic salt medium in glass-distilled water,  of the  following 
composit ion:  NaC1, 0.04% ; KC1, o .o1%;  CaC12.H20, o .02%;  MgSO4.7H20 , o .o1%;  K2HPO 4, 
0.005 % ; and KH2PO 4, o.o05 %. 

V. Cytochrome oxidase determination 
The cytochrome oxidase activities were determined according to the  method of SMITH AND 

STOTZ 19, using the dye, 2,6-dichloro-benzenoneindo-3'-chlorophenol as an indicator. The cytochrome C 
was obtained from the Sigma Chemical Company  and used wi thout  fur ther  purification. The para-  
mecia used in these exper iments  were grown in large mass  cultures (three to six liters). The cultures 
were filtered th rough  cotton, and concentrated to a volume of twenty-five ml by  filtration th rough  
a Berkefeld filter. The animals  were then electromigrated 2°. Respiring medium I I I  proved to be a 
sat isfactory migrat ing medium. The migrat ions were run for th i r ty  minutes,  and the paramecia  
were wi thdrawn from the appara tus .  The populat ion densities were adjusted to between 25,ooo and 
3o,ooo paramecia  per  ml by  the addition of fresh migrat ing medium. Following this, a five ml sample 
of the concentra ted suspension was placed in an ice ba th  and chilled for fifteen minutes.  The sus- 
pension was  then homogenized, and the cytochrome oxidase act ivi ty was determined immediately.  

Fig. i. Ar rangement  of 
seals for the Cartesian 

Diver determinations.  

RESULTS 

Respiratory rate. The rates of oxygen consumption of killer and sensitive paramecia 
were compared using Medium I as the respiring medium. Determinations were made 
simultaneously using killers and sensitives which had been grown under identical con- 
ditions of feeding. Thus for each value of a respiratory rate of sensitive animals reported 
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in Table  I, there  is a cor responding  value  for the  ki l ler  animals .  In  every  case, the  ra te  
of resp i ra t ion  of the  ki l lers  was much  higher  t han  t h a t  of the  sensit ives.  The mean  Qo2 
for the  51.7 ki l ler  s tock  is abou t  18o% tha t  of the  sensi t ive s tock  used for comparison.  
There  is no significant difference in r e sp i r a to ry  ra te  among the  three  sensi t ive stocks. 

T A B L E  I 

RATES OF OXYGEN CONSUMPTION OF KILLER AND SENSITIVE PARAMECIA 

Determinations were made on ten to twenty paramecia in each diver, using respiring medium I. 
Readings were taken at hourly intervals for a period of ten hours. The Qo 2 values are expressed 
as millimicroliters of oxygen consumed per animal-hour. 

Sensitive Stocks Killer Stock 
(kappa absent) (kappa present) 

Stock Qo~ Stock Qo~ 
No. Genotype No. Genotype 

No. o/ No. o/ 
Expts. Mean 4- S.E. Expts. Mean =k S.A. 

29.7 k k  i i  o.45 :t: o .o4 51.7 K K  12 o.87 :c o .o9 

51.7 KK IO o.51 ± o.o3 51.7 KK IO o.9o 4- o.o9 

di86. 7 kk II 0.55 :t: 0.04 51.7 KK IO 0.96 4- 0.05 

The poss ib i l i ty  t ha t  the  h igher  r e sp i r a to ry  ra te  of the  kil ler  an imals  might  have  
been induced  b y  the pa r t i cu l a r  respir ing m e d i u m  was checked in a series of exper iments  
in which Media I I  and  I I I  were used. The  d a t a  for the  r e sp i ra to ry  ra tes  in all three  
med ia  are found in Table  I I .  The t ype  of med ium does not  apprec iab ly  a l ter  the  ra t ios  
of the  Qo~ values  of ki l ler  and  sensi t ive animals .  In  each m e d i u m  the kil lers respire 
a t  a ra te  15 ° to 18o% of t ha t  of the  sensi t ive animals .  The differences be tween  the 
ra tes  for the  two sensi t ive types  are not  significant.  I t  is evident ,  f rom a compar ison  of 
the  ra tes  of oxygen  consumpt ion  of any  pa r t i cu l a r  t ype  in the  three  media,  t ha t  Medium I 
suppor t s  the  h ighest  level of r e sp i ra to ry  ac t iv i ty ,  and  t ha t  the  animals  respire at  the  
lowest  ra te  in Medium I I I .  

The  higher  respi ra t ion  of the  ki l lers  mus t  be caused b y  the presence of k a p p a  in 
the  cy top l a sm since sensi t ive an imals  of e i ther  genotype ,  K K  or kk  show no differences 
in the i r  ra tes  of oxygen  consumpt ion.  This  suggests  t ha t  k a p p a  is in some manner  
changing  the  r e sp i r a to ry  me tabo l i sm of the  cell, e i ther  b y  a l t e ra t ion  of the  whole 
cel lular  r e sp i r a to ry  pa t t e rn ,  or b y  v i r tue  of i ts  own independen t  capac i ty  to ca r ry  out  
r e sp i r a to ry  processes.  

Carbon substrates .  The effect of the  add i t i on  of the  carbon  subs t ra tes ,  glucose and 
aceta te ,  to the  sa l t  solution,  Medium III,  was tes ted.  Glucose in a concent ra t ion  of 
lO -2 M s t imu la t ed  the  resp i ra t ion  of the  sensi t ive animals ,  bu t  had  no effect upon  the  
r e sp i r a to ry  ra te  of the  killers (Table I I I ) .  Ace ta t e  (Table IV) in a final concent ra t ion  
of e i ther  lO -2 or io  -s  M resul ted  in a sl ight  increase of the  Qo2 of the  ki l ler  animals ,  
while the  resp i ra t ion  of the  sensi t ives was m a r k e d l y  s t imula ted .  
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T A B L E  I I  

RATES OF OXYGEN CONSUMPTION OF KILLER AND SENSITIVE PARAMECIA IN DIFFERENT MEDIA 

D e t e r m i n a t i o n s  were m a d e  on ten  to  t w e n t y  p a r a m e c i a  in each diver .  Read ings  were m a d e  a t  
hour ly  i n t e r v a l s  for a per iod  of ten  hours  for e xpe r im e n t s  carr ied  ou t  in m e d i u m  I. In  the  expe r i men t s  
in which  med ia  I I  and  I I I  were used, d e t e r m i n a t i o n s  were m a d e  on t w e n t y  an imals .  The d u r a t i o n  
of the  e x p e r i m e n t s  was  six hours,  and  hou r ly  read ings  were taken .  The Qo2 is expressed  in mil l i -  
micro l i te rs  per  an imal -hour .  "Ki l l . /Sens . "  represents  the  ra t io  of the  m e a n  Qo~ va lue  of ki l lers  to 
t h a t  of the  sens i t ives .  

51.7 51.7 d I86.7 
K K  (x) K K  kk 
Killer Sensitive Sensitive 

Stock 
Genes 
Type Qo 2 Qo 2 Qo 

No. o/ No. o/ Kill. No. o] 
Expts. Mean ~ S.E. Expts. Mean ± S.E. Sens. Expts. Mean +~S.E. 

Kill. 

Sens. 

Medium I 35 0.90 i o . o  4 IO o.51 :k o.o3 176% I3 o.52 ± o . 0 4  177°/'o 
M e d i u m  I I  16 0 . 3 6 ± 0 . 0 3  13 0.23 ± o . o 2  157 % 13 o.2o -k o.o2 18o% 
Medium I I I  8 o . 2 4 ± O . O l  6 o . 1 6 ± o . o 2  15o % 8 o . i3  i o . o i  185% 

T A B L E  I I I  

T H E  E F F E C T  OF A D D E D  G L U C O S E  U P O N  T H E  R A T E  OF O X Y G E N  

C O N S U M P T I O N  OF K I L L E R  A N D  S E N S I T I V E  P A R A M E C I A  

D e t e r m i n a t i o n s  were m a d e  us ing  t w e n t y  p a r a m e c i a  per  d iver  in resp i r ing  m e d i u m  I I I .  Glucose 
was  a d d e d  in a c o n c e n t r a t i o n  of IO -2 M a t  the  s t a r t  of the  e x p e r i m e n t a l  period.  R e a d i n g s  were  
made  i m m e d i a t e l y  before and  a f t e r  the  a d d i t i o n  of glucose and  a t  hou r ly  in t e rva l s  for five hours  
the reaf te r .  The  Qo~ va lues  are  expressed  as mi l l imic ro l i t e r s  of oxygen  consumed  per  an imal -hour .  
For  each r a t e  d e t e r m i n e d  in  the  presence of glucose a cor responding  control  r a t e  was  ob ta ined  a t  
the  same  t ime.  

Qo2 
Stock 

Control A dded glucose 

51.7 0.29 0.25 
ki l ler  o.25 o.24 

0 . 2 2  0 . 2 2  

Mean o.26 o.24 

51.7 o.19 0.22 
sens i t ive  0.24 0.33 

o.13 o.17 
o.12 o.16 

Mean o.17 o.22 

d i  86. 7 0.09 o. io  
sens i t ive  o. i 6  0.26 

o.14 o.24 

Mean o.13 0.20 
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T A B L E  I V  

THE EFFECT OF ADDED ACETATE UPON THE RATE OF OXYGEN 
CONSUMPTION O7 KILLER AND SENSITIVE PARAMECIA 

D e t e r m i n a t i o n s  w e r e  m a d e  u s i n g  t w e n t y  p a r a m e c i a  p e r  d i v e r  in r e s p i r i n g  m e d i u m  I I I .  A c e t a t e  
w a s  a d d e d  in a f inal  c o n c e n t r a t i o n  of lO -2 a n d  lO -3 M a t  t h e  s t a r t  of t h e  e x p e r i m e n t a l  pe r iod .  
R e a d i n g s  w e r e  m a d e  i m m e d i a t e l y  be fo re  a n d  a f t e r  t h e  a d d i t i o n  of a c e t a t e  a n d  a t  h o u r l y  i n t e r v a l s  
for  f ive h o u r s  t h e r e a f t e r .  T h e  Qo2 v a l u e s  a r e  e x p r e s s e d  as  m i l i i m i c r o l i t e r s  of  o x y g e n  c o n s u m e d  p e r  
a n i m a l - h o u r .  F o r  e a c h  r a t e  d e t e r m i n e d  in t h e  p r e s e n c e  of  a c e t a t e ,  a c o r r e s p o n d i n g  c o n t r o l  r a t e  w a s  
o b t a i n e d  a t  t h e  s a m e  t i m e .  

Q02 
Stock 

Control Acetate (I0 2M) Acetate ( i o - 3 M )  

51. 7 0.23 0.29 0.32 
k i l le r  0.23 o.26 o.27 

0.22 0.22 o.25 
o.19 0.23 0.22 

M e a n  0.22 0.25 0.26 

51. 7 0 .20 0 .36  - -  
s e n s i t i v e  o . i  6 o .24 o.2 i 

o.15 - -  o.23 

M e a n  o.17 0.30 0.22 

d 186. 7 
s e n s i t i v e  

o . I 2  o . I  4 - -  
o.12 o . I 9  - -  
o .o9 - -  O . l l  
o.13 - -  o .16  

M e a n  o.12 o .16  o.14 

An increase in respiratory rate of the ciliate, Tetrahymena geleii (S), in the presence 
of glucose and acetate has been reported~l, ~2. Also, the respiration of P. caudatum is 
stimulated by about 20% following the addition of glucose to the respiring medium 23. 

The fact that  the rate of oxygen consumption of the killers was not affected by 
glucose and was only slightly affected by the addition of acetate could indicate that  
the killers have a less active system for metabolizing carbohydrate than the sensitives. 
Another possible interpretation of these results could be made in view of the higher 
normal respiration of the killers. Certain enzymes of the tricarboxylic acid cycle have 
been demonstrated in P. caudatum ~4, ~5, as well as in T~trahymena 26. I t  is therefore likely 
that  a similar system operates in the metabolic scheme of P. aurelia. If the tricarboxylic 
acid cycle in the killers were functioning at near its peak capacity, further addition 
of substrate would have little effect upon the respiratory rate. The stimulation of the 
Qoz of the sensitives then would mean that  the tricarboxylic acid cycle in the sensitives 
is operating endogenously at somewhat less than its maximal  capacity. This viewpoint 
is substantiated by the fact that  the highest st imulated respiration of the sensitives 
approaches that  of the killers. 

Streptomycin. The Qo2 of the 51. 7 killers was stimulated in the presence of strepto- 
mycin while that  of the di86.7 sensitives was inhibited (Table V). 
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T A B L E  V 

THE EFFECT OF ADDED STREPTOMYCIN UPON THE OXYGEN 
CONSUMPTION OF KILLER AND SENSITIVE PARAMECIA 

S t r e p t o m y c i n  (5 m g / m l  = 325 ° u n i t s / m l  final concent ra t ion)  was  added  to  t he  p a r a m e c i a  
resp i r ing  in m e d i u m  I. Read ings  were t a k e n  a t  ha l f -hour  in t e rva l s  for a per iod of four hours  before 
and  four hours  af ter  the  add i t ion  of s t r ep tomyc in .  The  Q02 is expressed  in mi l l imic ro l i t e r s  of oxygen  
consumed  per  an imal -hour .  " P e r c e n t  of Cont ro l "  is the  r a t io  of the  Qo 2 va lues  before and  a f te r  
add i t ion  of s t r ep tomyc in .  The va lues  in pa ren thes i s  r ep resen t  1 he ra t io  of the  mean  Q02 values.  

Qo e Percen t  
Stock No. o/ o/ 

A ~zimals Be/ore A tier Control 
Addit ion ,4 ddition 

51.7 16 0.66 0.80 12I % 
Ki l le r  J 6 o.69 o. 69 I oo 

13 o.69 1.o2 148 

Mean 0.68 0.84 123 % 
(124%) 

d 186. 7 12 0.39 o.31 80%  
Sens i t ive  14 0.25 o. 19 76 

16 0-34 o.15 44 

Mean 0.33 0.22 67 % 
(66 %) 

Streptomycin has been demonstrated to be effective in the blocking of one of the 
reactions involved in the condensation of pyruvate or acetate with oxalacetate in the 
tricarboxylic acid cycle 27,2s,29. The inhibition of the respiration of the sensitive paramecia 
by streptomycin indicates that the tricarboxylic acid cycle or a similar cycle operates 
in the sensitives. The stimulation of respiration of the killers in the presence of strepto- 
mycin suggests that  in the killers some additional oxidative system may act inde- 
pendently of the tricarboxylic acid cycle. The stimulation of the respiration in the 
killers could result from the blocking of the tricarboxylic acid cycle thus supplying extra 
substrate for the alternative system. 

S o d i u m  azide.  The results of respiratory studies on killer and sensitive animals in 
the presence of two different concentrations of azide (2.5-10 -3 and 1.10 -4 M) are 
reported in Table VI. At beth concentrations of azide the Qo, of the kk sensitive 
animals is intermediate between that of the KK killers and sensitives. The killers in 
the presence of azide respire at the highest rate and the KK sensitives at the lowest. 
The fact that  the respiratory rate of the killers was stimulated at an azide concentration 
of 10 -4 M while that of the KK sensitives was inhibited led to a further investigation 
in which a range of azide concentrations from I0 -z to 10 -7 M was used (Fig. 2). The 
results of these experiments are similar to those obtained from the first series, and there 
was the same difference in effect among the three types of paramecia studied. Within 
the concentration range of 10 -3 to I0 -5 M, azide, the respiration of the killer animals 
was stimulated while that of the corresponding KK sensitives was inhibited. The 
respiration of the kk sensitive stock showed an intermediate response with a slight 
stimulation over its control respiration. 
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A further difference of the effect of azide upon these stocks was noted in the length 
of time during which the animals would remain active and continue to respire in the 
presence of azide (Table VII). Again, the KK sensitive paramecia were most sensitive 
to azide while the killers were insensitive. 
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Fig .  2. E f f e c t s  of  d i f f e r e n t  c o n c e n t r a t i o n s  of s o d i u m  a z i d e  u p o n  t h e  ra tes  of o x y g e n  c o n s u m p t i o n  
of k i l l e r  a n d  s e n s i t i v e  p a r a m e c i a .  R a t e s  w e r e  c a l c u l a t e d  for t h e  p e r i o d  of s u r v i v a l  of t h e  a n i m a l s  
in  t h e  d i v e r  (c]. T a b l e  vii). D e t e r m i n a t i o n s  w e r e  m a d e  u s i n g  t w e n t y  p a r a m e c i a  in  e a c h  d ive r .  T h e  
i n d i v i d u a l  p o i n t s  on  t h e  c u r v e s  r e p r e s e n t  f o u r  d e t e r m i n a t i o n s .  T h e  v e r t i c a l  l ines  i n d i c a t e  t h e  r a n g e .  

The azide sensitivity of the 51.7 KK sensitive animMs indicates that an iron 
containing system, the cytochrome system, must act as the principal mechanism of 
respiration. The existence of this system in other species of Paramecium24,25,3°, 31 as 
well as in P.  aurel ia  23 has been established. The fact that the same concentrations of 
azide which inhibited the respiration of the sensitive animals stimulated the respiration 
of the killers indicates that an important auxiliary oxidative system, different from the 
usual cytochrome system in its sensitivity to azide operates in the respiratory processes 
of the killers. This alternative system must then be the result of the presence of kappa 
in the ceil, or could even be directly associated with the kappa particle. The differences 
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between the two stocks of sensitives of different genotype (i.e. the stock di86.7, kk, 
and the 51.7, KK) with respect to their response to azide suggests that  there is a different 
respiratory pat tern in the two stocks which, although not apparent  from the gross 
respiratory studies, is revealed in the presence of azide. 

TABLE VI 

TIIE EFFECT OF ADDED SODIUM AZIDE UPON THE RATE OF OXYGEN CONSUMPTION 
OF KILLER AND SENSITIVE PARAMECIA 

Sodium azide so lu t ions  were m a d e  up  fresh, dai ly,  and  the  p H  was ad jus t ed  to  7.0, The experi-  
men t s  were  run  us ing  t w e n t y  p a r a m e c i a  in each diver.  ]Readings were made  i m m e d i a t e l y  before 
and  a f te r  add i t i on  of azide and  a t  hour ly  in t e rva l s  for five hours  thereaf te r .  I n  the  h igher  concen- 
t r a t i on  some of the  an ima l s  did no t  su rv ive  over  the  ent i re  five hour  per iod (c/. Table  vii). In  these  
e x p e r i m e n t s  the  r a t e  was  ca lcu la t ed  for the  per iod of surv iva l .  The  Qo2 is expressed  as mi l l imicro l i te rs  
of oxygen  consumed  per  an imal -hour .  

51.7 51.7 d 186. 7 
K K  (x) K K  kk 
Killer Sensitive Sensitive 

Stock 
Genotype 
Phenotype Qo2 Qo ,  Qo2 

No. o/ No. o/ No. o/ 
Expts. Means ~: S.E. Expts. 3/leans ± S.E. Expts. Mean 4- S.C. 

Control  9 0.36 i 0.03 7 0.22 4- o.o3 7 0.23 :[: o.o3 
Azide  9 0.32 ! o.o3 7 o.06 -4- o,02 7 o.14 4- o.o2 

(2.5' IO -~ M) 

% of Con t ro l  89 % 29 % 60 % 

Contro l  8 0.39 4- 0.03 8 0,26 4- o,o2 7 0.22 4- 0.03 
Azide 8 0.53 ± 0.04 8 o.16 4- 0,02 7 0.22 4- o.o 4 

(i.io-4M) 

% of Contro l  136 % 62 ~o 102 ~o 

T A B L E  V I I  

HOURS OF EXPOSURE TO VARYING CONCENTRATIONS OF AZIDE BEFORE CESSATION OF MOVEMENT 
AND RESPIRATORY ACTIVITY OF KILLER AND SENSITIVE PARAMECIA 

Stock 51.7 51. 7 d 186. 7 
Genolype K K  (x) K K  kk 
Phenotype Killer Sensitive Sensitive 

Molar A zide Time Time Time 
Concentration (hours) (hours) (hours) 

I 0 - 2 .  0 2 I 2 

1 0 - - 2 .  5 - -  2 3 

I O n ' 0  - -  3 4 

10--8.5 - -  _ _  _ _  

I O - - 4 . 0  ~ - -  _ _  

- -  ind ica tes  t h a t  the  p a r a m e c i a  were s t i l l  l iv ing  a t  the  end of the  five hour  e x p e r i m e n t a l  period.  
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Details of the curves in Fig. 2 are more difficult to explain. If the inhibition involved 
only the cytochrome oxidase system, higher respiratory rates with decreasing concen- 
trations of azide would be expected. However, in each of the curves a maximum is 
noted which in the di86. 7 sensitives and particularly in the killers exceeds the normal 
endogenous respiratory rate. The initial rise in rate with decreasing concentration is 
probably due to the release of inhibition in the cytochrome oxidase system. This would 
not account for the stimulation above the normal respiratory level or the second in- 
hibitory phase, and some other azide sensitive system must  be involved. Azide is known 
to act in uncoupling phosphorylation from oxidation, thereby inhibiting synthetic 
mechanisms at concentrations which are not completely inhibitory to respiratory 
processes3~, 3a. A block in the synthetic mechanisms should release more substrate to 
be broken down by the oxidative processes. The maxima in the curves then would 
represent the lowest concentration of azide at which the synthetic processes are com- 
pletely inhibited. Below this concentration, the extra substrate would be diverted back 
into synthetic channels and the level of oxidation would approach the normal level. 
The fact that  the respiration of the K K  sensitives is still more strongly inhibited at 
concentrations below lO .5 M further indicates the presence of the cytochrome system 
as the main oxidative system in this stock. 

The higher peak of stimulation in the killers might be expected because the synthesis 
of kappa and paramecin must  draw heavily upon the energy reservoir of the killer 
animals. A block of the synthesis of kappa and paramecin would release more substrate 
to be oxidized in the killers than in the sensitive animals. Further,  the alternative azide- 
resistant oxidative system, associated with the presence of the kappa particle, would 
be immediately available to take over the oxidation of the extra substrate. 

The intermediate reaction to azide shown by animals of the di86.7, kk sensitive 
stock indicates that  the presence of the k gene or the absence of the K gene may  be 
influencing the pat tern of azide sensitivity. However, the possibility cannot be ruled 
out that  some other residual gene or genes from stock 29 which control this pattern, 
may have persisted through the seven backcrosses. 

Cytochrome oxidase. The results of the cytochrome oxidase determinations are 
presented in Table VI I I .  In these experiments, the " tota l  oxidase" activity of the killers 
(i.e. the rate of oxidation of the dye in the presence of excess cytochrome C) was about 
65% of that  of the sensitives of either genotype. However, in the absence of added 
cytochrome C the breis of all three types of animals were able to oxidize the dye at 
an appreciable rate. These "dye oxidase" activities for killer and sensitive animals were 
not significantly different. The net cytochrome oxidase activity (i.e. the difference 
between the rates of oxidation of the dye in the presence and absence of added cyto- 
chrome C) of the killers is about 35 % that  of the sensitives. 

The nature of the dye oxidase activity is unknown19, 34, but  it may be a measure 
of the availability of cellular cytochrome C in these determinations. The total oxidase 
activity would then be the true measure of the cytochrome oxidase activity. If, however, 
the oxidation of the dye were carried out by some other oxidative system, the difference 
between the total oxidase and the dye oxidase activities would represent the cytochrome 
oxidase activity. Thus, depending upon the interpretation of the dye oxidase, the 
cytochrome oxidase activity of the killers would be either 35% or 65% that  of the 
sensitives. Cyanide in a concentration of 5 . I O - 3 M  completely blocked all oxidase 
activity. 
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T A B L E  V I I I  

C~FTOCHROME OKIDASE ACTIVITY OF BREIS OF KILLER AND SENSITIVE PARAMECIA 

D e t e r m i n a t i o n s  w e r e  m a d e  u s i n g  b r e i s  c o r r e s p o n d i n g  t o  a c o n c e n t r a t i o n  of  2 5 , 0 0 0  t o  3 0 , 0 0 0  
p a r a m e c i a  p e r  ml .  T h e  o x i d a s e  a c t i v i t y  is e x p r e s s e d  in  m i l l i m i c r o l i t e r s  o f  o x y g e n  c o n s u m e d  p e r  
a n i m a l - h o u r .  

Stock No. 51.7 51. 7 d 186. 7 
Genolype K K  (x) K K  kk 
l~henotype Killer Sensitive Sensitive 

Qo2 Qo2 Qo2 

Substrate No. o~ Mean ± S.E. No. o/ Mean ~_ S.E. No. o[ Mean ± S.E. 
Expts. Expts. Expts. 

Brei + D y e  
+ C y t o c h r o m e  C IO o. io2 ~- o.oo6 9 o.I55 -~ o .o to  9 o.159+_o.o12 

Brei  -r- D y e  0.076 ± 0.o06 0.086 ± 0.004 0.084 J_ 0.003 

.Net C y t o c h r o m e  
Oxidase  
A c t i v i t y  

0.026 0.069 0.075 

A consideration of these oxidase values in relation to the normal endogenous 
respiratory rates in the same medium (i.e. Medium III) provides further proof for the 
existence of an alternative system of oxidation in the killers. The total oxidase activity 
of the sensitives of either genotype was o.16 which agrees closely with their endogenous 
respiratory rates (i.e.o.16 for the KK genotype and o.13 for the kk genotype). The 
oxidase activity of the killer was o.Io as compared to a respiratory rate of 0.24. It  is 
apparent that this oxidase activity is not nearly high enough to account for the endo- 
genous respiratory rate. Thus the killer must carry out oxidative processes via some 
different oxidative system in addition to the cytochrome system. 

DISCUSSION 

The differences in respiratory rates and the effects of added acetate and glucose 
indicate that the respiratory processes in the killers via the tricarboxylic acid cycle are 
carried out at their maximal rates. This might be expected if a high level of synthetic 
activity were necessary for the maintenance of the kappa level and the continual 
production of paramecin. The effect of streptomycin is interpreted to mean that, in the 
killers, the tricarboxylic acid cycle is not the only pathway for the oxidation of substrate. 
The lelative azide insensitivity of the killers and the lowered cytochrome oxidase 
activity indicate that the nolmal cytochrome system is not the principal oxidative 
system in the killers. The nature of the alternative system is unknown, but it may be 
of the same type as the cyanide and azide insensitive systems postulated by other 
workers--possibly a flavin systemaS, 3~,aT, ~. 

The results of these respiratory studies, coupled with the observation that kappa 
is a particulate cytoplasmic component, suggest that kappa may play an integral part 
in the enzymic organization of the killers. The bulk of evidence which has been 
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ga the red  by  means  of cell f rac t iona t ion  techniques  has  po in ted  to the  i m p o r t a n t  role 
of pa r t i cu la te  s t ruc tu res  in the  me tabo l i sm of the  cell3°, 4°. A mul t ip l i c i ty  of enzymic  

COMMON PRECURSORS 

//11 ",, 
( V I A  INTERMEDIATES 

K / 2,, 
GENE / /  \ \  

MITOCHONDRIA KAPPA --~ PARAME CIN 

Fig. 3- Proposed scheme of interrelationship between 
kappa and mitochondria. 

processes has  been found to be associ- 
a t ed  with  the  mi tochondr ia .  A fact  
which is of pa r t i cu la r  in te res t  in con- 
nect ion wi th  th is  s tudy ,  is t ha t  cy to-  
chrome oxidase in all  of the  t issues 
s tud ied  was associa ted  exclusively wi th  
the  mi tochondr ia l  f ract ion ~°. Therefore,  
the  observa t ion  t h a t  the  ki l lers  have  
a lowered cy tochrome oxidase  ac t iv i ty  
ind ica tes  t h a t  there  m a y  be fewer mi to-  
chondr ia  in the  ki l lers  than  in the  sen- 
sitives. This  would imply  t ha t  in the  
presence of k a p p a  the  synthes is  of the  
mi tochondr ia  is inhibi ted .  If  these two 
sys tems  are m u t u a l l y  an tagonis t ic  be-  
cause of compet i t ion  with each o ther  

for subs t ra te ,  a formal  scheme can be pos tu l a t ed  as shown in Fig.  3. 
Since k a p p a  produces  or controls  the  p roduc t ion  of paramecin ,  which in turn  is 

r emoved  from the  site of synthes is  b y  discharge into the  cul ture  medium,  an equi l ibr ium 
could be es tabl i shed  which would favor  the  p a t h w a y  to k a p p a  synthesis ,  and  the  
synthes is  of the  mi tochondr i a  would be inhibi ted .  The  gene K,  could act  b y  control l ing 
the  presence of any  one of the  enzymes which mus t  act  in the  produc t ion  of kappa .  
F o r  example ,  i t  might  act  in the  convers ion of mi tochondr ia l  r ibosenucleic  acid  to 
desoxyr ibosenucle ic  acid  which is a pr inc ipa l  componen t  of bo th  k a p p a  and paramecin .  
The m u t a b i l i t y  of k a p p a  in the  absence of a m u t a t i o n  in the  K gene would rule out  
the  poss ib i l i ty  t ha t  the  K gene is ac t ing b y  conferr ing a comple te  specif icty upon  kappa .  

Thus,  kappa ,  conta in ing  a complex  of r e sp i r a to ry  enzymes,  would  have  a s imilar  
funct ion as the  mi tochondr ia .  EPHRUSSI al, 42 has  d e m o n s t r a t e d  in yeas t  the  cy top lasmic  
inher i tance  of a r e sp i r a to ry  sys t em conta in ing  cy tochrome  oxidase.  This  sys tem is 
different  from the k a p p a  sys t em wi th  regard  to the  enzyme sys tem involved,  bu t  the  
fact  t h a t  he has d e m o n s t r a t e d  the  inher i tance  of a r e sp i r a to ry  sys tem v ia  the  cy toplasm,  
emphasizes  the  impor t ance  of cy top lasmic  inher i tance  in de te rmin ing  the  enzymic  
m a ke -up  of the  cell. 

SUMMARY 

An oxidative system different from the normal cytochrome system operates in the respiratory 
metabolism of killer paramecia. This system is associated with the presence of the cytoplasmic 
particle, kappa. The higher Qo~ of the killers as compared with the sensitives, the lack of respiratory 
inhibition by sodium azide in concentrations which inhibit the respiration of the sensitives, as well 
as the low cytochrome oxidase activity of the killers, support this conclusion. Differences between 
killers and sensitives in their respiratory response to acetate, glucose, and streptomycin provide 
further evidence of an altered metabolic pattern in the killers. 

R~SUM~ 

Une syst~me oxidative, diffdrente de la systSme cytochrome normale, est opdrative dans le 
m6tabolisme respiratoire des param6cies "killer". Cette syst~me est associ~e avec la pr6sence de la 
particule cytoplasmique "kappa". Le Qo~ 61ev6 des param6cies " k i l l e r " ,  l'absence de l'action d'in- 
hibiteur, l'azoture de sodium (en concentrations qui inhibent la respiration des param6cies "sensi- 
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t ives"),  et l 'activit6 faible de la cytochrome oxidase des param6cies "killer" suppor ten t  cette con- 
clusion. La diff6rence entre les param6cies "kil ler" et les param6cies "sensi t ives"  dans leur r6ponse 
respiratoire /t l 'ac6tate, ~ la glucose, e t a  la s t reptomycine  const i tute  ~vidence additionelle d 'une 
m~tabolisme alt6r6 dans les param6cies "killer". 

ZUSAMMENFASSUNG 

Der  aerobe Stoffwechsel yon "Killer"-ParXmazien erfolgt durch ein Oxydat ions-System,  das 
vom normalen  ZytochroH1-System verschieden ist, und das an die Gegenwart  yon "Kappa"-Tei lchen  
im Zytop lasma gebunden ist. Diese Anschauung  sttitzt sich auf den h6heren Qo2-wert der "Kil ler"  
im Vergleich zu "Sensitive"-Param~zien, auf das Ausbleiben einer H e m m u n g  der A t m u n g  dutch  
Natr ium-Azid  in Konzentra t ionen,  welehe die A t m u n g  yon "Sensi t ive"-Param/izien hemmen,  und 
auf  die geringe Zytochrom-Oxydase  Aktivit/it  in "Killer"-Param~tzien. "Ki l ler"  und "Sensi t ive"-  
Paramlizien reagieren auch verschieden auf  Zusatz yon Acetat, Glukose oder Streptomyzin;  dies 
ist ein weiterer Beweis fiir Unterschiede in ihrem Atmungs typus .  
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