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INTRODUCTION 

In developing and testing apparatus and techniques for a study of the biological 
action of ultrasonic waves, experiments have been performed to evaluate the effects 
of ultrasonic radiation on suspensions of the yeast, Saccharomyces cerevisiae. Much of 
the previously-reported work involving irradiation of microorganisms with ultrasound 
has been concerned with the utility of such treatment in killing pathogens, sterilizing 
fluids, and releasing from cells certain of their morphological and chemical components, 
using high-intensity ultrasound at relatively low frequencies in the kilocycle range. In 
general, the results have shown that low-frequency, high-intensity ultrasonic waves 
exert their action by mechanically shattering cells (BEcKWITH AND OLSON 1, BECKWITH 
AND WEAVER2; see also GREGG3). VON EULER AND SKARZYNSKI 4, however, found that 
with higher frequencies (8oo kc) and low power (3 watts), growth and fermenting 
ability of yeast could be markedly inhibited without other evidence of damage to the 
cells .  KATSNELSON AND KENOKH 5 reported no effects on growth, but an actual stimu- 
lation of I2 % in fermentation rate as a result of irradiation of yeast at 425 kc (intensity 
not stated). 

The results of the present studies should be of interest, in that ultrasonic waves 
of relatively high frequency (I megacycle/second) have been used at carefully controlled 
power levels approximating IO watts. The effects of such radiation on yeast have been 
estimated by tests of growth and fermentation in comparison with unirradiated control 
samples from the same cultures. Comparisons have also been made of the effects of 
continuous-wave and of pulsed radiation, in which the material is subjected to rapidly 
repeated (6oo/sec) bursts of ultrasonic energy. In addition, the relative susceptibility 
to irradiation of younger and of older cultures has been studied. The physical charac- 
teristics of the ultrasonic beam have been carefully evaluated, and the actual power 
and intensity levels to which samples were subjected have been determined as accurately 
as possible. The procedures used are outlined below in some detail, dealing with the 
culture methods for the yeast, the irradiation routine, and the techniques of estimating 
effects. 

* These studies were aided by a contract between the Office of Naval  Research, Depar tment  oI 
the Navy,  and Brown Universi ty (Nonr-i79(oo), NR ii9-oo7).  

** Present  address: Depar tment  of Zoology, Cornell University. 
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M~ATERIAL AND METHODS 

The  yea s t  used  in these  e x p e r i m e n t s  was  S. cerevisiae, Stra in  15.5 6, f rom a cu l ture  originally 
ob ta ined  frona Dr  FREDERICK G. SHERMAN of th i s  labora tory .  Stock cu l tures  on aga r  s l an t s  p repared  
wi th  READER'S m e d i u m  (READERS), as modif ied by  SHERMAN A N D  CHASE 7, were s tored a t  4 ° C. For  
each exper imen t ,  a f resh s lan t  was p l an t ed  and  incuba ted  4 8 hours  a t  3 °°  C. Twelve  hour s  before 
i r radiat ion,  a t ube  of steri le M / I  5 K H ~ P O  4 was  inocula ted  f rom th i s  s l an t  to an  opt ical  dens i ty  of 
abou t  o. 3. Depend ing  upon  t he  popu la t ion  dens i t y  requi red  for the  exper imen t ,  a v a r y i n g  a m o u n t  
of t h i s  suspens ion  (0.5 to i .o  ml) was  used to inocula te  4 ° inl of modif ied READER'S m e d i u m  in a 
special cu l ture  f l a sk-absorp t ion  t u b e  (SHERMAN AND GRANTS), the  p h o t o m e t r i c  cen te r -po in t  of which  
had  prev ious ly  been noted .  T h i s  cul ture  was  t h e n  incuba t ed  for a p p r o x i m a t e l y  12 hours ,  w i th  rocking,  
a t  3 °0 C. 

Cul tures  were h a r v e s t e d  a t  opt ical  densi t ies  of a p p r o x i m a t e l y  o.16 3, cor responding  to a popu-  
lat ion of abou t  2.2. lO T cel ls /ml;  or of a p p r o x i m a t e l y  o.3, r ep resen t ing  a popu la t ion  of a b o u t  3.3" lO7 
cel ls /ml.  These  figures were de t e rmined  b y  repea ted  cell coun t s  of cu l tures  a t  different  po in t s  in 
thei r  g rowth  cycles. All e x p e r i m e n t s  repor ted  here  were pe r fo rmed  on yea s t  f rom cu l tu res  h a r v e s t e d  
a t  one or t he  o ther  of these  2 po in t s  in the i r  growth.  

The  cells were sepa ra ted  f rom t he  cu l ture  fluid as steri lely as possible  by  cent r i fuga t ion ,  washed  
3 t imes  w i th  sterile M / I  5 p h o s p h a t e  buffer,  and  f inal ly r e suspended  in steri le  buffer  to  an  opt ical  
dens i ty  of 0. 3 . Samples  f rom th i s  suspens ion  were placed into plast ic  vessels  for i r rad ia t ion  (see 
below), and  a por t ion  rese rved  for a control  suspens ion .  

Suspens ion  of cells in t he  non -nu t r i t i ve  buffer  solut ion insures  t h a t  s u b s e q u e n t  t e s t s  for effects 
of i r radia t ion  will be m a d e  on i r rad ia ted  cells themse lves ,  a n d  no t  on the i r  un i r r ad i a t ed  progeny.  
The  use  of suspens ions  of s t a n d a r d  opt ical  dens i t y  pe rmi t s  i r rad ia t ion  of cells f rom cul tures  in 
different  s tages  of popu la t ion  growth,  w i t hou t  in t roduc in~  as an  added  var iab le  differences in the  
dens i ty  of the  suspens ions  be ing  i r radia ted .  H e m a c y t o m e t e r  coun t s  showed t h a t  t h r o u g h o u t  the  
range  used here, a l inear re la t ionship  exis ts  be tween  opt ical  dens i t y  and  n u m b e r s  of cells. 

The  vessels  used  for i r radia t ion  (see Fig. i) were m a d e  of th in-wal led  cellulose a c e t a t e - b u t y r a t e  
t u b i n g  i cm  in d iameter .  T he  ends  of t he  b o d y  tube,  wh ich  h a s  a vo lume  of a b o u t  2.5 ml, were cu t  
a t  an  angle  of a p p r o x i m a t e l y  6 5 o in different  planes ,  to  p r e v e n t  t he  occur rence  of s t a n d i n g  waves  
set  up  by  reflections be tween  paral lel  end  wails.  I n  p repa r ing  t he  vessels  for use, m e m b r a n e s  of t h in  
la tex  were s t r e t ched  over  t he  ends ,  held in place by  rubbe r  bands .  The  vessels  were w a s h e d  wi th  
sterile disti l led water ,  p lugged  w i t h  cot ton,  and  placed on the i r  s ides a b o u t  6 inches  below an  u l t ra-  
violet  l a m p  for 12 h o u r s '  s ter i l izat ion.  Before i r radia t ion,  t he  b o d y  t u b e  of each  vessel  was  filled 
wi th  s t a n d a r d  yea s t  suspens ion ,  t h e  p tug  replaced,  And t h e  vessel  m o u n t e d  in t he  cen te r  of t he  focal 
region of t he  u l t rasonic  beam.  

The  u l t rasonic  genera tor ,  a 2-s tage t r a n s m i t t e r  emp loy ing  an  e lect ron-coupled oscil lator and  
a push-pu l l  power  amplifier,  w a s  c o n s t r u c t e d  in t h e  Meta ls  R e s e a r c h  Labora to ry ,  G r a d u a t e  Divis ion 

Fig. i .  P las t ic  vessel  used  to con ta in  yea s t  unde r  i r radiat ion.  Only  the  b o d y - t u b e  (left) is filled wi th  
yea s t  suspens ion.  
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of Appl ied  M a t h e m a t i c s .  A swi tch  is p rov ided  for opera t ing  t he  un i t  e i ther  in a con t inuous -wave  
(CW) fashion,  or as a pu lsed  C W  t r a n s m i t t e r .  F ou r  swi tch  posi t ions  change  the  d u t y  cycle (DC) 
as follows: a. ioo % (CW); b. 75 %;  c. 500/0; d. 25 %;  these  figures are app rox ima t ions .  Fig. 2 shows 
p h o t o g r a p h s  of oscilloscope t rac ings  of a. 25 % and  b. 5 ° % d u t y  cycle pulses.  In  a n y  of the  pulsed-  
opera t ion  se t t ings ,  t he  repe t i t ion- ra te  is 600 cycles[see;  t he  du ty -cyc le  pe rcen tages  represen t  the  
por t ion  of the  repe t i t ion-per iod  (116oo sec) occupied b y  the  bu r s t  of u l t rasonic  energy,  which  is of 
a c o n t i n u o u s - w a v e  n a t u r e  dur ing  t h e  " o n "  t ime.  

The  c rys ta l  is an  X - c u t  q u a r t z  p la te  1. 5 inches  in d iameter ,  m o u n t e d  in a specially designed 
ho lder  inser ted  a t  t he  end  of a modif ied io-gal lon  aqua r ium.  The  a q u a r i u m  is filled wi th  degassed  
dist i l led wa te r  se rv ing  as t he  coupl ing agen t  be tween  crys ta l  and  ma te r i a l  being i r radia ted.  Oppos i te  
t he  c rys ta l  a rubber -covered  absorp t ion  cell, filled wi th  steel wool and  cas tor  oil, p r e v e n t s  t he  
ref lect ion of sound  waves  wh ich  h a v e  passed  t h r o u g h  the  i r radia ted  mate r ia l  and  t hus  provides  a 
t r ave l l i ng -wave  s y s t e m  for i r radiat ion.  

To increase  t he  i n t ens i t y  (W / cm ~) to which  smal l  samples  m a y  be exposed  in the  u l t rasonic  
field, w i t h o u t  inc reas ing  the  vol tage  applied to t he  crys ta l ,  a p lanoconcave  spherical  lens of poly-  
s t y r ene  is m o u n t e d  in f ront  of the  crys ta l .  T he  lens ha s  a focal l eng th  of 2. 5 inches.  I t  opera tes  
re l iably a t  inc iden t  power  levels below a b o u t  25 wa t t s .  Scann ing  m e a s u r e m e n t s  wi th  a the rmocoup le  
probe h a v e  shown  t h a t  a p p r o x i m a t e l y  85 % of the  u l t rasonic  energy  reach ing  t he  focal region of 
the  lens is focussed in to  a field I cm in d iameter .  (For t echnica l  details ,  see BRONZO AND A~DERSONg). 

A Siemens  Sono tes t  me t e r  p laced in f ront  of the  c rys ta l  in the  wa t e r  b a t h  was used to de te rmine  
t he  o u t p u t  levels requi red  to p roduce  the  desired to ta l  power  in the  beam,  a t  each of the  oscil lator 
swi tch  posi t ions .  The  Sonotes t  power  readings ,  m a d e  wi th  t he  lens in place, were used to cal ibrate  
a v a c u u m - t u b e  v o l t m e t e r  across  t he  o u t p u t  circuit .  Before each expe r imen t ,  the  region of m a x i m u m  
i n t e n s i t y  in t he  focussed b e a m  was  located by  t he  use of a t he rmocoup le  probe m o u n t e d  on a co 
o rd ina te  pos i t ion ing  device and  connec ted  to a recording po t en t iome te r .  The  the rmocoup le  j unc t ion  

Fig. 2. P h o t o g r a p h s  of oscilloscope t rac ings  of pulsed  rad ia t ion ;  a. 25 % d u t y  cycle; b. 5o % d u t y  cycle 

s imbedded  in a bead of t h e r m o s e t t i n g  p las t ic  (Castolite) a p p r o x i m a t e l y  2 m m  in d i ame te r  ; absorp t ion  
of h e a t  by  the  p las t ic  causes  deflection of t he  p o t e n t i o m e t e r  and  p e r m i t s  m e a s u r e m e n t s  of re la t ive 
i n t ens i t y  in smal l  a reas  of t he  beam.  

For  i r radia t ion,  a plas t ic  vessel  COlttaining y e a s t  suspens ion  was  p laced  on t he  pos i t ion ing  
device so t h a t  i ts  cen te r  lay  in t he  precise locat ion ind ica ted  by  t he  probe as t he  region of m a x i m u m  
in t ens i t y .  Power  was  t h e n  appl ied a t  t he  desired level by  dup l i ca t ing  t he  p rev ious ly  de t e rmined  
v o l t m e t e r  reading .  Control  s amples  were placed in a corner  of the  wate r  b a t h  shielded f rom radia t ion .  

W i t h  average  power  set  a t  IO wat t s ,  t he  m a x i m u m  in t ens i t y  in t he  focal region of the  beam,  
ca lcu la ted  f rom the rmocoup le  m e a s u r e m e n t s ,  is a p p r o x i m a t e l y  32 W [ c m  2 over  a cent ra l  a rea  of 
o.o 3 cm  ~. The  va lues  fall off per iphera l ly  in such  a w a y  t h a t  t he  average  in tens i ty ,  over  t he  ent ire  
a rea  of o.78 cm ~ in te rcep ted  by  t he  end  of an  i r radia t ion  Vessel, r ad ius  0. 5 cm, is a p p r o x i m a t e l y  
lO. 5 W ] c m  2. Keep ing  th i s  i n t ens i t y  cons tan t ,  s amples  were exposed,  in var ious  expe r imen ta l  combi-  
na t ions ,  to CW rad ia t ion  for io  minu te s ,  to 5 ° % DC pulsed  rad ia t ion  for 20 minu tes ,  and  to 25 % DC 
pulsed  r ad i a t i on  for 4 ° minu te s .  P re l imina ry  e x p e r i m e n t s  showed t h a t  these  t imes  were a p p r o x i m a t e l y  
m i n i m a l  for cons i s t en t  effects. The  necess i ty  of a 4o -minu te  i r radia t ion  period us ing  25 % DC pulsed  
rad ia t ion  requi red  t h a t  control  cells r ema i n  in t he  buffer  suspens ion  for un favou rab l e  l eng ths  of t ime.  
Therefore ,  on ly  a smal l  n u m b e r  of e x p e r i m e n t s  included th is  type  of radia t ion,  to  es tabl i sh  i ts  re la t ive 
effectiveness.  

Fol lowing i r radia t ion ,  o. 5 ml  por t ions  of each sample ,  inc luding  t he  control,  were added  to 
modif ied W a r b u r g  vessels  con ta in ing  3.5 ml  of modif ied Reade r ' s  m e d i u m .  To each vessel  (see Fig. 3) 
a io  × 75 m m  P y r e x  abso rp t ion  t ube  had  been  joined, a t  a p r ede t e rmined  posi t ion and  angle, fo rming  
a vessel  s imilar ,  on a smal l  scale, to t he  cu l ture  f lask descr ibed by  SHERMAN AND GRANT s. The  modified 
W a r b u r g  vessels ,  cha rged  in dupl ica te  as steri lely as possible,  were m o u n t e d  on W a r b u r g  m a n o m e t e r s ,  
us ing  a silicone sealant .  T he  c o n t e n t s  of each  vessel  were t h e n  t ipped  down into its absorp t ion  t ube  
and  t he  ini t ial  opt ical  dens i t y  read  in a Coleman Jun i o r  Spec t ropho tome te r  a t  420o A, us ing  as a 
s t a n d a r d  a m a t c h e d  abso rp t ion  t u b e  con ta in ing  m e d i u m  alone. The  m a n o m e t e r s  were placed on 
the  s h a k i n g  device of a wa te r  b a t h  a t  3 o ° C  and  t he  vessels  f lushed for IO minu te s ,  wi th  shaking ,  
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Fig. 3. Modified \ ¥ a r b u r g  reaction vessels used for fermentat ion and growth studies of normal  and 
irradiated yeast.  Total volume of culture -- 4 ml. 

using a gas mixture  containing 95 % N2 and 5 % COy A 0o-minute determinat ion of CO 2 product ion 
was then carried out, wi th  readings at io-minute  intervals. 

At the close of the determination,  the cocks were opened, the vessels removed from the water  
ba th  and dried, and a second reading of optical density performed. I t  should be unders tood tha t  
all optical densi ty  readings were made wi thout  removing the vessels from the manometers ,  by  
t ipping the entire assembly so tha t  the contents  of the vessel ran down into the absorpt ion tube. 
The vessels were re turned to the water  ba th  for incubation, wi th  shaking, for a period of 7 to 8 hours. 
Occasionally, experiments  were continued for io hours;  it was thought  inadvisable to incubate for 
longer periods, as sterile conditions could not  be insured during the centrifugation of the yeast  
suspensions and the sett ing up of the Warburg  vessels. However,  during this series of exper iments  
no evidence of contaminat ion  of the cultures has been noted. During incubation,  optical densi ty 
readings of the cultures were made at  approximate ly  1-1.5 hour  intervals. 

In  the manne r  jus t  described, it was possible to determine fermentat ion rate during the first 
hour, and growth behavior  during the first 8 hours  after irradiation, of the same samples of yeast  
in comparison with their controls. 

In  most  of the experiments,  o. 5 ml al iquots of each of the control and irradiated samples were 
removed from the material  remaining in the plastic vessels after  the W a r bu r g  vessels had been 
inoculated. These aliquots were diluted 1:8 with a i : i o , o o o  solution of eosin-Y in M]I 5 KH~PO 4. 
Hemacy tomete r  counts  (26 squares  for each of 2 prepara t ions  from each sample, at 43o × ) of stained 
and unstained cells were made to determine the proport ion of dead (stained) cells in each of the 
samples (see PATT et a/.10). Numbers  of dead cells in each were expressed as percentages of the total  
number s  of cells counted. Figures for irradiated samples were corrected by subtract ing from them 
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the Uniformly Small percentages  of dead cells found in the control samples. Using an ocular microm- 
eter at  a magnification of 43 ° × ,  the dimensions of stained and unstained cells were measured.  
Dur ing these microscopical operations, the samples were searched for evidences of the physical  
destruct ion of cells by irradiation. 

Where  statist ical comparisons  of results were made, values for ! were calct, lated using the small 
sample grouped method ("Student" )  : 

t = ( V I  . . . .  V2) L / ~ z l  -~- ~z2 - "" 2 / ~ZlH = . 

where v~ = meant ;  v 2 = mean2; a t = s tandard deviation of v~; a 2 = s tandard deviation of v 2 
In comput ing  values for P, (n I + n 2 - -  2) degrees of freedom were used. 

RESULTS 

EBects on [ermentation rate 

The effect of both continuous-wave (CW) and pulsed radiation under the conditions 
of these experiments was a marked reduction in the rate of anaerobic COs production 
during a one-hour period shortly after irradiation. This is true, however, only of ir- 
radiated cells from "younger" cultures, exposed shortly after their entry into the log 
phase of growth; it is not true of older cultures. Using "young" cells, the magnitude 
of the reduction varied with the mode of application of the ultrasonic energy. 
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Fig. 4. ,Fermentat ion rates of normal  arLd irradiated " y o u n g "  yeast, Exper iment  x. Abbreviat ions:  

DC = Du ty  Cycle; CW = Continuous Wave. 
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Fig. 4 presents the results of Experiment  I, in which samples from the same culture 
were exposed as indicated. The effect of xo minutes '  exposure to CW radiation was a 
93 % reduction of fermentation rate;  2o minutes of 5o% DC pulsed radiation reduced 
the fermentation rate 60 %" 40 minutes of 25 % DC pulsed radiation reduced it only 27 o/o. 
Thus, with the same average power in all cases, a short exposure to CW radiation caused 
much more severe inhibition than longer exposures to pulsed radiation. 

Fig. 5 illustrates the effect on fermentation rate of 2o minutes '  exposure to 5o% 
De  pulsed radiation in another experiment (@4). In this case the reduction in fermen- 
tation rate was 55 % of the rate of the control sample; CW and 25 % DC pulsed radiation 
were not used. The difference between the fermentation rates of the controls in experi- 
ments z and 4 is not a reflection of differences between the yeast samples, but resulted 
from reduction in the amplitude of oscillation of the shaker, for mechanical reasons. 

I t I P I 

•CONTROL 

~'50%DC, 20 MIN. 

- 2 0 0  

0 

._J 

- I 0 0  

0 6 0  

@ 

I 
I 0  

@ 

• ($, 

I I , I ,  I 

2 0  3 ,0  4 0  50  

M I N U T E S  

Fig. 5. Fermentation rates of normal and irradiated "young" yeast, Experiment 4. DC ----- Duty Cycle. 

The results shown in Figs. 4 and 5 are representative of those obtained in 7 similar 
experiments on yeast  from "young"  cultures. Table I summarizes the results of these 
experiments, comparing the per cent inhibition of CO 2 production rate caused by 
exposure to 5o % DC pulsed radiation and to CW radiation for the indicated times. 
Although between different experiments there is variation in the effectiveness of both 
kinds of radiation, and although the number of experiments Using CW radiation was 
small, the differences in effect are significant. 

Table I I  shows comparisons between the per cent inhibition of COs production and 
the percentage of cells from samples of the same Cultures found, using the eosin-staining 
technique, to havebeen  killed by irradiation. In  the major i ty  of cases a marked corre- 
spondence between these values is evident. 
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TABLE I 

C O M P A R I S O N  O F  P E R  C E N T .  I N H I B I T I O N  I N  R A T E  OF  C O ~  P R O D U C T I O N  C A U S E D  

B Y  P U L S E D  A N D  C ~  r I R R A D I A T I O N  

Pulsed, 50% DC, CW, 
Exp. ~iz zo minutes zo minute~ 

i 6 o  %,, 93 % 
2 31% 72 % 
3 45 % 82 % 
4 55%/ .... 
5 29 % 60 % 
6 44% -- 

o/  7 20/o - -  

Mean o/ 4 ° / o  77 % 
Standard deviation i4. 5 t3. 9 
Significance of difference: t = 3.64; P = o.oo58 

"FABLE lI  

2 O M P A R I S O N  O F  P E R  C E N T .  I N H I B I T I O N  IN  R A T E  O F  C O  2 P R O D U C T I O N  A N D  P E R  C E N T .  D E A D  C E L L S  

I N  S A M P L E  A T  B E G I N N I N G  O F  C O  2 D E T E R M I N A T I O N  

Exp. :~- Pulsed, 50% DC, CW. 
20 minutes 1o minutes 

7 I 20% 
D 22% 

5 I 29% I 6o% 
D 28% D 47% 

2 I 3I% I 72% 
D 37% D 68% 

6 I 44% - -  
D 4 2 %  

3 I 45% I 82% 
D 55% D 72°//0 

4 I 55% - -  
D 52% 

I - % inhibition 
D - % dead cells 

Without presenting figures for comparison, irradiation of suspensions from older 
cultures, which had attained an optical density of o. 3 (about 3.3" lO7 cells/ml), produced 
much smaller effects than irradiation of the younger cultures. In 5 experiments out of 
the 6 performed, in which irradiation was identical with that given younger cultures, 
the rates of fermentation of irradiated cells were not different from those of the control 
samples. 

Effects on growth 

F o r  e s t i m a t i o n  of t h e  e f fec ts  of i r r a d i a t i o n  on  g r o w t h ,  s e m i - l o g a r i t h m i c  p l o t s  of 
v a l u e s  fo r  o p t i c a l  d e n s i t y  a g a i n s t  t i m e  were  p r e p a r e d .  F igs .  6 a n d  7 s h o w  t h e  d a t a  

f r o m  e x p e r i m e n t s  I a n d  4 t r e a t e d  in  t h i s  m a n n e r .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  of 

d u p l i c a t e  c u l t u r e s .  F r o m  t h e s e  f igures  i t  is  c l ea r  t h a t  t h e  8- to  l o - h o u r  i n c u b a t i o n  p e r i o d  

w a s  i n s u f f i c i e n t  to  p e r m i t  m a x i m u m  g r o w t h  of t h e  c u l t u r e s ;  t h e r e f o r e ,  n o  c o n c l u s i o n s  

m a y  b e  d r a w n  as  to  t h e  e f fec ts  of i r r a d i a t i o n  o n  t o t a l  g r o w t h .  
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Fig. 6. Growth curves of normal and irradiated "young" yeast, Experiment i. Fermentation data 
shown in Fig. 4 were obtained during the o-2 hour growth period of these cultures. Abbreviations 

as in Fig. 4. 

The irradiated cultures show a prolonged lag phase in comparison with the controls. 
As a consequence, the optical densities of irradiated cultures soon fall below those of 
the controls and remain in this relationship throughout the incubation period. 

A marked peculiarity is the fact that the initial optical densities of cultures in- 
oculated with irradiated cells are greater than those of control cultures, although the 
samples were identical before irradiation. This anomaly is accounted for by the obser- 
vation that, while control cells become evenly dispersed throughout the culture, cells 
from irradiated suspensions form large, flocculent clumps when introduced into the 
culture medium following irradiation. The masses of irradiated cells cause artificially 
high initial optical density readings. I n  cultures whose cells had been, from other 
evidence (per cent. inhibition of fermentation rate, percentage of cells staining with 
eosin), most severely affected by irradiation, the initial high density reading is followed 
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Fig. 7. Growth curves of normal and irradiated "young" yeast, Experiment 4. Fermentation data 
shown in Fig. 5 were obtained during the 0-2 hour growth period of these cultures. Abbreviation 

as in Fig. 5. 

by a period of declining density. This temporary increase in per cent. transmission may  
be accounted for by  assuming either tha t  large clumps are breaking up, or that  lysis of 
heavily-damaged cells is occurring. The clumping of cells is the only phenomenon 
observed in these experiments which, without eosin staining, gives any visible indication 
of damage to the cells. 

At any point in its growth cycle, the relative growth rate of a culture is determined 
by  its increase in mass, or in numbers of cells, during a given time interval. During 
the period in the growth cycles of interest here, a linear relationship exists between 
cell numbers and optical density; therefore, the increase in optical density of a culture 
may  be used to determine its relative growth rate. The growth curves on a semiloga- 
rithmic plot are straight lines during the logarithmic phase of growth, throughout which 
the rate of increase is constant. Relative growth rates were calculated for all cultures, 

Re/erences p. I37. 



VOL. 11 (1953) ULTRASONIC RADIATION OF YEAST 131 

in the series of 7 experiments on yeast from "young" cultures, by selecting a standard 
portion of the logarithmic scale of optical densities lying within the log phase of all 
cultures (0.06 to o.15). The increase represented (o.o9), divided by the time in hours 
required for the culture to realize this amount of growth, yields the slope of the growth 
curve during this period, or the relative growth rate. 

In Table I I I  are listed the slopes of the growth curves of control and irradiated 
cultures, determined in this manner. For the difference between the mean slope of all 
control cultures, and the mean slope of all cultures from ceils irradiated 20 minutes 
with 50°./0 DC pulsed ultrasound, the P value indicates a high degree of significance. 
The small number of cultures from cells irradiated IO minutes with CW ultrasound 
makes it less certain that their slopes are different from those of the controls. 

TABLE III 

COMPARISON OF RELATIVE GROWTH RATES (SLOPES OF GROWTH CURVES DURING LOG PHASE) 
OF CONTROL AND IRRADIATED CULTURES ( "YOUNG" CULTURES) 

Slope, Slope, irradiated Slope, irradiated 
Exp. :~z control .50% DC 20 minutes C W  xo minutes 

0.045 o.o41 --  
2 0.043 o.o41 0.037 
3 o.o45 o.o39 o.o45 
4 0.047 0.039 - -  

5 0.045 o-o41 0.036 
6 0.045 0.039 - -  
7 0.045 °.°41 - - -  

Mean 0.045 0.040 0.039 
Standard deviation o.ooi 15 0.00108 o.oo495 

Significance of differences Control and 5 ° % Control and CW 
t = 7.76 t = 2. 7 
P = less than o.oooi P = 0.027 

In summary, the effects on growth produced by ultrasonic irradiation of cells from 
"young" cultures are a prolongation of the lag phase and a depression of the relative 
growth rate during the log phase of growth. The effects on the prolongation of the lag 
phase are greatest with IO minutes' irradiation with CW ultrasound, less with 20 minutes' 
irradiation with 5 ° % DC pulsed ultrasound, and (so far as can be concluded from the 
present data) least with 4 ° minutes' irradiation with 2 5 % DC pulsed ultrasound. 

Fig. 8 is representative of the results obtained in a series of experiments in which 
cells from "older" cultures were irradiated in the same way. I t  is evident that  the effects 
on the growth of these cells are so slight as to make it impossible to differentiate between 
the control cultures and the cultures from irradiated cells. Table IV lists the relative 
growth rates of control and irradiated cultures from this series. The sample is admittedly 
small for statistical comparisons; the slight apparent differences between the mean slope 
of the controls and the mean slopes of the two irradiated series are not significant. 
The results of hemacytometer counts of stained cells in these experiments also show 
no differences between control and irradiated cultures in the numbers of cells staining 
with eosin. 
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Fig. 8. Growth  curves of normal  and irradiated yeast  from older culture. Abbreviat ions  as in Fig. 4. 

TABLE IV 

COMPARISON OF RELATIVE GROWTH RATES (SLOPES OF GROWTH CURVES DURING LOG PHASE) 
OF CONTROL AND IRRADIATED CULTURES ("OLDER" CULTURES) 

Slope, Slope, irradiated, Slope, irradiated, 
Exp. :~- control 50% DC 20 minutes CW zcJ minutes 

1 0.056 0.053 0.056 
11 0.047 0.047 0.045 

I I I  0.050 0.047 o.o47 
IV o.o39 o.o36 o.o33 

Mean 0.048 
Standard  deviation 0.007I 

Significance of differences 

Re]erences  p .  z37 .  

0.046 0.045 
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DISCUSSION 

Effects on/errnenlation 

It  is clear from the results presented above that exposure of yeast to ultrasonic 
radiation under the conditions of these experiments does not stimulate fermentation 
(C/. KATSNELSON AND KENOKH'~), 

VON EULER AND SKARZYNSKI 4 showed that 60 minutes' irradiation of fresh yeast 
at 800 kc, 3 watts, brought about a 44% reduction in fermentation rate. Since 4 ° 
minutes' exposure caused an almost complete loss of growth capacity, the conclusion 
was that the effect of radiation in depressing the fermentation rate was not a specific 
inhibition of the zymase system, but  reflected generalized damage to the cells indicated 
by their loss of growth capacity as well. 

The close agreement between the figures for per cent. inhibition of fermentation 
rate and for per cent. of cells killed by irradiation justifies a similar conclusion from the 
present experiments. Effects on fermentation rate evidently cannot be considered apart 
from effects on viability. The results suggest that if a cell is not killed by irradiation, 
its capacity to ferment glucose is not significantly altered. 

EBects on growth 

Prolongation of the lag phase in cultures inoculated from irradiated suspensions 
is the result to be expected if exposure to ultrasound merely kills a certain proportion 
of the cells and thus reduces the effective inoculum. However, it is doubtful that this 
reduction of inoculum, alone, would also produce the significant depression of growth 
rates noted. RICI-IARDS n reported that  the only changes noted in the growth curves 
of yeast cultures prepared with reduced inocula consisted of prolongation of the lag 
phase, delayed entry into the log phase, and extension of the log phase until the final 
populations were equal. CL,aRI~ TM showed that  the growth rates of a series o f  yeast 
cultures remained the same, even though the amount of seed yeast in a constant volume 
of inoculum was varied from 5 cells/ml to 8.1o 6 cells/ml. In the present experiments 
on "young" cultures irradiated with 5 ° % DC pulsed ultrasound, the maximum reduction 
of effective inoculum (indicated by the stained-cell counts) amounted to about 55%, 
or a reduction from 3.3"Io7 to about 1.5"Io 7 cells/ml. Evidently ultrasonic radiation 
causes some unfavourable condition in addition to the death of a certain proportion of 
the cells in the inoculum, resulting in a retardation of the growth rates of surviving cells. 

In speculative terms, three possibilities seem to present themselves. I t  is conceivable 
that irradiation brings about conditions unfavourable for growth either indirectly, by 
producing a toxic substance in the suspending medium, or directly, by causing sublethal 
damage to surviving cells. Alternatively, the lysis of large numbers of cells heavily 
damaged by irradiation might release into the medium toxic factors in quantities 
sufficient to depress the growth rates of surviving cells. 

VIRTANEN AND ELLFOLK la demonstrated the formation of appreciable quantities 
of oxidation products (peroxide, nitrites, nitrates) in aqueous media irradiated with 
ultrasound at 300 kc, intensity about IO W/cm 2. I t  is possible that  similar reactions 
occur during irradiation at higher frequencies. The efficacy of any such mechanism in 
affecting growth in the present experiments would be reduced by the fact that the 
buffer solution exposed to radiation was diluted 3 : I in the final culture medium. 

Direct effects on surviving cells could take many forms; any change in the intra- 
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cellular systems involved in protein synthesis, for example, would interfere with growth 
as well as with reproductive activities. No direct evidence is available, however, to 
indicate the real nature of any such possible alteration. 

The other possibility, that  of release of toxic substances by injured cells, remains 
to be demonstrated. I t  is significant that  no evidence of the production of proliferation- 
promoting substances has been noted (see LOOFBOUROW et al.14). This may indicate a 
fundamental difference between the effects of ultrasound and those of ultraviolet 
radiation on yeast. Possibly the lethal action of ultrasonic radiation brings about death 
and dissolution too rapidly to permit the production of growth-enhancing factors by 
injured cells. 

Comparative eGectiveness o /CW and pulsed radiation 

With average power maintained at a constant level in all applications, exposure 
of yeast to CW ultrasonic radiation is always most effective, even at exposures of short 
duration. The peak power required to produce an average power of ten watts is much 
greater with pulsed radiation than that  necessary to produce the same average power 
with CW radiation. This is true because the measuring devices indicate, in the pulsed 
beam, the average power between the peak value in the "on"  time and the mininmm 
value in the "off" time. Therefore, peak amplitudes are greater with lower duty cycles, 
and least with CW radiation. Nevertheless, in pulsed applications the effectiveness of 
radiation decreases with decrease in duty cycle, even though the exposure times be 
prolonged. Thus, the effect of radiation is not, as might be conceivable, enhanced by 
subjecting cells to rapidly repeated bursts of high-amplitude ultrasonic vibration. 

Comparisons of the relative effectiveness of pulsed and CW radiation also demon- 
strate that  the severity of the effects on yeast does not depend on the total energy 
impinging on the irradiated material. With the average power or intensity constant in 
all cases, the total energy per unit time (averaged over many cycles of pulsed radiation) 
to which the samples are exposed in different applications remains the same. Therefore, 
in these experiments, in 20 minutes at 50% duty cycle, the sample receives twice as 
much energy as in IO minutes of CW radiation. However, cells irradiated for IO minutes 
with CW ultrasound are affected much more severely than those exposed twice as long 
to 5o% DC pulsed ultrasound. 

The experimental results indicate that  the lighter effects of heavier applications 
of energy in the pulsed techniques result from the recovery period provided during the 
"off" time between pulses. At a 25 % duty cycle, a burst of high-amplitude vibration 
strikes the sample every 6ooth of a second, lasts 1/24oo sec, and is followed by an "off" 
period lasting 1/8oo sec. As the duty cycle increases, the amplitude of the vibrations 
necessary to produce equivalent average power decreases; the length of the "on"  time 
increases; the length of the available recovery period between pulses decreases; and the 
damage increases. Thus, decreased effectiveness seems to accompany increased recovery- 
time between pulses. 

Mode o[ action o/ultrasound on yeast 

According to WULFF, FRY et al.15: "The propagation of ultrasonic vibrations through 
living tissues is accompanied by a variety of physical factors such as : I. heating caused 
by absorption of acoustic energy; 2. periodic pressure changes; 3. radiation pressure; 
4. streaming or flow in viscous media; and, 5. high temperatures and pressures associated 
Re#fences p. I37. 
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with cavitation, defined as the formation of holes in liquid media. Any or all of these 
factors may produce significant and measurable changes in the state of a living system." 
These factors would seem to apply, with minor modifications, to a system composed of 
individual ceils suspended in a fluid medium. 

The results of the present experiments demonstrate that heating, at least in terms 
of the suspension as a whole, is not a significant factor in causing the effects of ultrasonic 
radiation on yeast suspensions. Measurements taken with a small, naked thermocouple 
junction, placed in the center of a yeast suspension and subjected to irradiation in the 
focal region of the beam, showed an average temperature increase in the neighbourhood 
of IO ° to 15 ° C. The initial temperature of the suspension was 24.5 ° C; therefore, the 
equilibrium temperature under irradiation hardly exceeded a maximum of 4 °° C, which 
is well below the thermal death point of yeast. 

The non-crkical nature of increased equilibrium temperatures in these experiments 
is further indicated by the fact that  the yeast suspensions subjected to 50% DC pulsed 
radiation were exposed twice as long as those irradiated with CW ultrasound. With the 
average power maintained at zo watts, changes in the duty cycle of the radiation do 
not appreciably affect the equilibrium temperature in the suspension. If exposure to 
elevated temperature were a significant factor, then the pulsed radiation, acting over 
20 minutes, should have been more effective than the CW application acting over 
IO minutes; actually, the opposite result was obtained. 

These considerations do not elucidate the possible role of intrinsic heat-absorption 
of the cells themselves, in relation to the recovery periods afforded by pulsed ultrasound. 
Estimation of the remaining factors listed above as contributing to ultrasound damage 
to yeast must await further research. 

Relative susceptibility o/"young" and "older" cultures 

As described above, the present experiments show that suspensions of cells from 
yeast cultures harvested late in the log phase are more resistant to damage by ultrasomld 
than cells harvested early in the log phase. The older cultures, although still in the phase 
of their growth cycle characterized by a constant rate of increase, are undoubtedly of 
greater physiological age. They are approaching the point at which reproduction pro- 
gressively slows, and where exhaustion o~ nutrients and accumulation of metabolic 
wastes impose limits to growth. Thus, nearing this point, their over-all rate of metabolism 
is probably lower than that  of the younger cultures which have just entered the log 
phase. Unfavourable conditions, including those postulated as effects of ultrasonic ir- 
radiation, would be expected to affect rapidly metabolizing cells more severely than 
cells at a lower level of activity. 

Data from micrometric measurements of cells indicate that  this is a promising 
avenue of approach. Measurements showed that  in all cases dead cells, stained with 
eosin after irradiation, were considerably smaller than unstained cells. Their volumes, 
calculated from the two-dimensional measurements using the formula for a prolate 
spheroid, were on the average about 30 % of the mean volume of unstained cells. These 
stained cells, as mentioned earlier, were most numerous in heavily damaged irradiated 
cultures. I t  appears possible that  young cultures might differ from older cultures in 
the proportion of young, small cells to older, larger cells. If this is true, and if ultrasonic 
radiation selectively kills small, young cells, an explanation might be at hand for the 
different susceptibilities of young and old cultures, However, it remains to be established 
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whether the small, stained cells in irradiated cultures were selectively killed because 
of their small size and presumed youth and vigorous metabolism. The possibility remains 
that  lethal effects are random, and that  killed cells subsequently shrink to a volume 
smaller than that  of undamaged, unstained cells. Additional experimentation is needed 
to clarify these points; further speculation at this time is unwarranted. 
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S U M M A R Y  

Samples  f rom y o u n g  and  older cu l tures  of S. cerevisiae, St ra in  15.56, su spended  to s t a n d a r d  
opt ical  dens i ty  in buffer  solution,  were exposed  to CW or pu lsed  u l t rasonic  rad ia t ion  for different  
periods.  F r e q u e n c y  was  i Mc; a plas t ic  lens focussed t h e  b e a m  in to  a region in which  average  in tens i ty ,  
over  an  area  of 0.78 cm 2, was a b o u t  lO. 5 W / c m  2. Pu lsed  rad ia t ion ,  r epe t i t i omra t e  6oo/see, was  
appl ied  in 25 % and  5 0 %  d u t y  cycles. Effects  were e s t i m a t e d  by  d e t e r m i n a t i o n  of f e rmen ta t i on  
ra te  and  g rowth  behaviour ,  in special  flasks. 

Ten  m i n u t e s '  i r radia t ion  of y o u n g  cells w i th  C W  u l t r a s o u n d  p roduced  grea te r  effects t h a n  longer  
exposure  to pu lsed  radia t ion .  F e r m e n t a t i o n  was m a r k e d l y  inhib i ted ;  t he  lag p h a s e  of cu l tures  f rom 
i r rad ia ted  cells was  prolonged,  and  the  re la t ive g rowth  ra te  depressed.  Coun t s  of killed cells (s tained 
wi th  eosin) showed t h a t  inhib i t ion  of f e rmen t a t i on  could be accoun ted  for on t he  bas is  of popu la t ion  
reduc t ion .  This  decrease in effective i nocu l um expla ins  also the  pro longed lag phase ,  b u t  no t  t he  
depressed  g rowth  ra tes .  Growth  inhib i t ion  m a y  be caused by  direct, sub le tha l  d a m a g e  to su rv iv ing  
ceils, or by  t he  p roduc t ion  of toxic  subs t ances  in the  m e d i u m  dur ing  i r radia t ion .  Cells f rom older 
cu l tures  were essent ia l ly  unaf fec ted  by  radia t ion .  

H e a t i n g  of t he  suspens ion  is n o t  t he  factor  caus ing  d a m a g e ;  o ther  phys ica l  effects were no t  
eva lua ted .  The  ineffect iveness  of pulsed  rad ia t ion  is a t t r i bu t ed  to t he  provis ion  of r ecovery  per iods  
be tween  pulses.  

R~SUM~ 

Des 4chant i l lons  de cu l tures  j eunes  ou vieilles de S. cerevisiae souche  15.56, sous forme de sus-  
pens ions  de densi t4 op t ique  s t a n d a r d  dans  des solut ions t ampons ,  son t  expos4es  ~. un  r a y o n n e m e n t  
u l t r a son ique  con t inu  ou d iscont inu  p e n d a n t  des t e m p s  variables.  La  f r4quence  es t  de I Me; une  
lentil le de mat i6re  p las t ique  concent re  le faisceau d a n s  une  r6gion off l ' in tens i t4  moyenne ,  sur  une  
aire de o.78 cm ~, es t  d ' env i ron  lO. 5 W / c m  2. Les  rad ia t ions  d i scon t inues  on t  une  p~riode de 1/6oo. 
L ' i r r ad i a t i on  dure  25 ou 75 % de la p6riode. L a  v i tesse  de f e r m e n t a t i o n  e t  le c o m p o r t e m e n t  en  cours  
de croissance,  dans  des flacons sp6ciaux,  s e rven t  £ appr4eier  les r6su l ta t s  ob tenus .  L ' i r r ad ia t ion  de 
cellules j eunes  p e n d a n t  io  min ,  avec des u l t r a - sons  cont inus ,  a des effets p lus  i m p o r t a n t s  que  l ' ex-  
pos i t ion  prolong4e ~ des rad ia t ions  d iscont inues .  La  f e rmen ta t i on  es t  n o t a b l e m e n t  inhib6e;  le t e m p s  
de la tence  de cu l tu res  de cellules irradi4es est  prolong4, et  la v i tesse  re la t ive  de croissance diminu6e.  
La  n u m 4 r a t i o n  des cellules tu4es  (color4es ~ l '4osine) m o n t r e  que  l ' inhibi t ion  de la f e r m e n t a t i o n  
s ' exp l ique  pa r  la r4duct ion  de la popula t ion .  Cet te  d iminu t ion  de l ' i nocu lum effectif expl ique  auss i  
le p ro longemen t  de la phase  de latence,  ma i s  non  la d i mi nu t i on  de la vi tesse  de croissance.  L ' inh ib i t ion  
de la croissance p e u t  ~tre le r4su l ta t  d ' u n e  14sion directe,  sub14thale,  des cellules su rv ivan te s ,  ou 
de la p roduc t ion  de subs t ances  tox iques  dans  le mil ieu au  cours  de 1' irradiation. 

L'614vation de t e m p 6 r a t u r e  de la suspens ion  n ' e s t  pas  responsable  des  14sions; les au t r e s  effets 
phys iques  n ' o n t  pas  4t4 d4termin4s .  L ' ine f fcac i t4  des rad ia t ions  d i scont inues  p e u t  8tre a t t r ibu6e  
/k l ' ex is tence  de p4riodes de repos en t re  les i r radia t ions .  
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Z U S A M M E N F A S S U N G  

Proben  junge r  und  a l ter  K u l t u r e n  von S. cerevisiae, S t a m m  15.56, welche in Puf fer l6sungen  
zu normale r  op t i scher  Dichte  suspend ie r t  waren,  wurden  w~ihrend verschieden  langer  Per ioden 
kont inu ie r l i chen  Ul t raschal lwel len  oder Ul t r a scha l l impu l sen  ausgese tz t .  Die F requenz  war  I Mc; 
eine Folys tyro l inese  lenkte  den S t rah l  in ein Gebiet ,  in dem die mi t t le re  IntensitS, t au f  einer Fl~iche 
yon 0.78 cnl 2 ungef~ihr lO. 5 W / c m  2 be t rug .  Ul t rascha l l impulse  m i t  einer Wiederho lungszahe l  yon 
6oo/sec wurden  mi t  W i r k u n g s b r e i t e n  yon 25 °/o und  50 o//o angewende t .  Die W i r k u n g e n  wurden  durch  
]3es t immung  der  GXrgesehwindigkei t  und  der W a c h s t u m s e i g e n s c h a f t e n  in Spezialf laschen b e s t i m m t .  

Eine  B e s t r a h l u n g  junge r  Zellen wXhrend IO M i nu t en  mi t  kont inu ie r l i ehen  Ult rasehal lwel len 
rief eine gr6ssere W i r k u n g  hervor  als ein 1/ingeres Ausse tzen  an  Ul t raseha l l impulse .  Die G~irung wurde  
bemerkenswer t  g e h e m m t ,  das  A n f a n g s s t a d i u m  der  H e f e v e r m e h r u n g  wurde  in K u l t u r e n  bes t rah l t e r  
Zellen verl i ingert  und  die re la t ive "~Vachstumsgeschwindigkei t  herabgese tz t .  Zahlen  ge t6 te te r  und  
mi t  Eosin  gefiirbter Zellen zeigten, dass  die G~t rungshemmung  auf  Grund  der  Popu la t i ons r eduk t ion  
erkliirt  werden  konnte .  Dieses A b n e h m e n  w i r k s a m e n  I n o k u l u m s  erklXrt ebenso das  verl / ingerte  
A n f a n g s s t a d i u m  der  H e f e v e r m e h r u n g ,  aber  n ich t  die he rabgese tz t e  W a c h s t u m s g e s c h w i n d i g k e i t .  Die 
W a c h s t u m s h e m m u n g  k a n n  durch  direkte,  sub le tha le  Sch~idigung der  i iber lebenden Zellen oder  durch  
die P r o d u k t i o n  tox ischer  S u b s t a n z e n  im M e d i u m  w~ihrend der ]3es t rahlung v e r u r s a c h t  werden,  
Zellen ~ilterer K u l t u r e n  bleiben im wesent l ichen  bei der  B e s t r a h l u n g  unangegr i f fen .  

Das  Erh i t zen  der  Suspens ion  ist  n ich t  der  F a k t o r  der die Sch/~digung verursac t l t ;  andere  
phys ika l i sche  Effekte  w u r d e n  n ich t  ausgewer te t .  Der  Ta t sache ,  dass  zwischen den  e inzelnen Ul t ra-  
scha l l impulsen  E r h o l u n g s p a u s e n  auf t re ten ,  ist  die Wirklos igkei t  der ]3es t rahlung mi t  Ul t raschal l -  
impu l sen  zu zuschreiben.  
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