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Conditions for a High Plating Efficiency of 
Free Cell Suspensions of Haplopappus gracilis (Nutt) Gray 
P.A.Th.J. Werry and K.M. Stoffelsen 
Radiation Biophysics Group, Association Euratom - ITAL Wageningen (the Netherlands) 

S u m m a r y .  Suspensions  of Haplopappus gracilis c e l l s ,  containing about 80 ~ f r e e  c e l l s ,  w e r e  ob ta ined  f rom 
l o g - p h a s e  cu l t u r e s  by f i l t r a t ion  through 3 nylon s i e v e s  having d e c r e a s i n g  mesh  widths f rom 297, 2i0 and 
88 ~m. F r o m  the f r e e  ce l l  su spens ions ,  75 to 90 ~ of the ce l l s  deve loped  into v i s ib le  co lon ies  when the p la t -  
ing p r o c e d u r e  was divided into two s t eps :  a) p la t ing the ce l l s  at high concen t ra t ion  in soft  agar  on feede r  a g a r ;  
b) r ep la t ing  the r e su l  ring aggrega t ions  at a p p r o p r i a t e  concen t r a t ions  on f r e sh  f eede r  a g a r .  F r o m  the r e s u l t s ,  
it is  i n f e r r e d  that ,  in the r ep la t ing  step~ the vo lume  of the inoculum is  the deciding fac tor  which in f luences  the 
r e su l t i ng  p la t ing  e f f i c i ency .  

Key w o r d s :  F r e e - c e l l  S u s p e n s i o n -  Haplopappus gracil is-  Pla t ing  Ef f i c i ency  

In t roduct ion  

In several botanical subdisciplines (e. g. radiation- 

botany, plant breeding, plant pathology, plant genet- 

ics, etc. ), an experimental system is needed which 

permits a quantitative evaluation of cellular responses 

to different treatments. Free-cell suspension cultures 

and isolated protoplasts appear a promising potential to 

supply this demand. (See for a comprehensive and up 

to date review Reinert and Bajaj 1977). A major draw- 

back of free-cell suspension cultures is, however, the 

fact that in general the growth and division of single 

cells, when plated on agar-med ia in low and easily 

scorable numbers, is rather poor. Low plating effi- 

ciencies, at plating densities of 1000 cells per petri- 

dish or lower, have been reported by Bergmann ( 1960), 

Nagata and Takebe (1971), Logemann and Bergmann 

(1974), Engvild (1974), Vardi et al. (1975) and Ra- 

veh et al. (1973). Kao and Mickayluk (1975) achieved 

good growth of Vicia cells and protoplasts even at plat- 

ing densities down to a few cells per ml. This suggests 

a high plating efficiency, but exact figures are not 

given. In this report, conditions are described which 

give a high pla t ing e f f ic iency  (75-90%) of f r e e  c e l l s  of 

Haplopappus gracilisj plated at low densities. 

Materials and Met hods 

Seeds of Haplopappu8 gracili8 (Nutt) Gray were ob- 
tained from Dr. H. Smith, USA; Dr. R. Tanaka, Ja- 

pan and D r .  E .  Sparvo l i ,  I ta ly .  C e l l - s u s p e n s i o n  cu l -  
t u r e s ,  s t r a i n  ' 105 S I I I '  ( E r i k s s o n ,  1965) w e r e  ob-  
ta ined f rom Dr .  H . J .  F r i t s c h ,  W. G e r m a n y .  Ce l lu -  
l a s e  and p e c t i n a s e  w e r e  p u r c h a s e d  f rom Sigma.  All 
o ther  c h e m i c a l s  used  w e r e  of p c - g r a d e .  

Stem s e g m e n t s  (1-5 cm)  of m a t u r e  plants  w e r e  
s u r f a c e - s t e r i l i z e d  by s u b m e r s i o n  in 5 % CaOCI~ for  
5 rain.  They w e r e  then r i n s e d  s e v e r a l  t i m e s  in s t e r i -  
l i zed ,  d i s t i l l ed  w a t e r .  Af ter  r e m o v i n g  sma l l  l a t e r a l  
b r anches  and l e a v e s  with f o r c e p s ,  the explants  w e r e  
p laced  on the s u r f a c e  of Gamborg '  s B5 medium (Gam-  
bo rg  et a l .  1968) so l id i f i ed  with 1.5 % a g a r .  Cal lus  
r e su l t i ng  a f te r  t h r e e  weeks  incubat ion at 28~ was 
suspended in a few ml of B5 medium without aga r  
and subsequent ly  poured  into an E r l e n m e y e r  f lask  con-  
raining 40ml  of l iquid B5 m e d i u m .  The f lasks  w e r e  
p laced  on a gyro to ry  shaker  ( 2 0 0 r p m ,  ampl i tude  
2.5 cm)  at 28~ in continuous d a r k e s s .  The cu l tu re  
was kept in l o g a r i t h m i c  growth phase  by t r a n s f e r r i n g  
8 m l  of cu l tu re  to 40ml  of new B5 medium e v e r y  7 
days. 

The weights of the cultures were determined by 
collecting the cells on pre-weighed, wet filter paper 
with a Buchner-funnel, and weighing them immediate- 
ly. Dry weights were determined after incubating the 
collected cells at 80~ for 24 h. A longer incubation 
did not result in a further decrease of the dry weight 
of the sample. 

In plating experiments, cell suspension were 
poured into petri dishes containing about I0 ml plat- 
ing medium. Several plating media were used: 

I. B5 agar. This is standard B5 medium (Gain- 
borg et al. 1968) solidified with 1.5 N agar. 

2. Conditioned-agar : Cells were removed asepti- 
cally by filtration from suspensions near the end of 
the logarithmic growth phase. The resulting medium 
was heated to 40 C and added to an equal volume of 
B-5 medium containing 3 % agar. The mixture was 
poured into petri dishes and allowed to solidify. 

3. Feeder agar. Cell suspensions near the end of 
the logarithmic growth phase were distributed into 
petri dishes in portions of 1 ml. 10ml of B5-agar at 
40~ was added and the plates were incubated at 28~ 
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in  c o n t i n u o u s  d a r k n e s s .  A f t e r  4 d a y s  t h e  p l a t e s  w e r e  10] 
i r r a d i a t e d  w i th  25 ~ to k i l l  a l l  c e l l s  ( R a v e h  e t  a l .  9 
1 9 7 3 ) � 9  

4.  Soft  a g a r .  Th i s  is s t a n d a r d  B5 m e d i u m  wi th  ~ 8 
0 . 5  g a g a r .  I t  i s  m a d e  by  m i x i n g  s t a n d a r d  B5 m e d i u m  9 7 
w i th  s u s p e n s i o n s  of  f r e e  c e l l s  a t  40~ in  a v o l u m e  r a -  ~ 6 
t io  of  3 p a r t s  m e d i u m  to  7 p a r t s  c e l l  s u s p e n s i o n .  Af -  
t e r  c o o l i n g ,  t h e  m i x t u r e  i s  no t  c o m p l e t e l y  s o l i d  bu t  5 
s o f t .  

A f t e r  p l a t i n g  a n  i n o c u l u m  ( 1 - 5  m l )  of  t h e  c e l l  s u s -  o 
p e n s i o n s  to  b e  i n v e s t i g a t e d ,  t h e  p e t r i  d i s h e s  w e r e  ~ ~ 
s e a l e d  w i th  p a r a f i l m  a n d  i n c u b a t e d  a t  28~ in  c o n t i -  
n u o u s  d a r k n e s s .  A f t e r  a n  a p p r o p r i a t e  i n c u b a t i o n  t i m e  
t h e  n u m b e r  of  v i s i b l e  c o l o n i e s  w e r e  c o u n t e d � 9  The  p l a t -  : 3 
i ng  e f f i c i e n c y  ( P . E . )  i s  d e f i n e d  a s  t h e  n u m b e r  o f  v i s -  c 
i b l e  c o l o n i e s  p e r  m l .  ( n u m b e r  p l a t e d  u n i t s  p e r  m l )  -1  
�9 100 g.  

u 2 . E  

R e s u l t s  a n d  C o n c l u s i o n s  

G r o w t h  C h a r a c t e r i s t i c s  of  t h e  S t a n d a r d  S u s p e n s i o n  

C u l t u r e  

S t a n d a r d  c o n d i t i o n s ,  a s  d e s c r i b e d  in  t h e  p r e v i o u s  

c h a p t e r ,  r e s u l t  i n  a s u s p e n s i o n  c u l t u r e  t h a t  i s  c o n t i -  

n u o u s l y  in  l o g a r i t h m i c  g r o w t h  p h a s e .  The  g r o w t h  of  

s u c h  a s u s p e n s i o n ,  e x p r e s s e d  a s  i n c r e a s e  in  f r e s h  

a n d  d r y  w e i g h t ,  i s  d e m o n s t r a t e d  i n  F i g .  1 .  L o g a r i t h -  

m i c  g r o w t h  c o n t i n u e s  f o r  7 d a y s . A f t e r  t h i s  p e r i o d ,  

t h e  c u l t u r e  g r a d u a l l y  m o v e s  i n to  a p l a t e a u - p h a s e .  It  

h a s  no t  y e t  b e e n  i n v e s t i g a t e d  w h e t h e r  o r  no t  t h e  c e l l s  

in  a p l a t e a u - p h a s e - c u l t u r e  a r e  a r r e s t e d  in  a p a r t i c u -  

l a r  s t a g e  of  t h e  c e l l  c y c l e .  

The d o u b l i n g  t i m e  w i th  r e s p e c t  to  f r e s h  a n d  d r y  

w e i g h t  i s  a p p r o x i m a t e l y  3 d a y s .  D o u b l i n g  t i m e  w i th  

r e s p e c t  to  c e l l  n u m b e r  c o u l d  not  b e  d e t e r m i n e d  b e -  

c a u s e  c e l l  c o u n t i n g  i s  d i f f i c u l t  a n d  e r r o r - p r o n e  due  

to t h e  o c c u r r e n c e  of  a g g r e g a t i o n s  of  c e l l s  t h a t  c a n  not  

b e  fu l ly  m a c e r a t e d .  The  s u s p e n s i o n  i s  p r o p o r t i o n l y  

c o m p o s e d  of  18 g u n i c e l l u l a r  u n i t s  a n d  82 g m u l t i c e l l u -  

l a r  a g g r e g a t i o n s .  The  n u m b e r  of  c e l l s  in  t h e s e  a g g r e -  

g a t i o n s  r a n g e  f r o m  two to s e v e r a l  h u n d r e d .  The  r a t i o  

of  f r e e  c e l l s  to  m u l t i c e l l u l a r  u n i t s  r e m a i n s  c o n s t a n t  

d u r i n g  l o g a r i t h m i c  g r o w t h  p h a s e ;  i t  d e c r e a s e s  w h e n  

c u l t u r e s  go i n t o  p l a t e a u  p h a s e .  Al l  e x p e r i m e n t s  w h i c h  

a r e  d e s c r i b e d  b e l o w  h a v e  b e e n  c a r r i e d  ou t  w i t h  o n e  

s u b s t r a i n  t h a t  h a s  r e t a i n e d  i t s  g r o w t h  c h a r a c t e r i s t i c s  

a s  d e s c r i b e d  a b o v e  f o r  m o r e  t h a n  two y e a r s .  

P r o d u c t i o n  of  F r e e - c e l l  S u s p e n s i o n s  

The  o c c u r r e n c e  of  a h i g h  n u m b e r  of  m u l t i c e l l u t a r  a g g r e -  

g a t i o n s  in  t h e  s u s p e n s i o n  c u l t u r e s  a s  d e s c r i b e d  a b o v e ,  
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F i g � 9  1.  I n c r e a s e  of  f r e s h  a n d  d r y  w e i g h t  i n  e x p o n e n -  
t i a l l y  g r o w i n g  s u s p e n s i o n  c u l t u r e  of  HapZopappus g~aei- 
Zis .  E r l e n m e y e r  f l a s k s  c o n t a i n i n g  4 0 m l  B - 5  m e d i u m  
w e r e  i n o c u l a t e d  w i th  10 m l  e x p o n e n t i a l l y  g r o w i n g  s u s -  
p e n s i o n  of  Haplopappus gracilis c e l l s  ( f r e s h  w e i g h t  
0 . 5 6  g,  d r y  w e i g h t  0 . 0 5 8  g) a n d  i n c u b a t e d .  At  i n t e r -  
v a l s  a s  i n d i c a t e d  in  t h e  f i g u r e ,  t h r e e  f l a s k s  w e r e  r e -  
m o v e d  f r o m  the  s h a k e r  and  f r e s h  and  d r y  w e i g h t s  w e r e  
m e a s u r e d  

renders these cultures unsuited to a study of the plating 

efficiency of free cells. Therefore several procedures 

to increase the number of free cells have been explored. 

A first suggestion was obtained from E1 Hinnawy's 

( 1 9 7 4 )  w o r k  : t h e  a p p l i c a t i o n  of  c h e l a t i n g  c o m p o u n d s  

w i th  a h i g h  a f f i n i t y  f o r  c a l c i u m  wou ld  l o o s e n  t h e  i n t e r -  

c e l l u l a r  c e m e n t  a n d ,  a s  a c o n s e q u e n c e ,  i n c r e a s e  t h e  

n u m b e r  of  f r e e  c e l l s .  The  e f f e c t  of  EDTA ( a n  e x a m p l e  

of  a c h e l a t i n g  a g e n t )  on  s u s p e n s i o n  c u l t u r e s  of  HapZo- 

pappus wi th  r e s p e c t  to  g r o w t h  a n d  n u m b e r  of  f r e e  c e l l s  

i s  s h o w n  in  F i g . 2 .  G r o w t h  r a p i d i t y  i s  o n l y  s l i g h t l y  d e -  

c r e a s e d  a t  a c o n c e n t r a t i o n  of  0 . 0 0 2  g EDTA,  but  h i g h -  

e r  c o n c e n t r a t i o n s  c a u s e  v e r y  a n o m a l o u s  a n d  i r r e p r o -  

d u c i b l e  g r o w t h .  Wi th  r e s p e c t  to  t h e  n u m b e r  o f  f r e e  

c e l l s  a l l  c o n c e n t r a t i o n s  t e s t e d  r e s u l t e d  in  o n l y  a s l i g h t  

i n c r e a s e .  It  i s  c o n c l u d e d  f r o m  t h e s e  e x p e r i m e n t s  t h a t  

a d d i t i o n  of  EDTA to  t h e  s u s p e n s i o n  c u l t u r e s  of  E. 

g~ac~Z~s i s  no t  a s a t i s f a c t o r y  p r o c e d u r e  fo r  t h e  p r o -  

d u c t i o n  of  f r e e  c e l l  s u s p e n s i o n s .  O t h e r  c h e l a t i n g  c o m -  

p o u n d s  h a v e  not  b e e n  t e s t e d  b e c a u s e  of  t h e i r  k n o w n  

d e l e t e r i o u s  e f f e c t s  on  g r o w t h  (E l  H i n n a w y  1 9 7 4 ) .  
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F i g . 2 .  E f f e c t  o f  EDTA on the  g r o w t h  a n d  f r e e  c e l l  c o n -  
t e n t  of  a s u s p e n s i o n  c u l t u r e  of  Haplopappus graeiZis. 
E x p e r i m e n t a l  p r o c e d u r e  i s  a s  d e s c r i b e d  fo r  F i g .  1 e x -  
c e p t  t ha t  a t  t h e  t i m e  of  i n o c u l a t i o n ,  EDTA w a s  a d d e d  
in  c o n c e n t r a t i o n s  a s  i n d i c a t e d .  The p e r c e n t a g e  of  f r e e  
c e i l s  w a s  d e t e r m i n e d  at  t he  7th day a f t e r  i n o c u l a t i o n  
0 0 u n t r e a t e d  c o n t r o l  
X ~ X  0.002% EDTA 
[] [] 0 .004% EDTA 
+ ~ +  0 . 0 0 8 %  EDTA 

~-- 18'/o 

x 4-- 21 ~ 

~176 
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F i g .  3.  The e f f e c t  o f  c e l l u l a s e  + p e c t i n a s e  on t h e  g r o w t h  
and  f r e e  c e l l  c o n t e n t  o f  s u s p e n s i o n  c u l t u r e  of  Haplopap- 
pus graeills. E x p e r i m e n t a l  p r o c e d u r e  a s  d e s c r i b e d  fo r  
F i g .  1 e x c e p t  tha t  a t  t h e  t i m e  of  i n o c u l a t i o n ,  c e l l u l a s e  
and  p e c t i n a s e  w e r e  a d d e d  in  t h e  c o n c e n t r a t i o n s  i n d i c a t -  
e d .  The p e r c e n t a g e  of  f r e e  c e l l s  w a s  d e t e r m i n e d  at  t h e  
7th day a f t e r  i n o c u l a t i o n  
O ~ O u n t r e a t e d  c o n t r o l  
• x 0 . 0 2 5  % c e l l u l a s e  + 0 .0125  % p e c t i n a s e  
[] [] 0 . 0 5  % c e l l u l a s e  + 0.  025 % p e c t i n a s e  
+ ~ + 0 . 1 0  % c e l l u l a s e  + 0 . 0 5  % p e c t i n a s e  

In a s e c o n d  a t t e m p t ,  t h e  e f f e c t  o f  c e l l u l a s e  and  

p e c t i n a s e  on the  n u m b e r  of  f r e e  c e l l s  w a s  s t u d i e d .  

The a t t e m p t  to u s e  t h e s e  e n z y m e s  to p r o d u c e  h igh  

n u m b e r s  of  s i n g l e - c e l l s  in  s u s p e n s i o n  c u l t u r e s  w a s  

b a s e d  on t h e  f ac t  t ha t  t h e y  a r e  s u c c e s s f u l l y  e m p l o y e d  

in  m e t h o d s  fo r  t he  r e l e a s e  of  v i a b l e  p r o t o p l a s t s  f r o m  

p l a n t  m a t e r i a l .  F i g .  3 s h o w s  t h e  r e s u l t  o f  a r e p r e s e n -  

t a t i v e  e x p e r i m e n t  of  t h e  e f f e c t  on g r o w t h  and  n u m b e r  

of  f r e e  c e l l s  of  t he  s i m u l t a n e o u s  a d d i t i o n  of  c e l l u l a s e  

and  p e c t i n a s e  to a l o g a r i t h m i c a l l y  g r o w i n g  c u l t u r e :  

low c o n c e n t r a t i o n s ,  up to  0 . 0 2 5  % + 0 .0125  % h a v e  on ly  

a m i n o r  and  p e r h a p s  a c c e p t a b l e  e f f e c t  on g r o w t h  c h a -  

r a c t e r i s t i c s ;  on t h e  o t h e r  h a n d ,  t he  n u m b e r  of  f r e e  

c e l l s  in  t h e  s u s p e n s i o n  i s  not  s u b s t a n t i a l l y  i n c r e a s e d .  

H i g h e r  c o n c e n t r a t i o n s ,  w h i l e  r e s u l t i n g  in  h igh  n u m b e r s  

of  f r e e  c e l l s ,  g r e a t l y  i m p a i r  t he  g r o w t h  of  t he  s u s p e n -  

s i o n  c u l t u r e s .  This  a n o m a l o u s  g r o w t h  m a y  be  e x p l a i n e d  

by t h e  e n z y m a t i c  w e a k e n i n g  of  t h e  c e l l  w a l l ,  r e s u l t i n g  

in  c e l l s  t ha t  a r e  o s m o t i c a l l y  i n c o m p a t i b l e  wi th  t h e  

s t a n d a r d  g r o w t h  m e d i u m .  

In o r d e r  to o v e r c o m e  the  p r e s u m e d  o s m o t i c  i n c o m -  

p a t i b i l i t y  of  t h e  g r o w t h  m e d i u m ,  s o r b i t o l ,  an  o s m o t i c  

a g e n t ,  w a s  a d d e d  to  c o u n t e r a c t  t he  n e g a t i v e  e f f e c t s  of 

c e l l u l a s e  and  p e c t i n a s e .  The e f f e c t  of  s o r b i t o l  a l o n e  i s  

d e m o n s t r a t e d  in  F i g .  4.  Up to a c o n c e n t r a t i o n  of  4 % 

t h e  g r o w t h  c h a r a c t e r i s t i c s  wi th  r e s p e c t  to t h e  r a t e  of  

i n c r e a s e  in  f r e s h  w e i g h t  and  the  n u m b e r  of  f r e e  c e l l s  

do not  d e v i a t e  f r o m  the  u n t r e a t e d  c o n t r o l .  H o w e v e r ,  

t h e  a p p e a r a n c e  of  a l a g - p e r i o d  w h i c h  l a s t s  o n e  day ,  

i n d i c a t e s  tha t  t he  c e l l s  h a v e  to a d a p t  to  t h e  n e w  o s m o -  

t i c  c o n d i t i o n s  of  t h e  m e d i u m .  

The c o m b i n e d  e f f e c t  o f  s o r b i t o l  and  c e l l  wa l l  d e g r a d -  

ing  e n z y m e s  i s  d e m o n s t r a t e d  in  F i g .  5.  S o r b i t o l ,  in  

c o n c e n t r a t i o n s  f r o m  0 . 5  to 2 . 0  % and  in  c o m b i n a t i o n  

wi th  0 . 0 5  % c e l l u l a s e  + 0 . 0 2 5  % p e c t i n a s e ,  c a u s e s  t he  

s a m e  h igh  p e r c e n t a g e  of  f r e e  c e l l s  in  t h e  s u s p e n s i o n  a s  
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F i g . 4 .  The e f f e c t  o f  s o r b i t o l  on the  g r o w t h  and  f r e e  
c e l l  c o n t e n t  o f  t he  s u s p e n s i o n  c u l t u r e  of  Haplopappus 
graeilis. E x p e r i m e n t a l  p r o c e d u r e  a s  d e s c r i b e d  f o r  
F i g .  1 e x c e p t  tha t  at  t he  t i m e  of  i n o c u l a t i o n  s o r b i t o l  
w a s  a d d e d  in  c o n c e n t r a t i o n s  a s  i n d i c a t e d  
�9 - -  O u n t r e a t e d  c o n t r o l  
x - -  x 0 , 5  ~ S o r b i t o l  
[ ] - -  [] 1 , 0  g S o r b i t o l  
+ - -  + 2 , 0  % S o r b i t o l  
�9 - -  �9 4 , 0  % So rb i t o l  

d o e s  0 . 0 5  % c e l l u l a s e  + 0 . 0 2 5  % p e c t i n a s e .  The r a t e  of  

i n c r e a s e  of  f r e s h  we igh t  d o e s  not  d e v i a t e  f r o m  t h e  

u n t r e a t e d  c o n t r o l ,  but  a v e r y  long lag  p e r i o d  of  abou t  

fou r  d a y s  p r e c e e d s  the  l o g a r i t h m i c  g r o w t h  p h a s e .  At 

a h i g h e r  c o n c e n t r a t i o n  of  s o r b i t o l ,  t h e  p e r c e n t a g e  of  

f r e e  c e l l s  i s  e v e n  h i g h e r  t han  at  low c o n c e n t r a t i o n s ,  

but  g r o w t h  i s  m u c h  s l o w e r  a f t e r  an  e v e n  l o n g e r  l a g -  

p e r i o d .  

D u r i n g  t h e  long  l ag  p h a s e s ,  i n h e r e n t  to t h i s  p r o c e -  

d u r e ,  a c o n s i d e r a b l e  d e c r e a s e  in  f r e s h  we i g h t  i s  o f t e n  

o b s e r v e d .  This  i n d i c a t e s  tha t  s o m e  c e l l s  l y s e  d u r i n g  

tha t  p e r i o d .  S i n c e  i t  c a n n o t  be  e x c l u d e d  tha t  t h i s  p r o -  

c e s s  of  l y s i n g  i n v o l v e s  s o m e  s e l e c t i o n  of  c e l l s ,  t h i s  

m e t h o d  i s  not  s u i t e d  to ou r  p u r p o s e s  in  s p i t e  of  t he  

h igh  n u m b e r  of  f r e e  c e l l s  p r o d u c e d .  

The chemical treatments have consequently been re- 

jected and a simple filtration technique of the untreat- 

ed suspension culture was adopted in their place to 

separate free cells from the multicellular aggrega- 
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F i g .  5 .  The c o m b i n e d  e f f e c t  o f  s o r b i t o l  and  c e l l  wal l  
d e g r a d i n g  e n z y m e s  on the  g r o w t h  and  f r e e  c e l l - c o n -  
t en t  of  s u s p e n s i o n  c u l t u r e  of  HapZopappus graeilis. 
E x p e r i m e n t a l  p r o c e d u r e  a s  d e s c r i b e d  fo r  F i g .  1 e x -  
c e p t  t ha t  a t  t h e  t i m e  of  i n o c u l a t i o n ,  c e l l u l a s e  and  p e c -  
t i n a s e  w e r e  a d d e d  in  a c o n c e n t r a t i o n  of  0 . 0 5  % and  
0 . 0 2 5  % r e s p e c t i v e l y ,  and  s o r b i t o l  to c o n c e n t r a t i o n s  
a s  i n d i c a t e d .  The p e r c e n t a g e  of  f r e e  c e l l s  w a s  d e t e r -  
m i n e d  at  t h e  7th day a f t e r  i n o c u l a t i o n  
�9 �9 untreated c o n t r o l  
• • 0 . 0 5  % c e l l u l a s e  + 0 . 0 2 5  p e c t i n a s e  + 0 . 5  % s o r -  

b i to l  
[] [] 0 . 0 5  % c e l l u l a s e  + 0.  025 p e c t i n a s e  + 1 .0  % s o r -  

b i to l  
+ + 0 . 0 5  % c e l l u l a s e  + 0 . 0 2 5  p e c t i n a s e  + 2.0% s o r -  

bi tol  
�9 �9 0 .05% c e l l u l a s e  + 0 . 0 2 5  p e c t i n a s e  + 4 . 0 g  s o r -  

b i to l  

t i o n s .  S u s p e n s i o n  c u l t u r e s  n e a r  t h e  end  of  l o g a r i t h m i c  

g r o w t h  p h a s e  w e r e  a s e p t i c a l l y  f i l t e r e d  t h r o u g h  a c o m -  

b i n a t i o n  of  ny lon  s i e v e s  h a v i n g  a m e s h  wid th  of  297,  

210 and  8 8 ~ m  s u c c e s s i v e l y .  The r e s u l t i n g  s u s p e n s i o n  

c o n t a i n s  about  2 . 5  X 103 v i a b l e  u n i t s  p e r  m l .  Of t h e s e  

u n i t s ,  70 to  80 %, d e p e n d i n g  on t h e  q u a l i t y  of  t h e  o r i -  

g ina l  s u s p e n s i o n ,  a r e  u n i c e l l u l a r ,  t h e  r e s t  i s  b i c e l l u -  

l a r  and  a n e g l i g i b l e  (< 1%) p a r t  i s  m u l t i c e l l u l a r .  M o s t  

of  t he  b i c e l l u l a r  u n i t s  a r e  p r o b a b l y  c e l l s  tha t  h a v e  not  

ful ly  c o m p l e t e d  c e l l  d i v i s i o n .  In v i e w  of  the  h igh  p r o -  

p o r t i o n  of  f r e e  c e l l s  in  t he  f i l t r a t e  and  the  f ac t  t ha t  

no p h y s i o l o g i c a l  s e l e c t i o n  f o r  s p e c i a l  c e l l s  o c c u r s ,  

t h i s  p r o c e d u r e  m e e t s  t he  r e q u i r e m e n t s  fo r  a s t u d y  of  

t he  p l a t i n g  e f f i c i e n c y  of  f r e e  c e l l s .  
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Plating Efficiency of Free Cells 

The simplest experimental procedure with which to 

study the plating efficiency of the cells is to spread a 

small volume of cell suspension over solid growth me- 

dium in a petri dish, incubate the plates at the appro- 

priate conditions and observe the development of the 

plated cells. In Table I, the results of several experi- 

ments based on this concept are presented. In these 

experiments, cellular development was studied by the 

microscopical observation, three days after the plating, 

of the number of single cells that had undergone at least 

one division, and secondly, six weeks after plating, 

the number of visible colonies was counted. 

None of the plating conditions presented in Table 

I proved to be satisfactory since the highest plating 

efficiency that was reached was only I0 %. However 

the following observations are of importance. 

a. The quality of the solid growth medium influenc- 

es to a great extent the development of colonies. Feed- 

er a g a r  a l l o w s  10 % of  t h e  p l a t e d  u n i t s  to  d e v e l o p  i n t o  

c o l o n i e s ,  w h e r e a s  n o n e  o r  v e r y  few u n i t s  do s o  w h e n  

p l a t e d  on  B5 o r  c o n d i t i o n e d  a g a r .  

b .  At  l e a s t  s o m e  c e l l s  d e v e l o p  i n t o  v i s i b l e  c o l o n i e s  

w h e n  t h e  i n o c u l u m  i s  m i x e d  i n t o  t h e  p l a t i n g  m e d i u m .  

It s e e m s ,  t h e r e f o r e ,  t h a t  t h e  p h y s i c a l  p r o p e r t i e s  of  

t h e  m e d i u m  a l s o  i n f l u e n c e  t h e  d e v e l o p m e n t  of  f r e e  

c e l l s  to  c o l o n i e s .  

c .  In  a l l  t h e  e x p e r i m e n t s  p r e s e n t e d  in  T a b l e  1, a 

r a t h e r  h i g h  p r o p o r t i o n  of  t h e  f r e e  c e l l s  p l a t e d  h a d  

d i v i d e d  a t  l e a s t  o n c e  by  t h e  s e c o n d  day  a f t e r  p l a t i n g .  

F u r t h e r  m i c r o s c o p i c  o b s e r v a t i o n  r e v e a l e d  t h a t  in  

e x p e r i m e n t  4 n e a r l y  a l l  t h e  f r e e  c e l l s  h a d  d i v i d e d  a n d  

t h a t  d i v i s i o n  c e a s e d  a f t e r  t h e  r e s u l t i n g  c o l o n i e s  r e a c h -  

e d  t h e  n u m b e r  of  3 0 - 6 0  c e l l s .  M o s t  l i k e l y  a t  t h i s  

s t a g e  of  d e v e l o p m e n t  s o m e  s h o r t a g e  of  n u t r i e n t s  o r  

i n e f f i c i e n c y  of  g a s  e x c h a n g e  o c c u r s  w h i c h  c a u s e s  t he  

c o l o n i e s  to  s t o p  f u r t h e r  g r o w t h .  

U s i n g  t h e s e  o b s e r v a t i o n s ,  a new  e x p e r i m e n t a l  c o n -  

c e p t  w a s  d e v e l o p e d :  f r e e  c e l l s  w e r e  s u s p e n d e d  in  so f t  

a g a r  (b )  a n d  p l a t e d  on  f e e d e r  a g a r  ( a ) .  A f t e r  t h e  d e -  

v e l o p i n g  c o l o n i e s  h a d  r e a c h e d  t h e  s t a g e  of  3 0 - 6 0  c e l l s  

(3 w e e k s ) ,  t h e  s o f t  a g a r  w a s  d i l u t e d  w i t h  l i q u i d  (40~  

s o f t  a g a r  to  a n  a p p r o p r i a t e  c o n c e n t r a t i o n  of  c o l o n i e s  

a n d  t h e  r e s u l t i n g  s u s p e n s i o n  w a s  r e p l a t e d  o n  f r e s h  

f e e d e r  a g a r .  By t h i s  l a s t  s t e p  t h e  p r e s u m e d  b l o c k a g e  

in  d e v e l o p m e n t ,  p r o b a b l y  c a u s e d  b y  n u t r i e n t  s h o r t a g e  

a n d / o r  i n e f f i c i e n t  g a s  e x c h a n g e ,  i s  c i r c u m v e n t e d .  

V i s i b l e  c o l o n i e s  w e r e  c o u n t e d  2 w e e k s  a f t e r  t h e  r e -  

p l a t i n g .  In T a b l e  2 t h e  r e s u l t s  of  a n u m b e r  of  e x p e r i -  

m e n t s ,  b a s e d  on  t h i s  c o n c e p t  a r e  p r e s e n t e d .  

In e x p e r i m e n t  1, w h e r e  t h e  p r o c e d u r e  i s  i n  fu l l  a c -  

c o r d a n c e  w i t h  t h e  new  c o n c e p t ,  a r a t h e r  h i g h  p l a t i n g  

e f f i c i e n c y  i s  a c h i e v e d .  F r o m  t h e  r e s u l t s  of  t h e s e  s e v -  

e r a l  s i m i l a r  e x p e r i m e n t s  ( e x p  1 a - f ) ,  i t  c a n  b e  c o n -  

c l u d e d  t h a t  t h e r e  i s  s o m e  v a r i a t i o n  i n  t h e  p l a t i n g  e f f i -  

c i e n c y .  D e v i a t i o n s  f r o m  t h e  p r o c e d u r e  e m p l o y e d  in  

exp  1, w i t h  r e s p e c t  to  t h e  q u a l i t y  of  s o l i d  m e d i a  ( e x p  

2 + 3 ) ,  a n d  t e c h n i q u e  of  f i r s t  p l a t i n g  ( e x p  4) r e s u l t  i n  

c o n s i s t e n t l y  l o w e r  p l a t i n g  e f f i c i e n c i e s .  

The  c a u s e  of  t h e  e x p e r i m e n t a l  v a r i a t i o n  of  t h e  p l a t -  

ing  e f f i c i e n c y ,  a s  o b s e r v e d  in  t h e  e x p e r i m e n t s  1 a - f ,  

m a y  b e  found  in  t h e  o b s e r v a t i o n  t h a t  t h e  g r e a t e r  t h e  

v o l u m e  of  t h e  i n o c u l u m ,  t he  l o w e r  t h e  p l a t i n g  e f f i -  

c i e n c y .  C o n s e q u e n t l y ,  t h e  e f f e c t  of  t h e  v o l u m e  of  i n -  

o c u l u m  on  p l a t i n g  e f f i c i e n c y  h a s  b e e n  i n v e s t i g a t e d .  

F r o m  t h e  r e s u l t  of  t h i s  e x p e r i m e n t ,  s h o w n  in  F i g .  6 ,  

i t  i s  c o n c l u d e d  t h a t  t h e  v o l u m e  of  i n o c u l u m  in  t h e  r e -  

p l a t i n g  s t e p  i s  t h e  d e c i d i n g  f a c t o r  w h i c h  i n f l u e n c e s  

t h e  r e s u l t i n g  p l a t i n g  e f f i c i e n c y .  It  i s  i m p r o b a b l e  t h a t  

T a b l e  1.  The  e f f e c t  of  p l a t i n g  c o n d i t i o n s  o n  t h e  p l a t i n g  e f f i c i e n c y  of  Haplopappus gracilis c e l l s  

E x p .  P l a t i n g  c o n d i t i o n  V o l u m e  of  i n o c u l u m  C e l l  d e n s i t y  ~ f r e e  c e l l s  P . E .  
No .  • I 0  ~ p e r  m l  d i v i d e d  

i n o c u l u m  

1 Inoculum on top I ml 6.1 60 0 
of B-5 agar 

2 I n o c u l u m  on  top  1 m l  6.  I 56 0 
of  c o n d i t i o n e d  a g a r  

3 I n o c u l u m  m i x e d  in  
I0  m l  1 . 2  61 1% c o n d i t i o n e d  a g a r  

4 I n o c u l u m  on  top  1 m l  3 . 4  81 10% 
of feeder agar 
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T a b l e  2 .  The  e f f e c t  of  p l a t i n g  c o n d i t i o n s  in  t h e  r e p l a t i n g  p r o c e d u r e  on  t h e  p l a t i n g  e f f i c i e n c y  of  Haplopappus 
gracilis cells 

E x p .  F i r s t  p l a t i n g  R e p l a t i n g  
No .  P l a t i n g  m e d i u m  P . E .  

v o l .  of  c e l l  d e n s i t y  p l a t i n g  m e d i u m  v o l .  of  c e l l  d e n s i t y  
i n o c u l u m  • 103 p e r  m l  i n o c u l u m  • 103 p e r  m l  

1 F e e d e r  a g a r  

2 B - 5  a g a r  
3 B - 5  a g a r  
4 B - 5  l i q u i d  

m e d i u m  

e x p .  a 1 0 m l  0 . 2  f e e d e r  a g a r  2 m l  0 . 0 2  60% 
b 1 0 m l  0 . 0 5  4 m l  0 . 0 1  9% 
c 1 0 m l  1 . 7  1 m l  0 . 3 5  89% 
d 1 0 m l  1 . 6  1 m l  0 . 3 2  78% 
e 1 0 m l  1 . 9  1 m l  0 . 3 9  76% 
f 1 0 m l  5 . 3  1 m l  0 . 5 3  80% 

10 m l  9 . 1  f e e d e r  a g a r  1 m l  0 . 9  63 % 
1 0 m l  3 . 2  B - 5  a g a r  1 m l  3 . 2  54 % 

3 m l  1 6 . 0  B - 5  a g a r  1 m l  2 . 0  29 % 

1oo 

~ 7 0  

~ 5o 

~ 3o 

"6 

10 I I I I I 
1 2 3 4 5 

volume of inocutum (ml )  

F i g .  6 .  The  e f f e c t  of  t h e  v o l u m e  of  i n o c u l u m  i n  t h e  r e -  
p l a t i n g  s t e p  o n  p l a t i n g  e f f i c i e n c y  of  Haplopappus graci- 
l i s  c e l l s .  A f t e r  t h e  f i r s t  p l a t i n g  s t e p ,  t h e  s o f t  a g a r  
c o n t a i n i n g  s m a l l  a g g r e g a t i o n s  w a s  d i l u t  e d  a n d  d i v i d e d  
in  p r o t i o n s  of  1 m l ,  e a c h  c o n t a i n i n g  275 u n i t s .  Soft  
a g a r  w a s  a d d e d  to g i v e  f i n a l  v o l u m e s  of  1, 2,  3,  4 
a n d  5 m l  a n d  t h e  r e s u l t i n g  i n o c u l a  w e r e  r e p l a t e d .  A f -  
t e r  two w e e k s  t h e  v i s i b l e  c o l o n i e s  w e r e  c o u n t e d .  The 
s t a n d a r d  e r r o r  i s  i n d i c a t e d  by  t h e  b a r s  

t h e  s h o r t a g e  of  n u t r i e n t s  i s  t h e  r e a s o n  t h a t  t h e  r e m a i n -  

ing  a g g r e g a t i o n s  h a v e  not  g r o w n  to v i s i b l e  c o l o n i e s  

s i n c e  t h e y  a r e  r e p l a t e d  in  f r e s h  f e e d e r - m e d i u m .  How-  

e v e r ,  i n e f f i c i e n t  g a s  e x c h a n g e  m a y  s t i l l  o c c u r  w i th  

t h o s e  a g g r e g a t i o n s  w h i c h  a r e  s i t u a t e d  a t  t h e  b o t t o m  

of  t h e  m e d i u m - l a y e r  of  t h e  i n o c u l u m .  

D i s c u s s i o n  

It  i s  c l e a r  f r o m  t h e  r e s u l t s  p r e s e n t e d  in  T a b l e s  1 a n d  

2 t h a t  t h e  p r o c e d u r e  d e v e l o p e d  in  t h i s  i n v e s t i g a t i o n  

l e a d s  to  a h i g h  p l a t i n g  e f f i c i e n c y  of  f r e e  p l a n t  c e l l s .  

At  low p l a t i n g  d e n s i t i e s  (<  1000 c e l l s  p e r  p e t r i  d i s h ) ,  

a b o u t  80 % of  t h e  p l a t e d  f r e e  c e l l s  d e v e l o p  i n to  a v i s -  

i b l e  c o l o n y .  

E x t r a p o l a t i o n  of  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  v o l -  

u m e  of  t h e  i n o c u l u m  u s e d  in  t h e  r e p l a t i n g  s t e p  a n d  t h e  

p l a t i n g  e f f i c i e n c y  i n d i c a t e s  t h a t  a t  a v o l u m e  of  O. 75 m l  

t h e  p l a t i n g  e f f i c i e n c y  wou ld  b e  100 %. In t h i s  i n v e s t i g a -  

t i o n  p e t r i  d i s h e s  w e r e  u s e d  w h i c h  h a v e  a d i a m e t e r  of  

90 m m .  C o n s e q u e n t l y  a v o l u m e  of  O. 75 m l  c o r r e s p o n d s  

to  a d e p t h  of  O. 12 m m  w h i c h  i s  t h e  a v e r a g e  d i a m e t e r  

of  t h e  a g g r e g a t i o n s  a t  t h e  t i m e  of  r e p l a t i n g .  Due  to 

s u r f a c e  t e n s i o n  p r o b l e m s  i t  i s  no t  p o s s i b l e  to  s p r e a d  

0 . 7 5  rnl  of  i n o c u l u m  o v e r  t h e  t o t a l  s u r f a c e  of  t h e  f e e d -  

e r  a g a r  in  t h e  p e t r i  d i s h  a n d  i t  h a s  no t  y e t  b e e n  p o s s i -  

b l e  to  a c h i e v e  l a y e r s  of  i n o c u l a  s h a l l o w e r  t h a n  0 . 1 5  m l ,  

t h e  d e p t h  a c h i e v e d  w h e n  1 m l  of  i n o c u l u m  i s  c o m p l e t e l y  

s p r e a d  o v e r  t h e  p e t r i  d i s h ,  Th i s  m e a n s  t h a t  a b o u t  20 % 

of  t h e  r e p l a t e d  a g g r e g a t i o n s  wi l l  b e  c o v e r e d  w i th  a 

l a y e r  of  s o f t  a g a r  w h i c h  p r o b a b l y  p r e v e n t s  o p t i m a l  g a s  

e x c h a n g e  a n d  i n h i b i t s  d e v e l o p m e n t  i n to  v i s i b l e  c o l o n i e s .  

The  r e s u l t  s h o w i n g  t h a t  t h e  v o l u m e  of  t h e  i n o c u l u m  

u s e d  in  t h e  r e p l a t i n g  s t e p  d e t e r m i n e s  t h e  p l a t i n g  e f f i -  

c i e n c y  i n d i c a t e s  t h a t  t h e  c e l l s  t h a t  do no t  d e v e l o p  i n to  

a v i s i b l e  c o l o n y  do no t  r e p r e s e n t  a s p e c i a l  g r o u p  of  

t h e  p o p u l a t i o n .  T h e r e f o r e ,  t h i s  n e w  p r o c e d u r e  i s  

i d e a l l y  s u i t e d  f o r  a s t u d y  of  t h e  c e l l u l a r  e f f e c t s  of  

r a d i a t i o n ,  e n v i r o n m e n t a l  p o l l u t a n t s ,  m u t a g e n i c  a g e n t s ,  

v i r u s e s ,  p a t h o g e n i c  m i c r o o r g a n i s m s ,  e t c .  

I n h e r e n t  to  t h e  p r o c e d u r e  a d o p t e d  f o r  t he  p r o d u c -  

t i o n  of  f r e e  c e l l  s u s p e n s i o n s  i s  a c o n s i d e r a b l e  l o s s  of  

c e l l  m a t e r i a l .  Th i s  i s  due  to  t h e  low n u m b e r  of  f r e e  

c e l l s  i n  t h e  u n t r e a t e d  s u s p e n s i o n  c u l t u r e s .  It m a y  b e  

p o s s i b l e ,  h o w e v e r ,  t h a t  v a r i a t i o n  in  t h e  p h y s i o l o g i c a l  

c o n d i t i o n s  d u r i n g  t h e  t r e a t m e n t s  wi th  c h e l a t i n g  a g e n t s  
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and ce l l  wall degrad ing  e n z y m e s  will  eventual ly  lead  

to ce l l  suspens ions  which have  high n u m b e r s  of f r e e  

ce l l s  and growth c h a r a c t e r i s t i c s  c o m p a r a b l e  to the 

u n t r e a t e d  c u l t u r e s .  These p r o b l e m s  a r e  c u r r e n t l y  be-  

ing s tudied ,  but in the mean  t i m e  the r ep la t ing  t ech-  

nique as  d e s c r i b e d  h e r e  is  being succe s s f u l l y  used  in 

our l a b o r a t o r y  to study the c e l l u l a r  e f fec t s  of ioniz ing  

r ad ia t ion  on f r e e  plant c e l l s .  
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