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ABSTRACT 

The direct  v iab le  coun t  was s u c c e s s f u l l y  a p p l i e d  t o  ozona ted  r a w  
water and  o z o n a t e d  a n t h r a c i t e  t a k e n  from a n  act ive d u a l  media 
rapid s a n d  f i l t e r .  I n c r e a s e d  i n c u b a t i o n  t i m e  r e s u l t e d  i n  g r e a t e r  
numbers of n u t r i e n t  r e s p o n s i v e  ce l l s .  T h e  direct  v iab le  coun t  was 
greater  t h a n  the  h e t e r o t r o p h i c  bac te r ia l  p l a t e  c o u n t .  C e r t a i n  
c e l l s  of t h e  n a t u r a l  f l o r a  c o u l d  be confused  w i t h  n u t r i e n t  
r e s p o n s i v e  ce l l s  i n  some i n s t a n c e s .  

INTRODUCTION 

Ozonat ion  i n  d r i n k i n g  water t r e a t m e n t  i s  now r e c e i v i n g  a t t e n t i o n  
i n  t h e  U n i t e d  S t a t e s  ( 1 2 ) .  Much work h a s  been done c o n c e r n i n g  t h e  
u s e  of ozone  t o  k i l l  i n d i c a t o r  bacter ia ,  p a r t i c u l a r l y  Escher ich ia  
coli (1,3,4,6,7,8,9,10,14,22) . A l s o ,  there  have been s t u d i e s  
which have been concerned  w i t h  t h e  r e s i s t a n c e  t o  ozone of 
nonpa thogen ic  bac te r ia  commonly found i n  water ( 1 , 3 , 4 , 1 0 )  . I n  
these s t u d i e s ,  death has been assessed by s t a n d a r d  b a c t e r i o l o g i c a l  
p l a t i n g  p r o c e d u r e s .  Recen t ly ,  it has been de te rmined  t h a t  e n t e r i c  
bacter ia  released t o  t h e  environment  go t h r o u g h  a v i a b l e  
n o n c u l t u r a b l e  p h a s e  before t h e  ce l l s  are t r u l y  dead 
(5 ,15 ,18 ,19 ,20 )  . The v i a b l e  n o n c u l t u r a b l e  phase i s  d e f i n e d  a s  a 
phase i n  which t h e  bac te r ia l  c e l l  w i l l  m e t a b o l i z e  and  i n c r e a s e  i n  
l e n g t h  b u t  w i l l  n o t  d i v i d e  so t h a t  t h e  c e l l  c a n ' t  f o r m  a co lony  on 
any l a b o r a t o r y  medium (5 ,ZO) .  T h e  viable  n o n c u l t u r a b l e  c e l l  may 
recover f u l l  f u n c t i o n  once it has p a s s e d  t h r o u g h  t h e  i n t e s t i n a l  
t r a c t  of a n  an ima l  ( 2 0 ) .  C e r t a i n  p a t h o g e n i c  e n t e r i c  bac te r ia  have 
been  shown t o  go t h r o u g h  t h i s  phase ( 5 , 1 8 , 1 9 ) .  S i n c e  ozone 
r e s i d u a l s  are m a i n t a i n e d  f o r  o n l y  s h o r t  p e r i o d s  of t i m e ,  t h e  
concep t  of v i a b l e  n o n c u l t u r a b l e  bacter ia  might be i m p o r t a n t  when 
s t a n d a r d  bac t e r i a l  p l a t i n g  p r o c e d u r e s  are  used  t o  de te rmine  t h e  
e f f i c i e n c y  of o z o n a t i o n  i n  k i l l i n g  bac te r ia  i n  d r i n k i n g  water. 

I t  has been  proposed t h a t  t h e  a d d i t i o n  of y e a s t  e x t r a c t  and  
n a l i d i x i c  acid t o  water samples followed by 6 h o u r s  i n c u b a t i o n ,  
t h e n  f i x i n g  i n  f o r m a l i n ,  s t a i n i n g  w i t h  a c r i d i n e  o r a n g e  and  
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e x a m i n a t i o n ' b y  e p i f l u o r e s c e n c e  microscopy cou ld  e l i m i n a t e  t he  
problem o f  d i f f e r e n t i a t i n g  l ive  from dead cel ls  i n  t he  a c r i d i n e  
orange  direct  count  ( 1 1 , 1 6 ) .  T h i s  p rocedure  i s  now called the  
direct  viable count  ( 2 3 ) .  The t h e o r y  i s  t h a t  i n  many bacteria DNA 
r e p l i c a t i o n  i s  i n h i b i t e d  t h u s  t he  ce l l  can  e l o n g a t e  b u t  n o t  
divide.  I t  has been s u g g e s t e d  t h a t  on ly  cel ls  which are a t  least  
t h r e e  times normal s i z e  be enumerated ( 2 3 ) .  T h i s  p rocedure  h a s  
been applied t o  f o l l o w i n g  the  v i a b i l i t y  of  WI-J 'chis U. and 
U r i a  cholerae i n  microcosms ( 5 ) .  The d e t e r m i n a t i o n  o f  viable  b u t  n o n c u l t u r a b l e  cel ls  of Salmonella e n t e r i U d 1  I I I  s 

C a m p v l o b a c t a  i e i u n i  (18) and t h e  enumerat ion o f  a r s e n i c  r e s i s t a n t  
bacteria i n  groundwater  ( 2 3 ) .  W e  have applied t h i s  methodology t o  
t h e  effect o f  c h l o r i n e  upon b i o f i l m s  on rapid sand  f i l t e r  suppor t  
material (13 ) .  T h i s  p rocedure  w i l l  de te rmine  b o t h  viable 
c u l t u r a b l e  and viable n o n c u l t u r a b l e  bacter ia l  cells .  

(19), and 

W e  r e p o r t  here the  u s e  o f  t h e  direct viable count  on t he  
d e t e r m i n a t i o n  of  viable cel ls  i n  ozonated  r a w  water and i n  
b i o f i l m s  on a n t h r a c i t e  c o a l  from a d u a l  media rapid sand  f i l t e r  
exposed t o  ozone. 

MATERIALS AND METHODS 

A n t h r a c i t e  w a s  removed from an active d u a l  media rapid sand  f i l t e r  
a t  t h e  L a r a m i e  s u r f a c e  water t r e a t m e n t  p l a n t ,  r i n s e d  i n  s te r i le  
water t o  remove f l o c c u l a t e d  material and a l i q u o t s  were ozonated  
f o r  1, 5 and  1 0  minutes .  The ozonated  c o a l  f o r  each  t i m e  was 
f u r t h e r  s p l i t  i n t o  a l i q u o t s  which were covered  w i t h  0 .02% y e a s t  
e x t r a c t  and  0 .025% n a l i d i x i c  acid.  These a l i q u o t s  were incuba ted  
a t  25 C f o r  t i m e  i n t e r v a l s  of  6, 21, and 28 hours .  A f t e r  t h e  
a p p r o p r i a t e  i n c u b a t i o n  t h e  c o a l  w a s  f i x e d  i n  3.7% f i n a l  
c o n c e n t r a t i o n  o f  fo rma l in ,  s t a i n e d  f o r  3 minutes  w i t h  a c r i d i n e  
orange ,  embedded i n  play-doh (Kenner Parker  Toys, C i n c i n n a t i ,  
Ohio) and observed  by e p i f l u o r e s c e n t  microscopy. C e l l s  which 'were 
a t  least  three t i m e s  normal l e n g t h  were counted  as b e i n g  n u t r i e n t  
r e s p o n s i v e  o r  viable.  A t  least  1 0 0  cel ls  on each o f  3 d i f f e r e n t  
pieces o f  c o a l  were counted .  The experiment  was done twice. 

Another  p a i r  o f  exper iments  were done i n  which t h e  ozona t ion  o f  
t h e  c o a l  was carried o u t  f o r  5 minutes  and the  direct viable count  
w a s  i n c u b a t e d  f o r  i n t e r v a l s  of  6,12,21,24 and 30  h o u r s .  A t  least  
1 0 0  cel ls  w e r e  counted  on each o f  5 pieces of c o a l  per experiment .  
Two t y p e s  o f  cel ls  were d i f f e r e n t i a t e d .  The ce l l  t y p e  called 
normal means t h a t  t h e r e  was no q u e s t i o n  t h a t  t h e  ce l l  had 
e l o n g a t e d .  The ce l l  t y p e  called abnormal refers t o  a ce l l  t h a t  
most l i k e l y  was a t y p i c a l  cel l  o f  t h e  genus F a c U  which had no t  
e l o n g a t e d  b u t  which w a s  three t i m e s  t h e  s i z e  o f  a number of  t h e  
cel ls  u s u a l l y  s e e n  i n  the  b i o f i l m .  

T h e  c o n d i t i o n  of  ozona t ion  of  t h e  c o a l  w a s  t o  place approximate ly  
a 2 mm l a y e r  of c o a l  i n  t h e  bottom o f  a 5 0 0  m l  g lass  beaker and t o  
cover  t h i s  w i t h  300 m l s  o f  ozone demand free water. T h e  beaker 
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w a s  t h e n  placed upon a magnet ic  stirrer which w a s  t u r n e d  on and 
st irred such  t h a t  t he  c o a l  w a s  suspended t o  f a c i l i t a t e  exposure t o  
ozone. Ozone w a s  t h e n  applied th rough  a f r i t t e d  glass  d i f f u s e r  
s t o n e .  Ozone w a s  g e n e r a t e d  by a ozona to r  (model 035P19-0; Ozone 
Research And Equipment Corpora t ion ,  Phoenix,  A r i z o n a ) .  Ozonation 
w a s  done a t  a c o n s t a n t  gas f low ra te  and ampere s e t t i n g  w i t h  
r e s i d u a l  ozone b e i n g  de termined  by t h e  DPD method o f  t h e  Hach Co. 
(Procedures  f o r  water and wastewater a n a l y s i s ,  P 2-85, Hach Co., 
Loveland, Co lo rado) .  Exposure t o  ozone w a s  t e r m i n a t e d  b y  pour ing  
the  ozonated  water o f f  t h e  c o a l  and adding  back ozone free water. 
Samples w e r e  p r o c e s s e d  t o  y e a s t  e x t r a c t  and n a l i d i x i c  acid w i t h i n  
20  minutes  a f te r  ozona t ion .  

Samples of  raw water were ozonated  by bubb l ing  ozone through the  
sample u n t i l  t he  ozone r e s i d u a l  w a s  1.2-1.3 mg/L which took  1-3 
minutes  t h e n  t u r n i n g  o f f  t h e  ozona to r  and a l lowing  t h e  ozone 
r e s i d u a l  t o  diss ipate .  One t e n t h  t o  0 . 3  mg/L r e s i d u a l  ozone 
remained a t  t he  end o f  t h e  exper iment .  Samples o f  water were 
t a k e n  a t  0 , 1 , 5  and  1 0  minutes  o f  exposure  t o  ozone. T h e  ozone 
r e s i d u a l  w a s  e l i m i n a t e d  by t he  a d d i t i o n  o f  e x c e s s  sodium 
t h i o s u l f a t e .  These samples were p r o c e s s e d  by t h e  a c r i d i n e  orange 
direct coun t  (Nuclepore Corpora t ion ,  P l easan ton ,  C a l i f o r n i a ) .  T h e  
direct viable coun t  w i t h  i n c u b a t i o n  a t  20 C f o r  1 0  and 20 hours ,  
and t he  d e t e r m i n a t i o n  o f  viable cel ls  by p l a t i n g  on R2A agar ( 1 7 ) .  
I n c u b a t i o n  o f  t h e  R2A agar plates  w a s  a t  20 C f o r  7 days. T h e  
spread p l a t e  p rocedure  was used  a t  0 and 1 minute  exposure  t o  
ozone and membrane f i l t r a t i o n  ( 2 )  on M i l l i p o r e  HC f i l t e r s  was used  
f o r  5 and 1 0  minutes  t o  exposure  t o  ozone. T h e  experiment  was 
done t w i c e  . 
Data w e r e  ana lyzed  by a n a l y s i s  of  v a r i a n c e  and Duncan's new 
m u l t i p l e  r ange  tes t  ( 2 1 ) .  

RESULTS AND DISCUSSION 

P r e s e n t e d  i n  Table I are t h e  r e s u l t s  o f  direct viable coun t s  (DVC) 
i n c u b a t e d  f o r  v a r i o u s  times o f  c o a l  from a r a p i d  sand  f i l t e r  which 
had been ozona ted  f o r  v a r i o u s  times. Three t o  6 p e r c e n t  of  t h e  
ce l l s  were n u t r i e n t  r e s p o n s i v e  when t h e  direct  viable  count  was 
i n c u b a t e d  f o r  6 hour s .  I n  c o n t r a s t ,  when t h e  DVC w a s  i ncuba ted  
f o r  2 1  o r  28 hour s ,  t h e  p e r c e n t  r e s p o n s i v e  cel ls  i n c r e a s e d  t o  28 
t o  6 1  p e r c e n t .  These numbers w e r e  s i g n i f i c a n t l y  higher t h a n  t h o s e  
f o r  t he  6 hour  i n c u b a t i o n  ( P = 0 . 0 5 ) .  There w a s  large v a r i a t i o n  i n  
t h e  p e r c e n t  r e s p o n s i v e  ce l l s  between pieces o f  c o a l .  For  example, 
on c o a l  ozonated  f o r  5 minutes  w i t h  t h e  DVC incuba ted  f o r  2 1  hours  
one piece of c o a l  had 75  p e r c e n t  r e s p o n s i v e  cel ls  w h i l e  a n o t h e r  
piece on ly  had 1 0  p e r c e n t  of  t h e  cells  r e s p o n s i v e .  T h e  r eason  f o r  
t h i s  i s  u n c l e a r ,  however t h i s  has p r e v i o u s l y  been shown t o  occur  
on rapid s a n d  f i l t e r  s u p p o r t  gravel ( 1 3 ) .  A n  o b s e r v a t i o n  d u r i n g  
these expe r imen t s  w a s  t h a t  t h e  medium cove r ing  t h e  c o a l  became 
t u r b i d  w i t h  t i m e .  T h i s  i n d i c a t e d  t h a t  growth of bacteria was 
o c c u r r i n g .  
p o s i t i v e  r o d  shaped bac te r ium.  

A gram s t a i n  of  t h e  b r o t h  revealed a large gram 
S ince  t h i s  organism produced 
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s p o r e s  and g r e w  under  a e r o b i c  c o n d i t i o n s  it most l i k e l y  be longs  i n  
t h e  genus B a c i l l u s  . T h i s  cel l  c o u l d  e a s i l y  be confused  w i t h  
r e s p o n s i v e  cells  o f  some small bacter ia  commonly seen  on t h e  c o a l .  

TABLE I DIRECT VIABLE COUNT O F  OZONATED ANTHRACITE FROM A 
R A P I D  SAND FILTER 

T i m e  P e r c e n t  Responsive Cells 

Exposure t o  I n c u b a t i o n  o f  high low s t a n d a r d  

(minutes )  v iable  count  (hour s )  
ozone t h e  direct  v a l u e  v a l u e  mean d e v i a t i o n  

1 

5 

1 0  

6 
2 1  
28 

6 
2 1  
28 

6 
2 1  
28 

7 1 
82 
5 6  

32 
2 

1 2  0 
62 22 
89  29  

2.8a 2 . 3  
61.0 2 3 . 3  
28 .7  2 7 . 1  

6 .2  4 . 5  
4 5 . 0  18 .0  
55.3 22 .5  

9 0 3.3 3.1 
7 5  1 0  36 .2  26 .1  
76  32 5 2 . 5  1 8 . 8  

a - means based upon 6 o b s e r v a t i o n s  

Given i n  Table I1 are  the  r e s u l t s  o f  exper iments  des igned  t o  
re la te  i n c u b a t i o n  t i m e  o f  t h e  DVC t o  t h e  appearance o f  t h e  gram 
p o s i t i v e  bac te r ium.  Any e l o n g a t e d  cells  n o t  t h e  s i z e  o f  t h e  
B a c i l l u s  were counted  as  normal r e s p o n s i v e  cel ls  whi le  t h o s e  cel ls  
which were p robab ly  normal B a c i l l u s  cells  were called normal 
B a c i l l u s  . 
i f  t he  i n c l u s i o n  of t h e  Bac i l l u s  cells  as r e s p o n s i v e  cells  would 
change t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  
were n o t  s e e n  a f t e r  6 hour s  i n c u b a t i o n  and on ly  o c c a s i o n a l l y  seen  
a f t e r  12 h o u r s  i n c u b a t i o n .  These cel ls  w e r e  q u i t e  e v i d e n t  a f te r  2 1  
hour s  i n c u b a t i o n ,  however there was no s i g n i f i c a n t  d i f f e r e n c e  i n  
t h e  numbers seen  a f t e r  21 ,24  o r  30 hour s  o f  i n c u b a t i o n  ( P = 0 . 0 5 ) .  
I n  c o n t r a s t ,  when t h e  normal r e s p o n s i v e  ce l l s  w e r e  ana lyzed ,  it was 
found t h a t  i n c u b a t i o n  of  t h e  DVC f o r  30 hour s  gave s i g n i f i c a n t l y  
higher c o u n t s  t h a n  any of  t h e  o t h e r  times o f  i n c u b a t i o n  ( P = 0 . 0 5 ) .  
Also t h e  DVC a f t e r  2 1  and 24 hours  o f  i n c u b a t i o n  were s i g n i f i c a n t l y  
higher t h a n  t h o s e  a t  6 and 1 2  hours  i n c u b a t i o n  ( P = 0 . 0 5 ) .  T h e  same 
c o n c l u s i o n s  were reached when b o t h  coun t s  w e r e  added t o g e t h e r  
( P = 0 . 0 5 ) ,  however i n c l u s i o n  o f  t h e  Bac i l l u s  t y p e  cel ls  would unduly 
i n f l a t e  t h e  number o f  cel ls  cons ide red  t o  be r e s p o n s i v e  because  it 

Data were ana lyzed  by adding  b o t h  coun t s  t o g e t h e r  t o  see 

T h e  B a c i l l u s  t y p e  cel ls  
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i s  a lmost  c e r t a i n  t h a t  t h e  vast  m a j o r i t y  o f  these cells are  due t o  
r e p r o d u c t i o n  of one o r  a f e w  B a c i l l u s  cells  s u r v i v i n g  ozonat ion .  

TABLE I1 EFFECT OF INCUBATION TIME UPON THE DIRECT VIABLE COUNT 
OF BIOFILM ON COAL OZONATED FOR FIVE MINUTES 

T i m e  of Type o f ce l l  
I n c u b a t i o n  Normal Normal Both 

(hour s )  P aramet er Responsive J3acj-1 l u , ~  - l i k e  

6 

12 

21 

24 

30 

meana 
s t a n d a r d  
devi a t  i o n  

mean 
s t a n d a r d  
d e v i a t i o n  

mean 
s t a n d a r d  
deviat i o n  

mean 
s t a n d a r d  
d e v i a t i o n  

mean 
s t a n d a r d  
d e v i a t i o n  

~ ____ 

1.7b 0.0 1.7 
2 . 1  0.0 2 . 1  

3.7 
1.8 

17.5 
8.9 

21.3 
9.0 

41.2 
19.9 

0.1 
0.3 

18.3 
14.0 

16.7 
5.3 

14.6 
8.8 

3.8 
1.7 

35.7 
16.9 

38.0 
6.5 

55.8 
17.6 

a - based upon 1 0  o b s e r v a t i o n s  
b - v a l u e s  p r e s e n t e d  are p e r c e n t  r e s p o n s i v e  cells  

Shown i n  Table I11 are t h e  r e s u l t s  of  comparing methods f o r  
enumera t ing  bacteria i n  ozonated  r a w  water. 
cells  w a s  s een  when t h e  a c r i d i n e  orange direct  count  (AODC) was 
used  (P=0.05). Also,  t h e  DVC i ncuba ted  f o r  1 0  hour s  was 
s i g n i f i c a n t l y  higher t h a n  t h e  h e t e r o t r o p h i c  p l a t e  coun t s  on R2A 
a g a r  (P=0.05). T h e  decrease i n  numbers i n  t h e  DVC i ncuba ted  f o r  2 0  
hour s  i s  unexp la ined .  

T h e  h ighes t  number of  
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TABLE I11 ENUMERATION O F  BACTERIA I N  OZONATED R A W  WATER 

Minutes o f  A c r i d i n e  Ten hour  Twenty hour  He te ro t roph ic  
exposure  orange direct direct P la t e  Count 
t o  ozone direct v i a b l e  viable on R2A 

Parameter count  count  count  agar 

mean 7 . 4 3 a  6 . 3 5  6.57 5 . 4 1  
0 s t a n d a r d  0 .18  0 . 1 3  0 . 2 5  0 .28  

d e v i a t i o n  

mean 7 . 6 6  6 .18  5 . 7 4  4 . 8 3  
1 s t a n d a r d  0 . 4 8  0 .14  0 . 2 1  0 .57  

d e v i a t i o n  

mean 7 . 4 0  5.13 1 . 3 9  0 . 9 3  
5 s t a n d a r d  0 . 2 5  0 . 8 3  1 . 9 7  0.32 

d e v i a t i o n  

mean 6 . 8 6  4 . 0 6  2 .98  0 .54  
1 0  s t a n d a r d  0 . 8 1  0 . 4 5  4 . 2 1  0 .08  

d e v i a t i o n  

a - v a l u e s  p r e s e n t e d  are based on two exper iments  and are 
numbers per 1 0 0  m l .  

P r e s e n t e d  i n  T a b l e  I V  are t h e  r e s u l t s  of  comparing t h e  AODC w i t h  
t h e  DVC i n c u b a t e d  f o r  1 0  hour s  and 20 hour s  when the  v a l u e s  were 
conve r t ed  t o  p e r c e n t  r e spons ive  cells .  There were some cells i n  
t h e  r a w  water which were probably  f i l amen tous  b l u e  g reen  b a c t e r i a .  
These cells c o u l d  eas i ly  be confused  w i t h  n u t r i e n t  r e spons ive  
cel ls .  The re fo re  t he  AODC w a s  done coun t ing  these cel ls  as 
r e spons ive  and amounted t o  2-3 p e r c e n t  of t h e  cel ls  counted .  The 
DVC i n c u b a t e d  f o r  1 0  hour s  gave s i g n i f i c a n t l y  higher r e s u l t s  t h a n  
the  o t h e r  two methods ( P = 0 . 0 5 ) .  
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TABLE IV PERCENT RESPONSIVE CELLS IN OZONATED R A W  WATER 

Minutes Acridine Ten hour Twenty hour 
of exposure orange direct direct 
to ozone direct viable viable 

Parameter count count count 

0 

1 

5 

mean 2.0  11.5 
standard 2.8 4 .9  
deviation 

mean 
standard 
deviation 

mean 
standard 
deviation 

mean 

devi at ion 
10 standard 

2.5 
0 .7  

20.5 
7.8 

2 .5  1 5 . 0  
2 . 1  18 .4  

2.5 67.5 
3 * 5  0.7 

20 .0  
15 .6  

8 .5  
2 . 1  

1.0 
1.4 

14 .0  
19.8 

It was observed that some of the coal disintegrated during 
ozonation, Other than a consumption of filter material the 
significance of this observation to the methodology used is 
unknown. 

The Facj 3 J r .  ;.s sp. which grew out of the biofilm on the coal was not 
seen in experiments using raw water, however a different type of 
cell was found which could be confused with responsive cells. 
suggests that the natural flora of the water or part of the water 
system under study will be important in the use of DVC. 

This 

The data presented show that the DVC gave positive results when 
applied to ozonated biofilm or raw water. 
methodology for application to the assessment of the efficiency of 
ozonation applied to drinking water may be important in finding 
cells which are viable but can't be cultured, particularly if no 
other chemical disinfectant is used. Much work is needed to 
further develop this methodology. Aspects of the methodology which 
need to be studied include temperature of incubation, determination 
of the best nutrient(s) and the optimum concentration to use, 
application of fluorescent antibody methodology to identify 
bacteria and the best time of incubation just to name a few. 

Development of this 
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CONCLUSION 

Increased incubation time of t he  d i r e c t  v iab le  count l ed  t o  
increased numbers of nu t r i en t  responsive c e l l s  f o r  bac te r i a  
a t tached t o  an th rac i t e  which has been ozonated. T h i s  was not seen 
f o r  unattached c e l l s  which were f r e e  i n  raw water which was 
ozonated. 

The d i r e c t  v iab le  count shows p o t e n t i a l  f o r  being used t o  enumerate 
c e l l s  t h a t  have been ozonated and a re  s t i l l  viable ,  however much 
work needs t o  be done t o  r e f i n e  the  procedure and t o  develop a 
standard methodology. D i f f i c u l t i e s  were encountered i n  
d i f f e r e n t i a t i n g  responsive and nonresponsive c e l l s .  
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