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In troduc t i on 

Sulfur-containing minerals present i n  so i l s ,  sediments, and 
other environments are o f ten  coated w i th  a f i l m  of  a c t i v e l y  
metabolizing microorganisms. Because these t i l m s  are d i f s i c u l t  
to study, c e l l  suspensions are i requent ly  used. Labor i tory  
studies have formed the bas is  of knowledge concerning microbial  
a c t i v i t y  and the chemical development o f  Earth. Because there 
could be important d i f ferences between the a c t i v i t i e s  of microbes 
i n  uniform c e l l  suspensions and those i n  nature, t h i s  research 
aimed to document the presence and formc:ion of mineral f i l m s .  
It was found tha t  microbial  f i l m s  formed r a p i d l y  on a l l  of the 
(SbSz?), b a r i t e  ( E a S O s i ,  se len i te  (CaSO-), amorphous elemental sulfur. 
and hematite (Fe,O=). Gradients of  so lub le sulfur compounds 
(cysteine, glutathione, th iog lyco late,  s u l f i t e .  and th iosu l fa te )  
d i d  not increase the  r a t e  of attachment or  growth of  bac te r ia l  
populat ions coloniz ing these sur faces. Microbial  a c t i v i t i e s ,  
inc lud ing metabolism, growth. behavior var ied subs tan t i a l l y  
depending upon whether the c e l l s  were i n  suspension or  i n  surface 
f i l m s .  

Materials and Methods 

In S2t.u Incubation of Membrane Enrichments 

CI membraris f i 1 t e r  rpolycarbonate capi 1 l a r y  membrane. 3,135 
um pores, 25 mm diameter, Nucleopore, Pleasanton, CGi was 
cemented t o  the ground f l a t  surface of one t.ube o+ a be l l co  
Parabiot ic Chamber !catalog no. 1945) (Fig. V - 1 ) .  This w a s  done 
by coating the surface w i th  an uninterrupted r i n g  of  s i l i c o n e  
ricbber and applying the f i l t e r  w i t h  the shiny s ide out. The 
assembled "2-tube" w a s  autoclaved t o  s t e r i l i z e  the apparatus and 
t o  s o l i d i f y  the s i l i c o n e  rubber. Care w a 5  taken t o  p ro tec t  the 
outer surface of  the f i l t e r  from pore-clogging debris. 

50 mM so lut ions of the fr3llowinc; f i v e  su l fu r  cumpourids were 
prepared: L-cysteine, reduced glutathione. and the sodium s a l t s  
of r u l f i t e ,  th iosu l fa te ,  and th iog lyco iate.  'The compounds were 
dissolved i n  water and the pH adJusted tc! neu t ra l i t y .  

Acr id ine orange, a f luorescent stain,  was used t o  s t a i n  the 
incubated f i l t e r s .  CI i3.1 percent stock so lu t ion  w a s  f i r s t  
prepared by d isso lv ing acr id ine  orange i n  10 mM potassium 
phosphate bu f fe r  a t  pH 7.2. A 1:lO d i l u t i o n  of  the stock i n t o  
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N 
Surf ace !cr l ls / f ie ld l  

a 
(cell s/f  ield-hr 1 

p w i t e  (nrtwr11 70.0 
67.6 

3.1 
2.8 

6.051 0.23 
0.060 0.19 

pvr i te  polished 99.6 
13.4 

w r i t e  polished 73.7 
abliaur 44.9 
rverrge 66.5t21 

:. 9 
1.8 
2.7 
2.0 
2.7tC. 78 

. 966 0.22 
3.062 3.20 
G.674 G.20 
3.054 5.22 
0.061f0.008 O.Z1?0.C? 

pvrrhot i t r  natural 73.9 
9B.i 

pvrrhot i te  polished 120 
top 124 
’ ’ side 79.3 
rverapr 79.zg2.a 

2.3 
4.3 
4.0 

5 ,  4 
3.?+4.6 

;.a 

0.966 9.20 
?.‘H2 0.25 
3.385 0.19 
0.994 C. 15 
3.057 3. le 
0.171?0.i.i6 c 0 ?Ofr,. 0; 

aaiena 71.2 
4?.h 

2.5 
1.9 

st ibni te  80.2 
50.3 

? a  

2.4 
.I. 3.37i  0.19 

0.944 0.24 

sulfur 57.4 
41.6 

2. 4 
1.7 

0.061 3.21 
G. ca4 0.25 

olass 55.7 
45.b 

2.4 
i. i 

3.956 5.22 
0.545 3.21 

73 calc i te  4.*2 
69.4 

i . 2  
.I* 
i.c 

O . ? X  C.3 
0.063 3.21 

Table V-I. Bacterial colonization of s u l f i d e  mineral surf aces. 
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t i l l s  per 
f icld 

cystiar 18.0 
glutrtbiorr 8.9 
tbigi ycoll ate 7.5 
sulfite 11.0 
tkiorulf r tc  14.0 
control 15.0 

colonies at t i c h m t  
per field rrtr 

(cells firld-8h-1) 

13.0 1.9 
5.5 0.78 
6.0 0.85 
7.2 1.0 
10.0 1.4 
9.2 1.3 

specific 
9rDIlth r i t e  
(h-') 

0.29 
0.21 
0.18 
0.23 
0.20 
0.23 

att: 4,900 dP per field 

Table V-2. Effect of sulfur compounds on bacterial attachrmt to 
mineral surf aces. 

F i g u r e  V-1- "J-tube" w i t h  filter. 
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t h e  a b o v e  p h o s p h a t e  b u f f e r  y i e l d e d  a 0.01 p e r c e n t  workinu  
s o l u t i o n .  Both  s o l u t i o n s  w e r e  k e p t  r e f r i g e r a t e d  be tween  u5es. 

A 4 p e r c e n t  s o l u t i o n  a f  f o r m a l i n  w a s  u s e d  a s  f i x a t i v e .  

S i x  csssmbled J - t u b e s  w e r e  a u t o c l a v e d  and  c o o l e d .  I n t o  f i v e  
s e p a r a t e  J - t u b e s  w e r e  a d d e d  a p p r o x i m a t e l y  25 m l  o f  t h e  f i v e  
su l fu r - compound  s o l u t i o n s .  The s i x t h  J - t u b e .  t h e  c o n t r o l ,  w a s  
l e f t  empty. The  J - t u b e s  w e r e  c a p p e d  and  f a s t e n e d  t o  a test t u b e  
r a c k  w i t h  t h e  membranes f a c i n g  down. T h i s  p o s i t i o n i n g  e n s u r e d  
t h a t  s o l u t i o n  w a s  a l w a y s  i n  c o n t a c t  w i t h  t h e  f i l t e r  and  t h a t  no 
d e b r i s  s e t t l e d  on t h e  f i l t e r  s u r f a c e .  The r a c k  a n d  J - t u b e s  w e r e  
submerged  i n  t h e  s u l f u r  s p r i n g - f e d  p o o l  a t  Alum Rock P a r k  ( F i g .  
V-2, site 1) .  A f t e r  a seven h o u r  i n c u b a t i o n  p e r i o d  ( 7 : X  APl t o  
2:30 PM) t h e  J - t u b e s  w e r e  removed f rom the c r e e k  a n d  t h e  
r e m a i n i n g  s o l u t i o n s  w e r e  p o u r e d  out .  T h e  a t t a c h e d  f i l t e r s  w e r e  
r i n s e d  w i t h  d i s t i l l e d  w a t e r  and  t h e  J - t u b e s  w e r e  p l a c e d  i n + a  a 
b e a k e r  of 10 p e r c e n t  f o r m a l i n .  The  J - t t l b e s  w e r e  k e p t  
r e f r i g e r a t e d  i n  t h e  f o r m a l i n  u n t i l  t h e  f i l t e r s  w e r e  to b e  
e x  a m i  ned . 

The f i l t e r s  w e r e  s t a i n e d  w h i l e  a t t a c h e d  t o  t h e  J-tubes. 
A f t e r  r i n s i n g  away t h e  f o r m a l i n  w i t h  water t h e  f i l t e r s  w e r - e  
f l o o d e d  w i t h  0.01 p e r c e n t  a c r i d i n e  o r a n g e  f o r  X) s e c o n d s  a r i d  
r i n s e d  w i t h  w a t e r .  T h e  J - t u b e s  w e r e  t h e n  p l a c e d  i n t o  a beaker of 
w a t e r  f o r  5 m i n u t e s .  The  la t ter  e n s u r e d  t h a t  t h e  s t a i n i n g  w f  t h e  
background  w a s  min imized .  The ce l l s  of i n t e r e s t  w e r e  t h o s e  
i r r e v e r s i b l y  a t t a c h e d  t o  t h e  f i l t e r s  so t h a t  1055 of c e l l s  +rotri a 
f i l t e r  s u r f a c e  d u r i r q  r i n s i n g ,  s t a i n i n g ,  or s t o r - a g e  w a s  
i n s i g n i f i c a n t .  The f i l t e r s  w e r e  t h e n  p e e l e d  awav f rom the 
J - t u b e s  and  p laced  o n t o  g l a s s  s l i d e s  w i t h  the c o l o n i z e d  s i d e  up. 
A f t e r  t r i m m i n g  t h e  f i l t e rs ,  c o v e r  s l i p s  w e r e  plirt-ed on t h e  
f i l t e r s  a n d  s e a l e d  w i t h  v a s p a r ,  a n  e q u a l  m i x t u r e  0.f  pet i -oleum 
j e l l y  and  p a r a f f i n .  

A Zei 5s Photornicro!scope I f  I w i t h  e p i + l u o r e s c e n c e  w a s  u5ed to  
v iew t h e  f 11 ter5 a t  1OtSOX m a g n i f i c a t i o n .  Twerity f i e l d s  V J ~ I - E ?  

s e l e c t e d  r andomly  f r o m  each f i l t e r .  F i e l d s  c o n t a i n q  d e b r i s  were 
d i s c a r d e d .  A l l  b a c t e r i a  a n d  m i c r o c o l o n i e s  t h a t  f e l l  w i t h i n  c lr-  
i n t r u d e d  upon d 65x65 um q r i d  w e r e  c o u n t e d  a5 b e i n g  i n  t h a t  
f i e l d .  A m i c r o c o l o n y  w a s  d e f i n e d  as an  accnmul at ion 0.). 
m o r p h o l o g i c a l l y  s i m i l a r  c e l l s  t h a t  w e r e  no + c ? r t h e r  t h a n  a 
c e l l - l e n y t h  a w a y  f r o m  a n e i g h b o r i n g  ce l l .  The number- of. 
m i c r o c o l o n i e s  c o n t a i n i n g  1, 2, 3-6, 7-12, 13-24, ur more ce l l s  ae: 
w e l l  as t h e  t o t a l  ce l l  c o u n t  w e r e  r ioted f o r  e a c h  f i l t e r .  From 
t h e  d i s t r i b u t i o n  'of c e l l s  w i t h i n  t h e s e  tnicrocoloi-lies t h e  g r o w t h  
arid a t t a c h m e n t  rates f o r  in situ c o l o n i z a t i o n  of t h e  f i l t e r s  
w e r e  d e t e r m i n e d .  
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Figure V-2. Clase-up of Penitencia Creek inset, Alum Rock Pwk 
Map 3. 
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C a l c u l a t i o n s  oC to ta l  cell c o u n t ,  N, arid c o l o n y  c o u n t ,  C t ,  
or a t t a c h m e n t  ra te ,  A, a n d  g r o w t h  rate, u 9  w e r e  d o n e  f o r  e a c h  
.F ie ld .  T h e s e  f i e l d  v a l u e s  w e r e  t o t a l e d  a n d  a v e r a g e d  t o  g i v e  t h e  
mean f i e l d  v a l u e  f o r  e a c h  f i l t e r .  A 1 1  r e s u l t s  w e r e  r e p e a t e d  as 
a v e r a g e  countrj ;  and  r a t e s  f o r  a f i l t e r .  

ua and  uq w e r e  a l s o  c o r e l a t e d  b y  f i r s t  a v e r a g i n g  
t h e  ce l l  c o u n t  .for t h e  f i l t e r s  and  t h e n  u s i n g  t h e s e  a v e r a g e s  i n  t h e  
g r o w t h  r&te e q u a t i o n  of  C a l d w e l l .  

F i e l d  v a l u e s  of  A w e i - e  c o r r e l a t e d  by  c o u n t i n g  t h e  a t t a c h m e n t  
e v e n t s  (1.e. , a l l  microcoloniess) arid d i v i d i n g  by  t h e  i n c u b a t i o n  
p e r i o d .  
d e t e r m i n e d .  ( T h r e e  d i f f e r e n t  v a l u e s  f o r  A a n d  A w e r e  c a l c u l a t e d  
d e p e n d i n g  on t h e  v a l u e  of  C t  u s e d ,  which d e p e n d e d  i n  t u r n  on  t h e  v a l u e  
ol C c h o s e n  - see A S ,  A2, a n d  A s ) .  

From t h e s e  values 8 { t h e  a v e r a g e  WC t h s  f i e l d  v a l u e s )  w a s  

I n d i v i d u a l  g r o w t h  ra tes ,  u ,  w e r e  c a l c u l a t e d  w i  t h  t h e  
f 01 l owing  e q u a t i o n :  

u = 1 tN /Ct  + l ) / t  

Four  v a l u e s .  ul-u4 w e r e  c a l c u l a t e d .  CS s e c o n d  e q u a t i o n  w a s  
u s e d  to c a l u c u l  a t e  a ;  t h r e e  v a l u e s  w e r e  d e t e r m i n e d ,  u-u7, 
+or e a c h  f i e l d .  

11, S z t u  I n c u b a t i o n  of M i n e r a l s  

E i t h e r  n a - t u r a l  c r y s t a l  f a c e s  or c l e a v a g e  f a c e s  w e r e  u s e d  as 
c o l o n i z a t i o n  s u r f a c e s .  In s o m e  cases t h e  c r y s t a l s  w e r e  p o l i s h e d  u s i n g  
0.2 micron  diamond a b r n s i v e .  I n  t h e  cas= o+ p y r i t e  and  p y r r h o t i t e ,  
o b l i q u e  faces i w i t h  r e ! a p e c t  t o  c l e a v a g e  and crvs ta l  p l a n e s )  were 
o b t a i n e d  by  g r i n d i n g  a n d  t h e  c o l o n i z a t i o n  o f  these +aces compared  t o  
t h a t  of t h e  n a t u r a l  f a c e s  I F i q  V - 3 ) .  C r y s t a l  faces w e r e  c i e a n e d  
before u s e  b y  w i p i n g  w i t h  pe t r .o leum e t h e r .  C r - y s t a l s  w e r e  submerged  a t  
S i t e  1, F ' e n i t e n c i a  Creek Alum R o c k  S t a t e  P a r k .  

Study a+ P u r e  Cci l turer j  and  N a t u r a l  Communi t i e s  
i n  C o n t i n u o u s  S l i d e  C u l t u r e  

F ' e r + i l e v  c : a p i l l a r - i e s  ( F e r - + i l e v  and  Gabe, 1969) w e r e  u s e d  t o  
c o n s t r ~ i c t  cont in t - ious  s l i d e  c u l t u r e s  i n  wh ich  a l amina r  f l o w  L e l o c i t y  
of 16 c m  per s e c o n d  w a s  m a i n t a i n e d  d u r i n g  m i c r o b i a l  c u l o n i z a t i o n  a n d  
yrowth. The c a p i l l a r i e s  w t - r - e  t w o  mm i n  depth and 1 mm i n  w i d t h  
! i n t a r r i a l  dimerisronc,) .  The small 51,ze of t h e s e  c a p i l l a r i e s  made i t  

d i f f : i c u l t  t.o p r o p e r l v  f o c u s  t h e  = a n d e n s e r  an t h e  c e l l s  f o r  p h a s e  
mic roscopv .  I n  a d d i t i o n  t h e  c a p i l  l a r i a s  c c n t a i n e d  s t r e t c h  m a r k s  t h a t  
r e s u l t e d  i n  o p t i c a l  d i s t u r t i o n s .  A s  d r e s u l t ,  c a p i l l a r i e s  w e r e  
p r o d u c e d  b y  bcmding c o v e r  s l i p s  be tween  g l a s s  s l i d e s  u s i n g  s i l i c o n e  
#seal. The d ~ m ~ n s i o n 5  of t h i s  c u l t u r e  system w e r e  2 by 2 mm. Liquid 
w a s  : ,uppl ied v i a  22 g a u q e  hypodermic  n e e d l e s  i n s e r t e d  t h r o u g h  t h e  
s i l i c o n e .  Sterxle  medium or' s te r i le  f i l t e r e d  stream water was 
s u p p l i e d  c o n t i n u o u s l y  and  t h e  i n o c u l u m  w a s  i n j e c t e d  t h r o u g h  a s i i i cone  
Srspturn. The inocu lum w a s  p u l s e d  r e p e a t e d l y  or c o n t i n u o u s l y  u n t i l  t h e  
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Fiqucw V-3. Diaqrhms of polirhmd c r v r t r l  surfaces of pyr i te  and 
pyrrhotite. Numbers i n  parentheses r e t c r  t o  m l n e r , a l c q l s t s '  code 
far e i ther  cr-vstal  +e.:@ or cleavaqe plane. 
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d e n s i t y  o+ t e l l s  was 5 tu 5 C r  p e r  S i e l d  <I),Yc)u s q u a r e  rnicr-cms per- 
f i e l d )  - 

Bac te r i a l  c e l l s  on m i n e r a l  and  filter sur-faces were v i s u a l i z e d  
u s i n g  epifluor'escent mici-.c)sc:upy krr o b s e r v e  cells stained ~i t h  a 1:). i l l  

percarit  ( w / v )  s o l u t i o n  of. a c r - i d i n e  c3r-anqe i n  a l i l  mM p h o s p h a t e  bu+ f PI- 

(pl i  7 . 2 ) .  

Resul ts and Discussion 
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'. E-% 
SO ML BCITCH, 150 RPM 
GROWTH RATE = 0.33 PER HOUR . : 

- 9  DOUBLING TINE 2.1 HOURS :' 

- ~ 0 , 1  GLUCOSE = 1 G PER L I T E R  

.. - 

-is,, 

f -20 

d -2=' 
- 38. 
-35,. 

-do<. 
C 
6" 
d 

Figure V-5. Exponential growth of Pseudowonas fluoroscrns 
batch culture (50 rl volume, 1SO r p a  shaking) a rO.331 
hr-%. Ta =2.09 h. 

: 10 ML BCITCH, 250 RFM 
GROWTH RCITE = 0.52 PER HOUR 
DOUBLING TIME = 1.3 HOURS 
GLUCOSE = 1 G PER LITER O.. 

. ' 0  

. . *  

. *  

I.' 

. . 
E0 a 

2 =: 4 s 6 7 0 c 

Figure 0-6. Exponential g r d h  of Pseudownas fluoresc+ns 
batch culture (10 rl volume, 250 rpr shaking) B =o.SlS 
hr-l .  Ta 11.346 h. 
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LAMINAR FLOW = 10 CM PER SEC 
GLUCOSE = 100 MG PER LITER 

FLOWOF- =- 8 a m  

0 

0 - 
m 

. EB 
0 5 1-0 i s  .a@ 

Figure V-7. Growth o+ F = C U ~ O R O ~ ~ S  f i u a r e s c e n s  coionies ir? a 
ferfil'ev c a o i l l a r - v  with and w i t h o u t  iarninsr f l o w  at a qlurase 
concentration of 100 giilter. 

FLOW 

-6 
C' .* LAMINAR FLOW = 0 ,  10 CM PER 

b. 
GROWTH RATE = 0.37 PER HOUR .i 

DOUBLING TIME = 1.9 HOURS - b m r  

- E O  
3 4 s d 

-+- - 
i 

SEC 

IWUB4TIIM P€Rlm tNQCRs) 

Figure V-8. Growth of attached colonies of Psaudoronrs 
f luorescens without end w i t h  laminar flow at a glucose 
concentrat ion of 1 g/l  i ter 
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Two growth rates were ca lcu lated f o r  bacter ia  on each surface. 
rlithuugh these values d i f f e r e d  by about a fac to r  of  four dwending on 
the method of ca lcu lat ion,  they were constant from sample to sample 
wi th in  experimental error.  The lack of a s i g n i f i c a n t  ennancement o-f 
growth by one mineral type i nd ica tes  tha t  e i t he r  the  substrates had a 
n e g l i g i b l e  e f f e c t  on growth or tha t  the t a c t e r i a l  commmity was too 
heteroqenous to reveal  enhanced growth. Su l f i de  cx id iners  were 
probably n c t  the predominant bac ter ia  i n  the  incubat ion site. 

The growth equation developed by Caldwell e t  al. '1981) w a s  used 
t o  obtain growth r a t e s  from the  observed bac te r ia l  popclations. With 
values fo r  t o t a l  c e l l s  (N) and attachment ( A ) ,  a looping, 
t r ia l -and-error  comptltsr program was used to solve the  equatian fb- 

qrowth ( u ; .  

T h i s  gave the  + i r s t  growth r a t e  l i s t e d  i n  Table V-1. W i t h  the  
assumption tha t  the colonies reached steady qt-owth and attachment 
rates. a zecond equation w a s  derived by Caldweil e t  al. (1983). In  
t h i s  equation qrcwth could be d i r e c t l y  calculated. 

u = ln!Nt 'Ci  + l:/t (2 i  

C i  w a s  the average number of  occurrences t h a t  a colony s i ze  c lass  t i - ,  
2-, 4-, 8-, 16-cel l5,  e tc -  i w a s  seen an a surface and t w a s  the 
incubation t ime- T h i s  growth r a t e  i s  the  second value giver. i n  Table 
V-1. D i rec t  observation of  two ac t i ve l y  qrcning colonies described 
e a r l i e r  i n  t h i s  chapter gave an avei-age growth r a t e  of (3.58/h. The 
second growth r a t e  was closer t o  t h i s  value, but t h i o  may have been an 
a r t i f  act. 

The surfaces of the se len i te  c r y s t a l s  dissolved markedly, so t:ie 
r e s u l t s  f r o m  t h e i r  c o l o n i z a t i w  were not included here. One pol ishzd 
s ide and both pol ished obl ique surfaces af the p y r r h o t i t e  w e r e  
.microscopically 5treaked o r  blemished, 50 t h e i r  counts were not 
included e i ther .  A v isual  comparison ot the  pol ished p y r r h o t i t e  and 
p y r i t e  ind icated tha t  there was more shallow p i t t i n g  on the 
pyr rho t i te .  which m a y  have been due t o  i t s  +aster Heathering. 
Quan t i t a t i ve  examination w i th  such techniques as scanniqg e lect ron 
microscopy or computer-aided image enhanremsnt of these surfaces 
before and a f t e r  co ion i ta t i on  are ntaded t o  confir-m t h i s  observation. 

In Sz tu Incubation of heinbrave Enr i  chmentri 

To determine whether surfaces enriched wi th  s o l u b l ~  sulfur 
substrates (cysteine. glutathions, th iog lycc la te,  s u l f i t e ,  and 
th iosu l fa te )  increased the r a t e  of growth or  attachmept of natura l  
communi t ies .  membrane enrichments were irrcuhated a t  S i t e  1. These 
ra tes  were determinad as described by Caldwell e t  a l .  (1981, 198s). 
The enrichments were incubated s l i g h t l y  downstream from sulfur springs 
which released gr.!lf~r-o0:1dirf~nq bacteria. T h i s  ensured t h a t  the zn 
si tu concentrat i  on of sul  f UY s ~ i b s t r a t e s  would be b e l  o w  t h a t  suppl i ed 
by the mefibrane enrichments and tha t  appropriate communities would be 
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Figure V-3, DriSting d e  of surface colonization. 

Figure U-10. Spreading mode of surface colonization. 

229 



1 

Figwe V-11. Static mode b i c  surface colonization. 
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p r e s e n t .  The results c f  t h i s  s t u d y  i T a b i e  L'-2) showed n o  s i y r i i f i c a n t  
d i f f  e r e n c e  be tween the e x p e r i m e n t a l  t r e a t m e n t s  and  t h e  c c m t r o l  
membranas which  1 a c k e d  s u b s t r a t e .  

D i f i e r e n c e c  be tween  Micr-obial Gr-owth k i n e t i c c  
i n  Cell S u s p e n s i o n s  a n d  i n  iilms 

The g r o w t h  or P~.sildomor)ac f l  clore'~it'~-~s, a heter o t r o p h i  c sulfur 
o x i d i z e r - .  was s t u d i e d  in b a t c h  c e l l  s u s p e n s i o n s  and  i n  c o n t i n u o u s  
c u l t u r e .  11-1 b a t c h  c u l t u r e  t h e  celis w e r e  c ~ y y e n  l i m i t e d  ( g r o w t h  r a t e  
Ci. Z3 p e r  hour- u n d e r  oxyqen l i m i t a t i o n  and  I ) .  52 per h o u r  when 
v i q o r o u s l  y aeratexi, F - i y  '1-5 arid $1. A s  sl-iown x1-1 F - i g  V-7  a n d  8. g r o w t h  
w i t l . l i n  t h e  t i l m  was g l u ~ o s e  l i m i t e d .  G l u c o s e  l i m i t a t i o n  could b e  
ci i n t i  i i a t ed  b v  inrzr-easi  ng  1 a m i  n a r  f 1 o w  and c o n s e q u e n t 1  y d e c r e a s i n g  the 
t h i c i , r l e s s  u t  t h e  hydrDdvnamic bourdar-y 1a : i e r .  I t  can b e  s e e n  t h a t  the 
dCtached c e i l s  d r e  c e p d b l e  ot y t - c j w t h  rates equal t o  or +aster t h a n  t h e  
r -a te5  aci- i leved i n  1 i q u i d  cu1 tut-e. 

G i i . f e r e n c e s  be tween  Microbial B e h a v i o r  
i n  C e l l  Suspension and i n  B i o + i l m s  

Se- . . e ra i  bdiar  i ora l  phenomena were observed for cel Is g r o w i 1 3 q  
~ J I  t h i n  ttic hvclr-edyi-lami c boctndarv 1 ayer t h a t  ha..*e n o t  p r e v i  ousl y 
.~- , .burt .ed.  L i e s p i t e  a f l o w  of  ld CUI per s e c u n d  i n  t h e  e n v i r o n m e n t ,  t h e  
b a c t e r i a  were able to (mve +reel:/ i n  both d i r e c t i o n s  w i t h i n  the 
hvdr-ocl.:na3mi c tot:ndar v 1 a y e r  whi ih a p p a r e n t  1 y p r o v i d e s  a cal ni zone 
: .rithirt which t u t - b u i e n c e  is a v o i d e d  and i n  which b a c t e r i a l  m o t i l i t y  is 
r-r-mari-.atLy etfect i  d e .  D u r i r i g  C i i r  d i v i s i c n  o+ c e l l s  on s u r + a c e s  u n i q u e  
net-harlisms at retnain;1ty at tac l ied dur i n g  ce l l  d i v i s i a r !  were observed as 
t h e  cuioi-8) t c J t - t T e d .  Iri the dritting mode the z e l l s  t u m b l e  artb d r i f t  
d ~ r - - i f ~ j =  the sur iace  a t  d v e r y  slob4 rate a s  t h e v  d i v i d e .  I n  t h e  
' 2 p r  e a d i n g  :itUiie i j t  c=urtace L a l o r ~ i z a t i o n  t h e  ccl 1 s  s p r e a d  o u t w a r d  f r o m  
t h e  center ut  the cciony as the:/ divide. I n  the s t a t i c  mode o f  
b u t - i  dce c u l o n i z d t i o n  the c e l l s  s i a y  t i y h t l y  Jf-GL-rpPd withii-1 t h e  c o l o n y  
a i  thouyh t h ~ c y  di? u n d e r q o  s e p a r a t i o n  and r - e o r i e n t a t i o n .  t F i q u r e 5  
', -*: - -  [ 1 " I 
. .  

References 

Baldensperger, J . ,  Guarraia, L. J., and Humphreys, W. 3. .  1'??4. 
;;carminu e l e r t r - o n  micrcjcjcapy of- t h i o b a c i l l i  grown on c o l l o i d a l  
5 ~ 1 1  fur . ,  A r L h .  Microbiol.,  y??: 3-.<--1;Lv. 

Bennet, J.C., and TrAbutsch, H.. 197EI. t d c t e r i a l  l e a c h i n g  
p a t t e r n s  Cjn p y r - i t e  ci-vstel  sur'faces. J .  E a c t e r i o l . ,  
1 :-:: :j.(! ,.IT. 

Caldwell ,  D .E . ,  Brannan, D . K . ,  Morris, M.E., and Betlach, M.R.. 
l ' ? G l .  Cluar?ti t i  a t i o n  of m i c r o b i a l  gr-owth o n   surface^, M r c r o b i a l  
E c u l . ,  ;:i-11. 

2 32 



Caldwell, DIEI, Malone, J . A . ,  and K i e f t ,  T.L.. iW33. Derivation 
of a growth rate equatisn describinc microbial surface 
colonization, Microbial Ecol.  . u: 1-6. 

K i e f t ,  T.L., and Calduell, D.E., 1984. Weatherinq of calcite, 
pyrite, and sul+ur by Tharmothrix thiopara in a thermal 
spring. , Seomicrobiol. J. 3:2@1-216. 

K i e f t ,  T.L., and Caldnall, D.E., 1984. Chemostat and in s i t u  
colonization kinetics of Tcermothr ix  t h i o p a r a  on calcite and 
pyrite surfaces. Geumicrobiol. J.. &:217-22?. 

Kc~ower ,  E. H., Pauhenchevsky, B., and H w s h k o n i t z ,  E.. 1WH. 
1 5 -di azabicycl o (3.5.0) -octad1 enedi ones (9,lO-dioxabi manes) . 
Strongly fluorescent syn isomars, J. Am. Chem. SOC. ,  
120: 6516-6518. 

Lwd, C.3. and Church, T.H., 1984. T h e  geoctmnistr-y of salt 
marshes: Sedimentary ion diffusion. sulfate reduction, and 
pyri tiratian. Geochim. Cosmochim, A c t a .  47: ISEl1 -13Yl .  

buton, 6.L, Dorian, R., and Fahey, R.C., 1981. Analysis a+ 
biologcal thiols: Derivation w i t h  mcnobromobimane and separation 
by reverse-phase high--perf orrnance 1 i quid chromatography, A n a l  . 
biochem..  u: 383-3137. 

Perfiliev, B.W. and &be, D.R., 1'769. Capzilary Methods of 
Znvestijaking Microorganisms, i J .  M. Shewan, T r a n s l . ) ,  
ilniversity o+ Toronto Fircs~:, 627 pp. 

2 33 


