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Abstraet- -Shewanel la  putrefaciens is a species of metal-reducing bacteria with a versatile respiratory 
metabolism. This study reports that S. putrefaciens strain MR-1 rapidly reduces Fe(III) within smectite 
clay minerals. Up to 15% of the structural Fe within ferruginous smectite (sample SWa-1, Source Clays 
Repository of the Clay Minerals Society) was reduced by MR-1 in 4 h, and a range of 25% to 41% of 
structural Fe was reduced after 6 to 12 d during culture. Conditions for which smectite reduction was 
optimal, that is, pH 5 to 6, at 25 to 37 ~ are consistent with an enzymatic process and not with simple 
chemical reduction. Smectite reduction required viable cells, and was coupled to energy generation and 
carbon metabolism for MR-1 cultures with smectite added as the sole electron acceptor. Iron(III) reduction 
catalyzed by MR-1 was inhibited under aerobic conditions, and under anaerobic conditions it was inhibited 
by the addition of nitrate as an alternate electron acceptor or by the metabolic inhibitors tetrachlorosali- 
cylanilide (TCS) or quinacrine hydrochloride. Genetic mutants of MR-1 deficient in anaerobic respiration 
reduced significantly less structural Fe than wild-type cells. In a minimal medium with formate or lactate 
as the electron donor, more than three times the amount of smectite was reduced over no-carbon controls. 
These data point to at least one mechanism that may be responsible for the microbial reduction of clay 
minerals within soils, namely, anaerobic respiration, and indicate that pure cultures of MR-1 provide an 
effective model system for soil scientists and mineralogists interested in clay reduction. Given the ubiq- 
uitous distribution and versatile metabolism of MR-I, these studies may have further implications for 
bioremediation and water quality in soils and sediments. 
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I N T R O D U C T I O N  

The  reduc t ion  o f  clays and  associa ted swel labi l i ty  
changes  have  been  re la ted  to impor t an t  processes  in  
soils and  sed iments  such as nu t r ien t  cycl ing  (Chen  et 
al. 1987; Shen  and  Stucki  1994), s ed imen t  s t ructure  
(Stucki  1988), pe rmeab i l i ty  (Gates  et  al. 1993) and  
p lant  g rowth  (Lamb  and  Grady  1963). Reduced  clays 
have  a more  b locky  m o r p h o l o g y  (Stucki  and  Tessier  
1991) and  expose  less surface  area (Lear  and Stucki  
1989); whereas ,  the  ox id ized  clay part icles  are thinner,  
have  larger  lateral  ex tent  and  grea ter  surface area. 
Chemica l  reduct ion  studies have  s h o w n  that  the clay 
s t ructure  col lapses  in  r e sponse  to the  reduc t ion  of  
structural  Fe, caus ing  a swel labi l i ty  decrease  measu red  
by  swel l ing pressure  (Stucki  et  al. 1984b; Lea r  and  
Stucki  1989), a decrease  in surface  area (Stucki  and  
Lear  1990) and  a ca t ion exchange  capaci ty  (CEC)  in- 
crease (Stucki  1988). 

T h o u g h  clay reduc t ion  wi th in  soils and  sed iments  is 
though t  to occur  pr imar i ly  as a resul t  o f  the  act ivi ty 
of  ind igenous  mic roo rgan i sms  (Stucki  et  al. 1987; 
Gates  et  al. 1993), mos t  research  has  focused  on  chem-  
ical m e c h a n i s m s  of  Fe  reduct ion  wi th in  clays. C h e m -  
ical reduc t ion  studies have  e m p l o y e d  po ten t  inorganic  
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reductants  such as d i th ioni te  or hydraz ine ,  w h i c h  are 
not  l ikely to p lay  a s ignif icant  role  in  clay reduc t ion  
for  natural  e n v i r o n m e n t s  (Stucki  1988). The  fact  is that  
these  inorganic  chemica l  reductants  are l ikely to be  
mino r  c o m p o n e n t s  of  soils and  sediments ;  whereas ,  
me ta l - r educ ing  bac ter ia  have  been  repor ted  at  103 to 
l 0  s cells  per  cm 3 for  aquat ic  sed iments  (Nea lson  et al. 
1991; Nea l son  and  Myer s  1992). 

Wi th in  the  pas t  decade ,  a var ie ty  o f  bac te r ia  w i th in  
soils and  sed iments  have  been  found  to couple  the ox- 
idat ion of  organic  ca rbon  to the reduc t ion  of  ox id ized  
meta ls  [Fe(III)  or Mn( IV) ]  (Myers  and  Nea l son  1988; 
Lov ley  1991; Nea l son  and  Myer s  1992; Nea l son  and  
Saffar ini  1994). T h r o u g h  the  catalysis  o f  such  reac- 
t ions,  me ta l - reduc ing  bac te r ia  can  fo rm an ef fec t ive  

l ink be tween  the cycles of  ox id ized  meta ls  and organic  
carbon.  W h i l e  the  tu rnover  or recyc l ing  of  the  meta l s  
for  mos t  cases is unde te rmined ,  for  some sed imen ta ry  
env i ronmen t s  Fe and /or  M n  respi ra t ion  can  account  for  
a large por t ion  of  the organic  ca rbon  oxida t ion  that  

occurs  (Chape l le  and  Lov ley  1992; Burd ige  1993; 
Canf ie ld  et  al. 1993). 

Reduc t ion  of  amorphous  Fe(III)  oxide  minera l s  and  
of  the crys ta l l ine  Fe(III)  minera ls ,  goethi te  and  he- 
mati te ,  has  b e e n  demons t r a t ed  us ing  pure  cul tures  of  
me ta l - r educ ing  bac te r ia  (Arno ld  et  al. 1988; Lov ley  
1991). However ,  t hough  clay minera l s  of ten domina te  
the  solid phase  of  sed iments  where  me ta l - r educ ing  
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bacteria have been isolated, few studies of the micro- 
bial reduction of Fe-rich clay minerals have been car- 
ried out (Stucki et al. 1987; Wu et al. 1988; Gates et 
al. 1993). None of these studies has explored the bi- 
ological mechanism by which microbes catalyze clay 
reduction nor have they specified the conditions under 
which microbial clay reduction would be favored for 
soils and sediments. No previous clay reduction stud- 
ies have been carried out using pure cultures of metal- 
reducing bacteria, organisms which are likely to me- 
diate clay reduction in situ. 

The possible importance of the process and the pau- 
city of knowledge for the area warranted a study of 
structural Fe reduction within smectites using a pure 
culture of the dissimilatory Fe(III)-reducing bacterium, 
Shewanella putrefaciens strain MR-1. 

MATERIALS AND METHODS 

Clay Mineral Preparation 

The 0.5 to 2 txm size fraction of the ferruginous 
smectite SWa-1 (Source Clays Repository of the Clay 
Minerals Society) from Grant County, WA, was used. 
The elemental composition of SWa-1 was reported by 
Goodman et al. (1976). The clay was fractionated, di- 
alyzed and freeze-dried prior to use (Stucki et al. 
1984a). The total Fe content of SWa-1 (total Fe = 
3.549 mmol Fe/g SWa-1) was reported previously by 
Lear and Stucki (1989). Clays were sterilized by heat- 
ing via microwave radiation (Keller et al. 1988) before 
addition to the culture medium. 

Bacterial Cultures 

Shewanella putrefaciens strain MR-1 was used. 
MR-1 was isolated from the anoxic sediments of Lake 
Oneida, NY (Myers and Nealson 1988), and has been 
the subject of many physiological and genetic studies 
concerning S. putrefaciens (Nealson and Saffarini 
1994). MR-1 is an obligate-respiratory bacterium, in- 
capable of fermentation (Scott and Nealson 1994). 

Unless otherwise stated, the minimal (M1) medium 
described by Myers and Nealson (1988) was used. The 
M1 medium contained 20 mM formate or lactate as 
the electron donor in a base medium of the following 
composition: 9.0 mM (NH4)2504, 5.7 ~ K2HPO 4, 
3.3 mM KHEPO4, 2.0 m!VI NaHCO3, 1.01 mM MgSO4, 
0.485 mM CaC12, 67.2 ixM NaEEDTA, 56.6 ixM 
HaBO 3, 10.0 IxM NaC1, 5.4 txM FeSO4, 5.0 p,M 
COSO4, 5.0 p,M Ni(NH4)2(SO4)2, 3.87 IxM NaEMOO4, 
1.5 IxM Na2SeO4, 1.26 p,M MnSO4, 1.04 IxM ZnSO4, 
0.2 IxM CuSO4, 20 mg/L arginine, 20 mg/L glutamate, 
and 20 mg/L serine. Cultures were grown within this 
medium with 80 mM Fe(III) citrate as the electron 
acceptor and then transferred to fresh medium with 
1.25 mg/mL smectite added as the sole electron ac- 
ceptor. Cultures were shaken at approximately 50 rpm 
and incubated at 22 ~ unless otherwise indicated. All 

manipulations and incubations were carried out under 
strict anoxic conditions within a Coy anaerobic cham- 
ber (90% N 2, 10% H2). Heat-killed controls were heat- 
ed by microwave radiation until boiling (Keller et al. 
1988) and aerobic cultures were shaken at 50 rpm in 
air. Metabolic inhibitors were used as in previous stud- 
ies (Kostka et al. 1995; Kostka and Nealson 1995). 
Transposon (Tn5) and chemical mutagenesis proce- 
dures were used to produce genetic mutants of MR-1, 
which were deficient in the respiration of Fe (Saffarini 
et al. 1994). 

Fe Measurements 

The oxidation state of structural Fe within smectite 
was measured using a variety of techniques. Produc- 
tion of Fe(II) was monitored in culture by HC1 extrac- 
tion according to Kostka and Nealson (1995) under 
strict anoxic conditions. Culture samples were extract- 
ed using 0.5 M HC1 for 30 rain and then subsamples 
of the extract were pipetted into ferrozine buffered in 
50 mM Hepes (pH 7). After 10 to 15 rain the ferrozine 
mixture was filtered and the absorbance was measured 
at 562 nm (Stookey 1970). Iron concentration was de- 
termined via comparison to a standard curve generated 
with ferrous ammonium sulfate. The percentage of 
structural Fe reduced was determined mathematically 
by comparison to the total Fe concentration for SWa-1 
(3.549 mmol Fe/g) reported by Lear and Stucki 
(1989). 

The oxidation state of the clay was further deter- 
mined as described by Stucki (1981) and modified by 
Komadel and Stucki (1988). Briefly, the clay sample 
was digested with HF and H2504, in the presence of 
1,10-phenanthroline. The digestate was diluted with 
sodium citrate and the absorbance measured at 510 nm 
before and after photochemical reduction using a mer- 
cury vapor lamp. MOssbauer spectroscopy was used to 
measure the amount of structural Fe reduced within 
the smectite (Amonette et al. 1994). 

RESULTS AND DISCUSSION 

Iron(III) reduction catalyzed by MR-1 had an ap- 
parent large effect upon clay mineral properties. The 
oxidation state of structural Fe within smectite deter- 
mines much of the mineral's color (Stucki 1988). Col- 
or changes occurred within a few hours during incu- 
bation of all treatments and were indicative of the 
Fe(II) contents measured. Oxidized smectite appeared 
as fine yellow particles that remained in suspension. 
After microbial reduction, the clay became a dark 
green to blue color, the particles appeared to flocculate 
and sank to the bottom of the serum bottle. This 
change occurred within 6 to 12 h from a 1.25 mg/mL 
smectite suspension with an initial cell number of 106 
to 108 cells/mL of MR-1. These observations are con- 
sistent with previous studies of microbial enrichments 
from clay minerals (Stucki et al. 1987), enrichments 
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Table 1. Comparison of measurements for the extent of 
structural Fe reduction in smectite after 72 h exposure to She- 
wanella putrefaciens strain MR-1 under anaerobic conditions. 
Results are the average from duplicate cultures and the same 
bottles were sampled for all 3 measurements. 

Fe([ [ )  
( %  o f  

M e t h o d  to ta l  Fe )  

HC1/Ferrozine 29.8 
HF/H2SO4/1,10-phenanthroline (Stucki 1981) 31.5 
Mrssbauer spectroscopy 29.8 

from paddy soils (Wu et al. 1988) and in P s e u d o m o n a s  
cultures isolated from the wheat rhizosphere of  soils 
from the State of Washington (Gates et al. 1993). 

The Fe chemistry of smectite reduced by MR-1 was 
studied (Table 1). Wet chemical methods were used to 
measure the oxidation state of  Fe within culture sam- 
pies. MR-I  reduced a substantial percentage of the 
structural Fe within smectite in a few hours. The HC1 
extraction used for this study was not expected to dis- 
solve away the entire clay structure (Kostka and Lu- 
ther 1994). As expected, no Fe was extracted at time 
zero (Figure 1) and little or no Fe was extracted from 
the bacteria controls. From parallel measurements us- 
ing duplicate samples taken from the same culture af- 
ter 72 h exposure to MR-l ,  the HC1 extraction gave 
the same Fe(II) values within 1 to 2% of the Fe(II) 
measured by the HF dissolution method of Stucki 
(1981) (Table 1). Wet chemistry was supported by 
close agreement with Mrssbauer spectroscopy that 
confirmed the change of oxidation state following mi- 
crobial reduction (Table 1). 

Approximately half of  the structural Fe reduction by 
MR-I ,  that is, 0.51 mmol Fe/g or 15% of total Fe in 
SWa-1, occurred within the first 4 h after inoculation 
(Figure 1) and the amount of  Fe reduced increased 
exponentially during the first 10 h (Figure 1). From 
these same cultures after 2 weeks, 1.167 mmol Fe(II)/g 
or 33% of the total Fe in SWa-1 was reduced (data not 
shown). Therefore, structural Fe reduction occurred at 
an exponential rate for the first day and then a linear 
rate was observed afterward. 

To explore the physiological mechanisms associated 
with microbial clay reduction, smectite reduction was 
monitored over time using a variety of culture treat- 
ments. Figure 2a shows the effect of inoculum size 
(cell number) on the rate and extent of Fe reduction 
in smectite. A clear relationship exists between the in- 
oculum size and the rate of  Fe reduction, but it is a 
complex relationship that is undoubtedly related to 
contact between the clay and cell surfaces. This sug- 
gestion was supported by experiments which showed 
that when the clay suspension was separated from 
MR-1 cells with dialysis tubing no reduction was ob- 
served. 
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Figure 1, Reduction of structural Fe(III) to Fe(II) in smectite 
(1.25 mg/mL) under anoxic conditions for the minimal me- 
dium (with no bacteria added), with heat-killed cells, and 
within live cultures of MR-1. 

Figure 2b shows that alternate electron acceptors 
such as oxygen or nitrate inhibit the microbial reduc- 
tion of  clay structural Fe, which is consistent with re- 
ports involving other Fe minerals. Molecular oxygen 
has been shown to inhibit strongly the respiration of 
Fe(III) by metal-reducing bacteria, while nitrate or a 
product of nitrate reduction has been observed to par- 
tially inhibit metal respiration (Nealson and Saffarini 
1994). Table 2 shows a summary of the results of  ex- 
periments involving metabolic inhibitors. Neither cy- 
anide nor azide, inhibitors of aerobic metabolism, 
showed significant inhibition of Fe reduction (Table 2), 
while quinacrine, an inhibitor of electron transport, in- 
hibited Fe(III) reduction by 41%. Heat-killed cells and 
cells treated with the anaerobic protonophore salicy- 
lanilide (TCS) showed almost no ability to reduce the 
clay structural Fe (Table 2). 

The extent of Fe reduction for various genetic mu- 
tants of  MR-1 is shown in Figure 2c. A rough mutant, 
with an altered morphology, that was normal for Fe 
reduction showed similar clay reduction as did the 
wild type, while 3 mutants isolated as deficient in Fe 
reduction, namely, AI, A2 and 13, all showed de- 
creased levels of  reduction of  clay structural Fe. While 
the genetics of  Fe respiration for S. pu t re fac iens  are 
not yet completely elucidated, the lower rates of  Fe 
reduction by the mutants suggest that either regulatory 
or structural genes needed for Fe reduction have been 
altered. 

For the minimal medium used in these studies, more 
than 3 times the amount of  smectite was reduced upon 
addition of  carbon substrate than was observed for the 
controls to which no carbon was added in duplicate 
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Figure 2. Structural Fe(III) reduction in smectite (1.25 mg/mL) over time in various treatments of MR-l:  a) at a range of 
different initial cell numbers; b) with electron acceptors added; c) within cultures of genetic mutants of MR-1 compared to 
the wild type; and d) within a minimal medium with/without electron donors added. Each point is the average of duplicate 
cultures. Oxygen treatments were shaken in air and nitrate was added to 5 mM [for cultures shown in b)]. 

Table 2. Effect of metabolic inhibitors on the reduction of 
structural Fe(III) within smectite (SWa-1) by Shewanella pu- 
trefaciens strain MR-1. 

D e g r e e  o f  
I n h i b i t o r  i n h i b i t i o n  ( % ) t  

Quinacrine hydrochloride (1 mM) 41 
Tetrachlorosalicylanilide (0.2 mM) 83 
Cyanide (0.5 mM) 5 
Azide (1 mM) 10 
Heat-killed (100 ~ 91 

t Calculated from the amount of structural Fe(III) within 
SWa-1 reduced (as % of total Fe) after 24 h in duplicate 
MR-1 cultures. 

cul ture  t rea tments  at a cons tan t  cel l  n u m b e r  (Figure  
2d). The  ini t ial  reduc t ion  o b s e r v e d  for  the n o c a r b o n  
controls  cou ld  be  due to res idual  ca rbon  wi th in  the 

cells upon  d i lu t ion  into the min ima l  m e d i u m  or to the 
low levels  of  amino  acids used  to supp lemen t  this me-  
d ium.  Regardless  of  the source,  af ter  1 to  2 d, c lear ly 
no  more  Fe  reduct ion  occur red  unless  an exogenous  
source  of  organic  carbon,  for  example ,  lactate or  for- 
mate ,  was  added. These  resul ts  indica te  that  clay re- 
duc t ion  is coupled  to ca rbon  m e t a b o l i s m  and  e lect ron 
flow in MR-1 .  Wi th  fo rmate  added  as the  sole e lec t ron  
donor  (Figure 2d), the  data  p rov ide  s t rong ev idence  
that  the m e c h a n i s m  of  clay reduc t ion  is anaerob ic  res- 
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Figure 3. a) Optimum pH of smectite reduction after 2.5 h 
exposure to MR-1. Each point is the average of duplicate 
cultures which contained an initial cell number of 108 
cells/mL; b) Temperature optimum of smectite reduction after 
2.5 h exposure to MR-1. 

piration through dissimilatory reduction o f  structural 
Fe(III) coupled to organic carbon oxidation. 

To explore  condit ions under which microbial  clay 
reduction is l ikely to occur  within soils and sediments,  
smecti te reduction by MR-1 cultures was measured at 
a range of  temperatures and pH values. Once  the initial 
pH of  cultures was raised to a value at which MR-1 
is physiological ly  act ive (>  pH 4), the op t imum range 
was 5 to 6 as the rate o f  smecti te reduction decreased 
with increasing pH above 6 (Figure 3a). However ,  clay 
reduction rates were  rapid and remained within a fac- 
tor of  2 f rom pH 5 to pH 9. Similarly, reduction rates 

Table 3. Comparison of the extent of structural Fe(III) re- 
duction by MR-1 for the present study to previous studies of 
microbial clay reduction. 

M a x i m u m  extent 
o f  reduction 

T ime  in 
culture Cell  count (% of  

Study (d) (cells/ml) (mmol/g)  Total) 

Stucki et al. 
(1987) 

Wu et al. 
(1988) 

Gates et al. 
(1993) 

This Study 

14 108 to 1012 0.31 8.7 

14 NDt  1.73 39 

14 107 1.24 35 
60 107 NAt  NAt  

7 106 (n = 4) 1.46 41 
7 107 (n = 2) NAt  NAt  
6 to 12 108 (n = 12) NAt  NAt  

t Key: ND = not determined; NA = not available. 

remained within a factor of  2 at temperatures f rom 6 
to 60 ~ (Figure 3b). Substantial microbial  Fe  reduc- 
tion was observed,  as a green color, for treatments 
f rom 6 to 37 ~ while  little or no microbial  reduct ion 
was observed  at 60 ~ or for no-bacteria controls, 
which remained golden brown in color. Op t imum rates 
were  observed for the middle  of  the range of  both pH 
and temperature,  indicative o f  an enzymatical ly  cata- 
lyzed reduction reaction (Figures 3a and 3b). 

Smecti te  reduction remained rapid over  a larger pH 
range than for previous studies of  magnet i te  reduct ion 
(Kostka and Nealson 1995) or for studies of  Mn(IV) 
reduction by M R - I  (Myers and Nealson 1988). Rates 
of  clay reduction also appeared to remain rapid over  
a wider range of  temperature than observed f rom pre- 
vious studies of  the reduction of  crystal l ine Fe(III) ox- 
ide by MR-1 (Figure 3b) (Kostka and Nealson 1995). 
Though further study is needed to better define the 
kinetics of  structural Fe( l l I )  reduct ion by MR-1,  rapid 
microbial  clay reduction appears to be possible over  a 
wide range of  temperature and pH found within soils 
and sediments. 

Compar ison  of  the rate and extent of  Fe(III) reduc-  
tion by MR-1 to other studies of  microbial  clay re- 
duction is difficult because few studies have been con- 
ducted. Moreover,  previous work  emphasized the ef- 
fects o f  microbial  reduct ion on clay structure. The  ex-  
isting data are summarized in Table 3. The comparison 
reveals that though the extent  o f  reduction observed  
for the present study is within the range reported f rom 
previous studies, the reduction rate observed for this 
study is much more rapid, occurring on the scale of  
hours rather than days (Table 3). Stucki et at. (1987) 
reported that 3 to 8% of  the total Fe in SWa-1 was 
reduced after 14 d f rom cultures of  soil enrichments  
containing 108 to 10 j2 c e l l s / m E  No cell  counts were 
carried out by Wu et al. (1988), but the extent of  non- 
tronite reduction after 14 d (39%) fell within the range 
reported f rom the present study for smecti te  at 6 to 12 
d (29-41%) .  Gates et al. (1993) found that pure cul- 
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tures of Pseudomonas sp. reduced up to 21% of the 
structural Fe within SWa-1 after 14 d, and mixed cul- 
tures reduced 35% after 60 d. At comparable cell num- 
bers and smectite concentrations, one-half of the struc- 
tural Fe(III) reduction observed within MR-1 cultures 
occurred during the first 4 h. Results from the present 
study conclusively show the dependence of structural 
Fe(III) reduction upon cell number as well as upon the 
physiology of metal-reducing bacteria. 

Similar to studies of Fe(III) oxide minerals (Arnold 
et al. 1988), the present study also shows that cell 
contact is necessary for the reduction of structural 
Fe(III) within smectite. The requirement for cell con- 
tact is consistent with an anaerobic respiration mech- 
anism involving transfer of an electron from the cell 
surface to the clay causing Fe(III) reduction. This ob- 
servation, coupled with experiments on carbon metab- 
olism (Figure 2d), provide strong evidence that clay 
reduction occurs through an enzymatic, dissimilatory 
mechanism. We propose that ShewaneUa putrefaciens 
couples the dissimilatory reduction of structural Fe(III) 
within smectite to the oxidation of organic acids ac- 
cording to the following reactions: 

Dissimilatory Fe(III) smectite reduction coupled to 
formate oxidation: 

0.73 [Nao.81(SiT.aAlo.7)(A11.06Fe2.73mMgo.26)O20(OH)4] 
+ HCOO + H 2 0  

0.73 [Nao.al(Si7.3Alo.7)(A1Lo6Fez73IMgo.26)O20(OH)4] -z73 

+ HCO3 + 2H + [1] 

Dissimilatory Fe(III) smectite reduction coupled to 
lactate oxidation: 

1.47 [Na0.sl(SiT.3A10.7)(A11.06Fe2.73mMg0.26)O20(OH)4] 

+ CH3CHOHCOO- + 2H20 

--3' 1 .47 [Na0.si (SiT.3A10.v)(A11.06Fe2.731IMg0.26)O2o(On)4] -2-73 

+ C H 3 C O O -  + H C O  3 + 5 H  + [2] 

This is consistent with previous studies of S. putre- 
faciens under similar culture conditions in which the 
stoichiometry of dissimilatory metal reduction was 
documented (Kostka et al. 1995). 

The mechanisms for electron transport to insoluble 
Fe(III) and Mn(IV) minerals by dissimilatory metal- 
reducing bacteria are largely unknown (Lovley 
1993a). One study by Myers and Myers (1992) found 
that S. putrefaciens produces cytochromes, which are 
located on the outer membrane, suggesting a possible 
mechanism of electron transport to external electron 
acceptors. Reduction at the outer membrane seems 
more plausible at this time for smectite reduction by 
MR-1 in that the Fe is likely to remain bound within 
the clay structure as it is reduced. Further studies are 
in progress to elucidate the electron transfer mecha- 
nism between MR-1 and clays in the laboratory. 

Environmental Implications of Microbial Clay 
Reduction 

Iron(III) minerals are often the most abundant oxi- 
dant available within soils and sediments (Ponnam- 
peruma et al. 1967; Lovley 1991), and changes in the 
oxidation state of Fe within clay minerals have a large 
effect on the physical-chemical characteristics of these 
environments (Stucki 1988). Recent studies have 
found that a large percentage of Fe reduction in sedi- 
ments is due to bacterial metabolism (Lovley 1993b). 
Bacterial Fe reduction is thought to be intimately in- 
volved in the cycling of organic C and other nutrients. 
This process may be manipulated to facilitate the re- 
mediation of sediments contaminated with metals and 
organics. 

Several strains of bacteria have been isolated from 
sediments, which are capable of coupling the reduction 
of Fe(III) to the oxidation of organic C (Nealson and 
Saffarini 1994). Shewanella putrefaciens is one of the 
better studied organisms and has been isolated from 
oil field samples (Obuekwe and Westlake 1982), fresh- 
water sediments (Myers and Nealson 1988) and ma- 
fine environments where they are found in high num- 
bers at redox interfaces (Nealson et al. 1991; Brettar 
and Hoefle 1993). S. putrefaciens has also been stud- 
ied for its potential to remediate organic contaminants 
(Petrovskis et al. 1994; Nealson et al. 1995). Though 
only a fraction of the presumed population of bacteria 
capable of metal reduction has been cultivated, the 
abundance and physiological versatility observed to 
date suggests that these organisms may contribute sig- 
nificantly to in situ bioremediation and water quality 
within soils and sediments. 

Metal-reducing bacteria like S. putrefaciens may 
catalyze a number of important reactions associated 
with clay mineral surfaces within soils and sediments 
by one or more of the following ways: 

1) Through reduction of structural Fe(IH), metal- 
reducers may decrease the swelling of clays leading to 
decreased surface area and increased CEC (Stucki 
1988). Therefore, structural Fe reduction by microbes 
could lead to changes in soil structure (Gates et al. 
1993) and fertility (Chen et al. 1987). 

2) The bacterial reduction of metal oxyhydroxides 
associated with clay-rich soils and sediments may re- 
lease trace metals and nutrients that co-precipitate with 
these oxides, thereby affecting the flow of these im- 
portant components within soils (Jenne 1977). 

3) Metal-reducing bacteria oxidize organic carbon 
compounds, which are likely to be found in soil or- 
ganic matter (Lovley 1991), and interactions of metal- 
reducers with soil organic matter may subsequently 
affect the sorption capacity of solid surfaces in soils 
(Schlautman and Morgan 1994). 

The wealth of physicochemical changes caused by 
structural Fe(III) reduction (Stucki 1988) coupled with 
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the o ther  processes  m e n t i o n e d  above  suggest  tha t  syn- 
ergies be tween  meta l - r educ ing  bac te r ia  and  clay min-  
erals have  the potent ia l  to p lay  a substant ia l  role for  
the b i o g e o c h e m i s t r y  of  soils and  sediments .  

S U M M A R Y  A N D  C O N C L U S I O N S  

Smect i tes  are bes t  k n o w n  for  the i r  large swellabi l i ty ,  
surface area and  ca t ion exchange  capacity.  This  group 
o f  phyl los i l ica tes  exists  ex tens ive ly  wi th in  aquat ic  
soils and  sed iments  ( I sphord ing  1975; Stucki  1988). 
The  smect i te  ben ton i t e  has  been  used  as a sorbent  for  
the  con t a inmen t  o f  hyd r ophob i c  organic  pol lutants .  
Therefore ,  results  f rom the p resen t  s tudy m a y  be  ap- 
pl ied to na tura l  soils and  sediments ,  as wel l  as to was te  
sys tems and  c lay- r ich  aqui fer  sed iments  where  meta l -  
r educ ing  bac ter ia  have  been  isola ted and  Fe(III)  re- 
duc t ion  has  been  ident i f ied as an impor tan t  process  
(Lovley  et al. 1990; Chape l l e  and  Lov ley  1992). In-  
organic  r educ ing  agents  such  as d i th ioni te  are unl ike ly  
to be  p resen t  in suff icient  quant i t ies  wi th in  soils or 
sed iments  to s ignif icant ly  al ter  Fe  oxida t ion  state in 
situ. The  use  o f  such  chemica l  r educ ing  agents  for  
cont ro l l ing  the  ox ida t ion  state of  sed iments  is b o t h  
economica l ly  and  env i r onm en t a l l y  infeas ib le  (Gates  et  
al. 1993). However ,  i nd igenous  mic roo rgan i sms  or  
seeded  mic roo rgan i sms  m ay  prove  useful  for  control -  
l ing the  oxidat ion state o f  these  env i ronments .  

A substant ia l  p ropor t ion  of  the s tructural  Fe(III)  
wi th in  smect i te  m a y  be  r educed  by  sed imen ta ry  bac-  
teria in  6 to 12 h. This  reduct ion  occurs  at t empera-  
tures and  pHs  c o m m o n  to soils and  sediments ,  and  the  
process  appears  to be  coupled  to ene rgy  genera t ion  
and  ca rbon  m e t a b o l i s m  for  s train MR-1 .  Anae rob i c  
respi ra t ion  is apparent ly  one  m e c h a n i s m  by  w h i c h  mi-  
c robes  m a y  reduce  clays wi th in  soils and  sediments .  
Changes  in Fe  chemis t ry  indica te  that  the process  has  
a large inf luence  upon  clay minera l  structure,  and  
therefore ,  m a y  be  impor t an t  to the  b i ogeochem i s t ry  
and  r emed ia t ion  o f  pol lu tants  wi th in  the  env i ronment .  
Hopefu l ly  these  studies wil l  s t imulate  and  direct  a 
search for  mic rob ia l  clay reduc t ion  in the  field. 
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