
of 75 to 300 km. Both the number of events and the 
cumulative moment per unit depth decrease by 
about two orders of magnitude in this depth inter- 
val. In contrast, the total along-strike length of all 
subducted slabs decreases by less than one order of 
magnitude as depth increases from 75 km to 300 
km. Therefore, the numerator of Eq. 4 decreases 
more rapidly with increasing depth than does the 
denominator, and as a result the (seismic) down-dip 

strain rates in this depth interval tend to decrease 
with increasing depth. 

23. B. Hager and R. J. O'Comell, TectonophyncS 50,111 
11978). 
\ -  . -, 

24. Giardini and Woodhouse (5) argue that the Tonga 
slab has deformed by shear at a rate comparable to 
the one that I calculate. 
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Bacterial Manganese Reduction and Growth with 
Manganese Oxide as the Sole Electron Acceptor 

Microbes that couple growth to the reduction of  manganese could play an important 
role in the biogeochemistry of certain anaerobic environments. Such a bacterium, 
Alteromonas putrejhciens MR-1, couples its growth to the reduction of manganese 
oxides only under anaerobic conditions. The characteristics of this reduction are 
consistent with a biological, and not an indirect chemical, reduction of manganese, 
which suggest that this bacterium uses manganic oxide as a terminal electron acceptor. 
It can also utilize a large number of other compounds as terminal electron acceptors; 
this versatility could provide a distinct advantage in environments where electron- 
acceptor concentrations may vary. 

M ICROBIAL REDOX REACTIONS 

are important mechanisms for 
mobilizing metals and organic 

compounds in natural, anaerobic, aquatic 
environments. Important microbial reac- 
tions include those involving the oxidation 
of organic matter coupled to the reduction 
of nitrate (NO3-), ferric iron [Fe(III)], 
manganese oxides [containing Mn(IV) and 
Mn(III)], or sulfate (So4'-), and the con- 
version of organic matter to carbon dioxide 
(C02)  and methane (CH4) ( I ) .  

Iron (2) and manganese may represent the 
primary electron acceptors for organic mat- 
ter oxidation in sedimentary environments 
where they are enriched. 1n marine sedi- 
ments, Fe and Mn reduction would likely be 
important in the zone between the region of 
oxygen removal and the region of sulfate 
reduction; in freshwater sediments, which 
are characteristically low in both NO3- and 
Sod2-, metal reduction would occur be- 
tween the regions of oxygen depletion and 
C 0 2  reduction (methanogenesis). 

Bacterially mediated Mn reduction can 
occur indirectly when reduced, metabolical- 
ly excreted end products, such as sulfide (3) 
and certain organic compounds (4, 5) ,  react 
abiotically with manganese oxides. Results 
from several studies (6-9), as well as ther- 
modynamic considerations ( lo) ,  suggest 
that some bacteria may link Mn reduction to 
the oxidation of organic substrates. Some 
bacteria have been shown to reduce Mn(1V) 
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under both aerobic and anaerobic condi- 
tions (6, 9). In contrast, Burdige and Neal- 
son (7) suggested that certain bacteria could 
do this only under anaerobic condtions, but 
they did not work with pure cultures and 
were thus unable to identify the Mn-reduc- 
ing microbes. We have isolated and charac- 
terized a bacterium that reduces Mn(1V) 
only under anaerobic conditions and cou- 
ples its growth to this reduction. 

The Mn-reducing bacterium Alteromonm 
putrefmiens strain MR-1 was isolated from 
the anaerobic sediments of Oneida Lake, 
New York. These sediments, although aero- 

bic at the water-sediment interface, become 
anaerobic a few millimeters beneath the 
interface. During the summer months exten- 
sive Mn(W) reduction occurs, which results 
in pore water Mn(I1) concentrations of 
greater than 100 f l  and a rapid upward 
flux of Mn(I1) into the lake water (11, 12). 

We established enrichment cultures of the 
anaerobic sediments by the use of LO medi- 
um (13) with 0.75% agar, succinate or 
acetate as the carbon sources, and M n 0 2  
(approximately 1 mM) as the electron accep- 
tor. These cultures were incubated at room 
temperature, and after a period of 2 to 7 
weeks the M n 0 2  was reduced. Secondary 
enrichments were established from these 
cultures by use of the same LO medium. 
After the M n 0 2  in the secondary enrich- 
ments had been reduced, the cultures were 
transferred under anaerobic conditions (13) 
to agar plates of the LO medium containing 
an overlay of M n 0 2  in 0.75% agar. In less 
than 1 week, zones of visible reduction (that 
is, clearing) in the M n 0 2  top agar were 
evident; no visible colonies were noted in 
these zones, although MR-1 was repeatedly 
isolated in pure culture from such zones. 
MR-1 apparently stopped growing in an 
area after the local supply of MnOz was 
depleted. This implies that MR-1, a motile 
bacterium that could move through the 
MnOz-rich overlay, requires physical con- 
tact with insoluble M n 0 2  to grow. In con- 
trast. if MR-1 mediated Mn reduction 
through the release of a diffusible reductant, 
then visible colonies within the zones of Mn 
reduction would be expected as is observed 
with sulfidegenerating bacteria (3). We 
identified MR-1 as a strain ofA. putrefikiens 
by conventional biochemical identification 
tests (14). 

Fig. 1. Manganese reduc- - 
tion in liquid medium by 5 6o 
MR-1. (A) Manganese re- ; 
duction versus time for dif- g 40 

ferent numbers of cells: no g b : 
cells (0); 9.33 X 10' cells 2 20 4 20- 
d ~ ' ( A ) ; 1 . 8 7 ~ 1 0 6 c e l l s  % 
ml-I (0); 3.73 x lo6 cells '0 4 8 12 16 

d - I  (m); 7.46 x lo6 cells Time (hours) Relative cell number 

d-' (A); 1.49 x 10' cells 
d-' (e). Cell number was 
determined by colony 
counts on LB medium (21) 
with 1.5% agar. The con- 
centration of Mn2* was de- 2 m 10 

termined by the measure- 5 
ment of free Mn2+ and did o 20 40 60 O 4 6 8 

L 
not include MnZ+ that may Temperature ( C) pH 

have been bound to insoluble M n 0 2  (22). (0 )  Manganese reduction as a fimction of relative cell 
number; these data were obtained from (A). In three Independent experiments, the y-axis intercept was 
equal to 0.5 k 0.3 CuZ.I. (C) Temperature optimum of Mn reduction by MR-1 at pH 7.4; media at all 
temperatures contained 6.36 x lo6 cells ml- '. (D) Optimum pH of manganese reduction by MR- 1 at 
24°C; media at allpH values contained 1.83 x lo6 cells ml-I. The net Mn reduction values in (C) and 
(D) were obtained by subtracting the values for Mn reduct~on in the absence of cells from reduction in 
the presence of cells. Experiments were conducted in LO medum (13) as described (23). The data 
shown m (C) and (D) were reproducible in duplicate experiments. 
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Fig. 2. Effects of oxygen and 
metabolic poisons on the re- 3 

" 1 duction of Mn by MR-1. $ Experiments were conduct- 
ed in LO medium (13) as ' 'O 
described (23); all flasks 
were inoculated under an- 
aerobic conditions (13) with -.-..----- 

anaerobicallv grown cells. o 2 4 , ., 
(A) Manganese reduction in Time (hours) 

the presence (0) and absence ( e )  of 0 2 .  (B) Manganese reduction in the presence of various metabolic 
inhibitors: ( a )  no inhibitor; (A) 0.2% formaldehyde; (U) 100 fl antimycin A; (0) 100 fl CCCP 
(carbonyl cyanide m-chlorophenyl hydrazone); (A)  no cells. Manganese reduction was inhibited 62% 
by formaldehyde, 67% by antimycin A, and 75% by CCCP. Other metabolic poisons also inhibited Mn 
reduction by MR-1 (percentage of inhibition observed): 1 mM sodium azide (36%), 10 fl2-heptyl- 
hydroxyquinolone-N-oxide (HQNO) (39%), 100 fl dicumarol (53%), 100 fl dinitrophenol 
(43%), and 50 fl zinc sulfate (71%). Sodium cyanide (200 fl) did not affect Mn reduction by MR- 
1. Data were reproducible to within approximately 5% in duplicate experiments. 

Fig. 3. Anaerobic growth of MR-1 40 

with M n 0 2  as the sole terminal 
electron acceptor. Growth in the 
presence of Mn02  (2 mM) was 
assessed by increases in cell number k 10 o 
(0); the particulate Mn02  in each 2 
sample was reduced with a small X 
amount of sodium dithionite 
(Na2S204) just prior to plating the 
cell counts. Increases in microbial 
growth paralleled reduction of ' 
manganese (A), whereas no 

0.1 growth was noted in the absence of 0 10 20 30 0 10 20 30 
a terminal electron acceptor ( e ) ;  Hours Hours 

the cell counts shown at baseline on 
the x-axis represent < lo3  cells ml-'. The experiment in (A) was conducted in defined medium (15) and 
that in ( 8 )  was conducted in LO medium (13), with succinate as the carbon source in both. Growth of 
MR-1 coupled to the reduction of Mn was demonstrated in duplicate experiments with succinate as the 
carbon source and in a single experiment with lactate as the carbon source. After 24 hours, cell counts in 
the presence of M n 0 2  leveled off and declined by approximately 50%; Mn reduction rates continued 
unchanged in LO mehum but declined in the defined medium. Concentrations of Mn2+ as low as 200 
fl retard aerobic growth of MR-1, which suggests that Mn2+ toxicity possibly caused the cell number 
to decline after 24 hours. Concentrations of Mn2+ in the pore water of Oneida Lake sediment range 
from 10 to 150 fl ( l l ) ,  below the concentration that is potentially toxic for MR-1. 

Rates of reduction of M n 0 2  by MR-1 in 
LO medium were proportional to cell num- 
ber (Fig. 1, A and B) except at high cell 
concentrations (Fig. 1B). For the data in 
Fig. lA, absolute rates of Mn reduction 
were 0.76 x to 1.2 x pmol 
hour-' Der cell: in a total of 16 ex~eriments 
in this s k e  medium, reduction raies ranged 
from 0.2 x to 8.7 x kmol 
hour-' per cell. For analogous experiments 
in defined medium (15), rates ranged from 
10.4 x to 42.4 x kmol hour-' 
per cell. The differences in the rates for these 
two media may be the result of pH differ- 
ences: the initial pH of the LO medium was 
7.4, but it increased to approximately 7.8 by 
the end of the experiments, whereas the p H  
of the defined medium remained at pH 7.4, 
close to the optimal p H  of between 6 and 7 
for reduction by MR- 1 (Fig. ID) .  The rates 
of Mn reduction by MR- 1 are comparable 
to those rates that have been measured for 
sulfate-reducing bacteria, which reduce 
manganese oxides indirectly by the genera- 
tion of sulfide ( 3 ) .  

The optimum temperature for Mn reduc- 

tion by MR-1 was 35°C (Fig. 1C). Reduc- 
tion of Mn by MR-1 was also detectable at 
7" and 15°C. The temperature of the sedi- 
ment-water interface in Oneida Lake is typi- 
cally 4°C during the winter and approxi- 
mately 20°C during the summer (1 1) .  Rates 
of Mn reduction declined markedly at tem- 
peratures higher than 35"C, as expected for 
a biologically mediated (but not a strictly 
chemical) process. In controls without MR- 
1, there was essentially no reduction of Mn 
at any of the tested temperatures. 

Conditions of lowpH and redox potential 
favor abiotic reduction of Mn (4) ,  but rates 
of Mn reduction by MR-1 were optimal at 
pH 6 to 7. In controls without MR-1, 
detectable reduction of Mn occurred at pH 4 
and 5; essentially no reduction of Mn oc- 
curred in controls with a p H  above 6. The 
pH of the Oneida Lake sediments ranges 
from 7.5 to 8.2 ( l l ) ,  which is in the rangeof 
Mn reduction by MR- 1. 

Manganese reduction by MR-1 was in- 
hibited by molecular oxygen (02) (Fig. 2A), 
and by various metabolic poisons, including 
inhibitors of electron transport-linked respi- 

Table 1. Terminal electron acceptors for MR-1. 
Compounds were considered to be electron ac- 
ceptors if they supported growth of MR-1 on LO 
medium (13) and defined medium (15) with 
succinate or lactate as the carbon source. Aerobic 
growth of MR- 1 on these media (in the absence 
of other electron acceptors) was used as the 
criterion for use of oxygen as an electron acceptor; 
MR-1 was unable to grow on these media in the 
absence of oxygen or other alternative electron 
acceptors. The ability of all other electron accep- 
tors to support growth of MR-1 was tested under 
anaerobic condtions (13) at concentrations of 2 
mM. The formation of visible colonies within 48 
to 72 hours was considered a positive result. 

Tevmind electron acceptor 
Oxygen (02) 
Nitrate (NO3- ) 
Nitrite (NO2- 
Ferric iron ( F J +  )* 
Thiosulfate (S2Sj3* )* 
Sulfite (SO, ) 
Tetrathionate (S40h2- ) 
Glycine 
Fumarate 
Manganese dioxide (Mn02) t  
Trimethylamine N-oxide (TMAO) 

N o t  used as tertninal electron acceptor 
Sulfate (SO4'- ) 
Molybdate (Moo4'- ) 
Carbon dioxide (C02)  

*Recent studies (24) also demonstrate that other strains 
of A. putrejacienr grow using these compounds as elec- 
tron acceptors. tColonies were not visible within the 
zones of Mn reduction. See Fig. 3 for evidence of use of 
MnOz as a terminal electron acceptor. 

ration (Fig. 2B). These relations imply that 
MR-1 may use MnOz as a terminal electron 
acceptor. 

MR-1 was unable to ferment any of the 
carbon sources tested (16); like other non- 
fermentative bacteria under anaerobic con- 
ditions, it must obtain its energy from respi- 
ratory reactions in which terminal electron 
acceptors other than oxygen are used (Table 
1). The variety of compounds that MR-1 
can use to support grow& (Table 1) demon- 
strates its remarkable respiratory versatility. 
Such versatility could provide a distinct ad- 
vantage in environments where the concen- 
tration of certain electron acceptors may 
change with time and sediment depth. 

1n;he absence of other electron acceptors, 
the growth of MR- 1 is obligately coupled to 
the reduction of Mn (Fig. 3). MR-1 did not 
grow in the same med& if Mn02, or an 
alternate electron acceptor, was lacking (Fig. 
3). If the value of 2.8 X g per cell for 
dry cell weight (1 7) is used, the observed cell 
number increases (Fig. 3) for MR-1 give 
molar growth yields of 9 to 45 g of cells per 
mol of MnO? reduced. These values are 
similar to those reported by Stouthamer 
(1 8) for the obligately respiratory bacterium 
Paracoccus denitnjicans (16 to 39 g of cells 
per mol of nitrate or oxygen reduced). Even 
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though more quantitative growth yield ex- 
periments (18) are needed to define more 
precisely growth yields for MR-1, these 
values clearly indicate that MnOz functions 
as an electron acceptor for MR- 1. A dissimi- 
latory Fe(II1)- and Mn(1V)-reducing bacte- 
rium, GS-15, was recently isolated by other 
investigators from the sediments of the Po- 
tomac River, Maryland (19); GS-15 can 
couple its growth to the reduction of Fe(II1) 
or Mn(1V). GS-15 has not yet been classi- 
fied taxonomically, but it is clearly different 
from MR-1 in that it is an obligate anaer- 
obe. 

Microbial Mn reduction has been report- 
ed in marine, freshwater, and terrestrial en- 
vironments (6-9, 20), which implies that 
Mn could play an important role in carbon 
mineralization. The ability of MR- 1 to grow 
by the use of manganese oxide as a terminal 
electron acceptor suggests that MR-1, and 
other bacteria with similar properties, may 
play a significant role in the cycling of Mn 
and in organic matter mineralization in an- 
aerobic sediments that contain abundant 
Mn, such as in Oneida Lake, Green Bay, and 
Lake Michigan. 
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Potassium Salt Microinjection into Xenopus Oocytes 
Mimics Gonadotropin Treatment 

Gonadotropin stimulates protein synthesis and growth in ovarian oocytes. The 
hormone is also known to modify transfollicular K+ fluxes and is now shown to cause 
increased intraoocytic K+ activity ( a K ) .  The hormone's effect on aK was duplicated by 
microinjecting K+ salts into oocytes which were incubated in paraffin oil. This 
treatment mimicked the influence of gonadotropin on both the rate of protein 
synthesis and the synthesis of specific polypeptides. These findings suggest that 
gonadotropin-stimulated oocyte growth is attributable largely to the hormone's 
influence on transfollicular K+ fluxes. They support the hypothesis that the K+ flux 
and aK changes observed during cell activation are critical in causing subsequent 
increases in protein synthesis and growth. 

Fig. l), approximately 1 X lo5 to 5 X 10' MR-1 
cells ml-' could account for the reduction rates 
observed in the summer of 1987. I MANY VERTEBRATE SPEC'ES' OVAR'- Department of Physiology and Biophysics, Michigan 

13. LO medium consisted of Oneida Lake water with 
an oocytes undergo cycles of quiescence Cancer Foundation, 110 East Warren Avenue, Detroit, 

10 mM Hepes [4-(2.hydroxyethyl).l.piperazine. and protein 'ynthe- 48201' 
ethanesulfonic acid] buffer (pH = 7.4), 0.01% sis and growth (1, 2). Quiescent XenqUS *To whom correspondence should be addressed. 
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