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A method was developed to determine whether microorganisms mediate the precipitation of
manganese(Il) in the marine environment. Radioactive **Mn(II) was used as a tracer to measure the
precipitation (binding and oxidation) of Mn(II) [i.e., the *Mn(II) trapped on 0.2-um membrane filters] in the
presence and absence of biological poisons. A variety of antibiotics, fixatives, and metabolic inhibitors were
tested in laboratory control experiments to select poisons that did not interfere in the chemistry of
manganese. The poisons were deemed suitable if (i) they did not complex Mn(II) more strongly than the ion-
exchange resin Chelex 100, (ii) they did not interfere in the adsorption of **Mn(II) onto synthetic $MnO,
(manganate), (iii) they did not cause desorption of *Mn(II) which had been preadsorbed onto synthetic
manganate, and (iv) they did not solubilize synthetic **manganate. In addition, several known chelators,
reducing agents, and buffers normally added to microbiological growth media or used in biochemical assays
were tested. Most additions interfered to some extent with manganese chemistry. However, at least one
inhibitor, sodium azide, or a mixture of sodium azide, penicillin, and tetracycline was shown to be
appropriate for use in field studies of **Mn(Il) binding. Formaldehyde could also be used in short
incubations (1 to 3 h) but was not suitable for longer time course studies. The method was applied to studies
of Mn(II) precipitation in Saanich Inlet, British Columbia, Canada. Bacteria were shown to significantly
enhance the rate of Mn(II) removal from solution in the manganese-rich particulate layer which occurs just

above the oxygen-hydrogen sulfide interface in the water column.

Bacteria catalyze redox transformations in various envi-
ronments. Since many of these reactions can occur sponta-
neously under environmental conditions, bacterial catalysis
is not always necessary to explain the final chemical states
observed. When the rates of reactions are too rapid to be
explained by chemical reaction kinetics or diffusion process-
es alone, bacterial activities are often inferred. Similar
inferences are drawn from physiological characterization of
pure cultures of bacteria known to be abundant in certain
environments. However, since bacteria can regulate their
metabolism in response to environmental conditions, the
presence of a given bacterial type, even in great abundance,
although suggestive, cannot always be taken as proof of its
activity in situ.

The preferred method to establish bacterial catalysis is the
direct measurement of their activities. Such activity mea-
surements have been performed for a variety of microbial
activities, including transformations of sulfur and nitrogen
(9-13, 20). For Mn(Il) oxidation, however, direct measure-
ments of activities in situ or in freshly collected samples
have not usually been presented. Rather, microbial activities
have been inferred from studies of the abundance and
potential activity of bacterial populations in soils and aquatic
environments (4, 5, 14). Kinetic studies of the chemistry of
several environments have also concluded that Mn(II) oxida-
tion is too rapid to be accounted for by purely inorganic
chemical mechanisms (6, 7, 23). Reliable, direct measure-
ments would be very helpful in resolving the actual contribu-
tion of bacteria to Mn(II) oxidation in natural environments.

One method to estimate in situ microbial activities in-
volves the use of poisons to block metabolic activities. Such
an approach would be of great value for the study of
microbial Mn(II) oxidation in the environment, comparing

* Corresponding author.

740

unpoisoned and poisoned bacterial populations in radioac-
tive binding experiments to distinguish biological from auto-
catalytic oxidation, respectively. However, great care must
be taken when introducing poisons into natural or artificial
environments (2) because, if the poisons interfere with
autocatalytic processes, artifactual microbial activities might
be inferred. We present here the results of experiments
designed to define suitable poisons that inhibit microbial
54Mn(II) binding and oxidation without significantly interfer-
ing with either manganese(II) adsorption to preformed man-
ganese(IV) oxides (manganates) or the autocatalytic oxida-
tion of manganese(II).

MATERIALS AND METHODS

Solutions of inhibitors and other compounds. Stock solu-
tions of all compounds to be tested were made in distilled
water. The only exceptions were rifampin, which was first
solubilized in 0.3 ml of 95% ethanol and then diluted with
distilled water, and dichloromethylurea (DCMU ; dissolved
in 95% ethanol and added directly). The pH of these solu-
tions was adjusted to 7.5, except where noted. Usually, 0.5
ml of a stock solution was added to a 5-ml assay.

Competition with Chelex 100 for S*Mn(II) binding. Chelex
100 (Bio-Rad Laboratories, Richmond, Calif.) columns (5
ml) were preequilibrated with natural seawater. Each com-
pound to be tested was added to seawater containing 1.0 uM
MnCl, plus tracer carrier-free **MnCl, (0.2 nCi ml~!; New
England Nuclear Corp., Boston, Mass.). After a 10-min
incubation at room temperature, a portion (0.1 to 0.5 ml)
was added to a Chelex column and eluted with 2.5 ml of
seawater. Radioactivity in the eluate was counted on a
Biogamma II (Beckman Instruments, Inc., Irvine, Calif.).
Elution of antibiotics was confirmed by bioassay with sensi-
tive manganese-oxidizing bacteria. A suspension of sensitive
bacteria was spread on K media (19) agar plates, and



VoL. 47, 1984

TABLE 1. Binding of **Mn(lI) by test compounds in competition
with Chelex 100“

% in eluate
Compound Concn - -
Compound Radioactivity
Antibiotic
Chloramphenicol 200 pg/ml 2 3
Gentamicin sulfate 100 pg/ml 9 0
Kanamycin monosulfate 200 pg/ml 12 0.1
Nalidixic acid 100 pg/ml 25 7
Penicillin G 2,000 pg/ml 100 0
Puromycin dihydrochloride 200 pg/ml 0.8 0
Rifampin/ethanol 100 g/ml 50 0
Streptomycin sulfate 200 pg/ml 44 87
Sulfanilamide 200 pg/ml — 0
Tetracycline-hydrochloride 200 pg/mi 57 0
Chelator (EDTA [pH 7.5]) 2 mM — 100
Fixative (formaldehyde [pH 7.5]) 3.7% — 0
Inhibitor
Potassium cyanide 50 mM — 74
Sodium azide 15 mM 86 0

% A compound was incubated with 1.0 uM MnCl, plus tracer >*Mn
(ca. 10° cpm). A portion of the mixture was added to a Chelex 100
column, and the column was eluted with natural seawater. The
eluate was counted and analyzed for the presence of the compound
as described in the text.

b Percentage is based on initial compound concentration or radio-
activity added. —, not determined.

concentration disks saturated with the eluate were placed on
the plates. A positive test for antibiotics in the eluate was
demonstrated by a zone of growth inhibition around the disk.
Sodium azide in the eluate was determined spectrophoto-
metrically at a wavelength of 240 nm.

Interference with >*Mn(II) adsorption onto synthetic man-
ganate(IV). 83MnO, was prepared by oxidizing Mn(II) with
permanganate by the method of Murray (17), producing a
manganese oxide with an approximate elemental composi-
tion of MnO, ¢s (J. Murray, personal communication). The
flocculent manganate(IV) was washed with deionized water
(two to three times) and seawater (two times) before being
suspended in filtered (0.2-wm filters) natural seawater (pH
7.5). All experiments were carried out in disposable sterile
polystyrene tubes (17 by 30 mm; BD Labware, Oxnard,
Calif.) except in experiments testing chloroform, for which
glass test tubes were used. Tracer, carrier-free >*MnCl, (0.1
to 0.2 pCi ml™!) was added to a seawater suspension of
3MnO, (10 pg ml™!) plus the compound being tested.
Duplicate samples (0.1 to 0.2 ml) were filtered at various
times through 0.2-pm triacetate membrane filters (GAS;
Gelman Sciences, Inc., Ann Arbor, Mich.), and the filters
were immediately washed with 5 ml of filtered seawater (pH
7.5). Radioactivity on the filters and in the filtrates was
determined as described above. In addition, the total radio-
activity in unfiltered samples was monitored throughout
each experiment to detect any soluble and insoluble radioac-
tivity that might adsorb to the sides of the reaction tubes.

Desorption of preadsorbed **Mn(lI) from synthetic man-
ganate(IV). Flocculent 3MnO, (10 pg ml™!) was preincubat-
ed with **MnCl, (0.2 to 1.5 wCi m1™?) for 30 to 60 min, until
all added soluble radioactivity was adsorbed. A given com-
pound (0.5 ml of stock solution) was then added to this
suspension (total, 5 ml), and the samples were filtered and
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washed. The radioactivity on the filters and in the filtrates
was determined as described above.

Solubilization of synthetic *manganate(IV). 5°*MnO, was
prepared by the method of Murray (17), with the modifica-
tion that **MnCl, was added during the preparation, so that
the resulting 8MnO, was radioactive (10,000 cpm pg™!). The
solubilization of manganate(IV) in response to treatment
with a variety of compounds was followed by detectirig
soluble radioactivity as described above.

Field measurements with Saanich Inlet water. Water from
various depths was collected in S-liter Niskin bottles. Tripli-
cate samples (100 ml each) were removed into 8-ounce (ca.
240-ml) polypropylene bottles. One bottle was untreated,
one received a poison mixture (sodium azide, 1 mg ml™!;
penicillin G, 50 ug ml™!; tetracycline-hydrochloride 50 pg
ml™}), and the third received a borate-buffered formaldehyde
(pH 8.1). The experiment was initiated by the addition of
%MnCl, (0.02 wCi mi™?). Duplicate samples (10 ml) from
each bottle were filtered onto 0.2-uwm membrane filters as a
function of time, and the radioactivity on the filters and in

TABLE 2. Effect of test compounds on adsorption of **Mn(1I)
onto 3MnO,“

%" Interference at

Compound Concn (h):
0.5 2.0 24.0
Antibiotic
Chloramphenicol 50 pg/ml 1 [} 0
Gentamicin sulfate S50 pg/ml 15 — —
Kanamycin monosulfate 50 pg/ml 11 — —
Nalidixic acid 50 pug/mi — 0 0
Penicillin G 50 pg/ml 12 — —
Puromycin dihydrochloride 50 pg/ml S — —
Rifamin-ethanol 50 pg/ml 98 — 99
Rifampin (powder) 50 pg/ml 98 — 99
Streptomycin sulfate 50 pg/ml — 0 0
Tetracycline-hydrochloride 50 pg/ml 12 — —
Fixative
Formaldehyde (pH 7.5) 3.7% 32 — 68
Formaldehyde (pH 8.1) 3.7% 0 7 32
Inhibitor
Dichloromethylurea 20 uM 0 0 0
2,4-Dinitrophenol 20 mM 71 65 71
Mercuric chloride 10 mM 2 — 1
Potassium cyanide 50 mM 32 43 69
Sodium azide 15 mM 0 0 —
Poison mix (pH 7.4)
Penicillin G 50 pg/ml
Sodium azide 15 mM 9 — 20
Tetracycline-hydrochloride  50ug/ml
Miscellaneous
Chloroform Saturated 3 1 10
solution
Dithiothreitol (pH 7.4) 10 mM 100 100 100
Ethanol 3.0% 0 0 0
HEPES buffer (pH 7.4) 10 mM 0 0 0
Sodium sulfide (pH 7.4) 10 pM — 97 98
Tris buffer (pH 7.5) 10 mM 0 0 0

2 A compound was added to natural seawater containing floccu-
lent 3MnO, (10 pg m™'). After the addition of *MnCl, (10° cpm
ml™!), samples were taken as a function of time and filtered through
0.2-wm membrane filters, and the radioactivity on the filters and in
the filtrates was determined.

b Percentage is based on initial radioactivity added.
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the filtrates was determined as described above. Mn(II)
concentrations were measured spectrophotometrically by
the method of Brewer and Spencer (1).

RESULTS

Competition with Chelex 100 for *Mn(II) adsorption. Sev-
enteen different antibiotics, fixatives, or metabolic inhibi-
tors, dissolved in natural seawater, were tested for complex-
ation of manganese [Mn(II)] in competition with Chelex 100
(Table 1). Chelex 100 adsorbs Mn(II) even in the presence of
the mono- and divalent cations found in seawater (bulletin
2020; Bio-Rad). Since the inhibitors might also adsorb onto
the Chelex columns, it was necessary to analyze the eluate
for both radioactivity (**Mn) and, by bioassay, the presence
of the compound being tested. A number of the antibiotics
tested, including penicillin, rifampin, and tetracycline, and
the respiratory inhibitor sodium azide did not complex
Mn(II) more strongly than Chelex 100. As expected, EDTA
and potassium cyanide formed strong complexes with
Mn(II). It was not possible to designate some compounds as
either complexing or noncomplexing agents. For example,
with formaldehyde, no radioactivity was detected in the
eluate. But, since a bioassay was not performed on the
eluate, formaldehyde may not have passed through the
column, and hence the absence of radioactivity in the eluate
may only relate to the retention of both radioactivity arid the
compound on the column.

Interference with Mn(II) adsorption onto synthetic manga-
nate(IV). The adsorption of Mn(II) onto flocculent 8MnO, is
well documented (15, 18). In natural environments, a similar

TABLE 3. Desorption of preadsorbed **Mn(l1l) from 8MnO, by
test compounds®

%" Desorption at (h):

Compound Concn
0.5 1.0 24.0

Antibiotic

Gentamicin sulfate 50 pg/ml 0 — 0

Kanamycin monosulfate SO pg/ml 0 — 0

Penicillin G 50 pg/ml 0 — 0

Rifampin-¢thanol 50 pg/ml 22 — 100

Tetracycline-hydrochloride 50 pg/ml 1 — 1
Chelator (EDTA [pH 7.4]) 10 mM 99 — 99
Fixative

Formaldehyde (pH 7.4) 2.0% — 44 72

Glutaraldehyde (pH 7.4) 2.5% — 19 63
Inhibitor

Mercuric chloride (pH 4.0) 10 mM 15 — 22

Mercuric chloride (pH 6.0) 10 mM — 1 11

Sodium azide (pH 7.4) 15 mM 0 — 0
Miscellaneous

Chloroform Saturated — 0 0

solution

Cupric sulfate (pH 4) 10 mM —_ 15 22

Hydroxylamine (pH 7.3) 3 mM 100 100 —

Sodium sulfide (pH 7.4) 10 pM — 98 98

“ A compound was added to natural seawater containing floccu-
lent SMnO, (10 pg mi~') onto which **Mn(Il) (10° cpm ml~") had
been preadsorbed. Samples were removed as a function of time and
filtered through 0.2-um membrane filters. The radioactivity on the
filters and in the filtrates was determined.

b Percentage is based on initial radioactivity added. —, Not
determined.
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TABLE 4. Solubilization of 3°*MnQ, by a variety of test

compounds“
% MnO- solubilized
Compound Concn at (h):
0.5 24.0 96.0
Antibiotic
Penicillin G 50 wg/ml 0 0 0
Rifampin-ethanol 50 pg/ml 0 15 15
Tetracycline-hydrochloride S50 pg/ml 0 0 0
Chelator (EDTA [pH 7.4]) 10 mM 96 99 98
Inhibitor
Dichloromethylurea 20 uM 0 0 0
Mercuric chloride (pH 6) 10 mM 0 21 27
Sodium azide (pH 7.4) 15 mM 0 0 0
Poison mix (pH 7.4) )
Penicillin G 50 pg/ml
Sodium azide 15 mM 0 1 9
Tetracycline-hydrochloride 50 pg/ml
Fixative (formaldehyde 3.7% 7 32 39
[pH 7.5])
Miscellaneous
Dithiothreitol (pH 7.4) 10 mM 97 100 100
HEPES buffer (pH 7.4) 10 mM 0 0 0
Hydroxylamine (pH 7.4) 10 mM 97 100 100
Resazurin 0.4 mM 35 41 42
Sodium sulfide (pH 7.4) 10 pM 16 25 23

“ A compound was added to natural seawater containing floccu-
lent 35,Mn0, (10 ug ml~'; 10° cpm ml~!'). Samples were removed as
a function of time and filtered through 0.2-wm membrane filters. The
radioactivity on the filters and in the filtrates was determined.

binding reaction occurs and is followed by autocatalytic
oxidation of Mn(II) (16). A variety of inhibitors, singly and in
combination, as well as other compounds of interest, was
tested for interference in such binding (Table 2). Antibiotics
such as gentamicin sulfate, penicillin G, and tetracycline-
hydrochloride showed limited interference. One antibiotic,
rifampin, inhibited **Mn(lI) binding to $MnO,. Borate-buff-
ered formaldehyde caused some inhibition at pH 8.1 and was
unsuitable for use at pH 7.4 or lower. Sodium azide and
mercuric chloride showed no measurable interference.

Desorption of preadsorbed 5*Mn(II) from synthetic man-
ganate(IV). 3MnO, is a scavanger of divalent cations (16,
18), and the addition of an inhibitor or other compound might
cause desorption of preadsorbed Mn(II). If this desorption
occurs, the specific activity of the tracer would be diluted,
thus leading to an underestimation of binding. Of the com-
pounds tested (Table 3), rifampin, EDTA, hydroxylamine
hydrochloride, mercuric chloride (to a limited extent), and
formaldehyde caused desorption.

Solubilization of synthetic manganate(IV). The interference
of a compound with Mn(II) adsorption onto 3MnO,; or the
desorption of preadsorbed Mn(II) from 8MnO, could be the
result of solubilization of the 3MnQO,. Such solubilization is
apparently caused by rifampin, mercuric chloride, EDTA,
hydroxylamine hydrochloride, and formaldehyde, as well as
by a few other compounds tested (Table 4).

Microbial manganese binding in water samples as a function
of depth. A profile of the initial rate of manganese binding by
particulates (0.2 pm), for a 1-h incubation, in the presence
and absence of formaldehyde as a function of depth is
presented in Fig. 1 (essentially identical results were ob-
tained with the poison mixture; 7). There was a broad peak
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FIG. 1. Inhibited and uninhibited **Mn(II) binding to particulates
as a function of depth. >*Mn(II) binding assays were performed as
described in the text. The radioactivity bound at 1 h was plotted as a
function of depth. The difference between *Mn(1I) bound (@) and
S4Mn(II) bound plus formaldehyde (O) represents the microbial
Mn(II) binding rate. Dissolved manganese(ll) was defined as that
which passes through a 0.4-p.m membrane filter and was determined
by the colorimetric formaldoxime method of Brewer and Spencer
1).

of Mn(II) binding, corresponding to a microaerophilic zone
above the O,-H,S interface (profiles of oxygen and sulfide
have been previously published [7]). A significantly lower
rate of binding was measured in samples treated with formal-
dehyde (or poison mix [data not shown]; 7). Therefore,
significant biologically catalyzed manganese binding (result-
ing in oxidation) occurs just above the O,-H,S interface in
the water column.

DISCUSSION

One way to directly measure rates of microbial manganese
oxidation is to administer **Mn(II) and then follow changes
in manganese solubility as a function of time. Laboratory
experiments with pure cultures of bacteria have shown that
binding or removal of Mn(II) from solution is a prerequisite
for bacterially catalyzed oxidation (19, 21). Since particulate
manganese also adsorbs Mn(II) (15, 18), one must distin-
guish inorganic removal and autocatalytic oxidation from
microbially catalyzed manganese binding and oxidation.
This can be accomplished by inhibiting microbial metabo-
lism and measuring the residual rate of removal of Mn(II)
from solution, i.e., the inorganic autocatalytic oxidation
rate. However, if the poisons interfere with the inorganic
chemistry of manganese, one may either overestimate or
underestimate the microbial activity.
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Most of the inhibitors tested interfered to some extent
with inorganic manganese chemistry by complexing Mn(II)
or solubilizing 3MnQO,. Some of the poisons that did not
interfere were sodium azide, chloramphenicol, and strepto-
mycin sulfate. Other compounds that interfered only to a
limited extent were penicillin G, tetracycline-hydrochloride,
formaldehyde, mercuric chloride, and a poison mixture
(penicillin G, sodium azide, tetracycline-hydrochloride). Or-
ganic solvents have been used to poison microbial metabo-
lism, and ethanol did not interfere in any of our experiments,
although chloroform partially inhibited Mn(II) binding to
3MnO,. Chloroform may have damaged the cellulose triace-
tate membranes used in this study, allowing particulate
manganate, which normally would have been trapped, to
pass through the filters.

The effects of a variety of other compounds were tested
for potential interference with *Mn(II) adsorption onto
3MnO,. Two buffers, HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) and Tris, did not interfere in any
way and, therefore, can be used to buffer water samples, if
desired. As expected, a number of the compounds tested
solubilized MnO, and hence strongly interfered with manga-
nese chemistry. These included EDTA, dithiothreitol, hy-
droxylamine hydrochloride, resazurin, and sodium sulfide.
Therefore, one must use caution in the use of complexing
and reducing agents or if reducing agents are found in natural
samples which are being tested. In addition, cupric sulfate
has been used to desorb bound but not oxidized Mn(II) from
bacteria, thus providing a method to estimate the percentage
of bound manganese that had been oxidized (3, 21). Our
results (Table 3) demonstrate that in a 24-h incubation with
10 mM cupric sulfate only 22% of the **Mn(II) prebound to
3MnO, was desorbed. The possibility still exists that the
Mn(ll) was actually oxidized during the course of the
incubation; however, this is unlikely since the rate of auto-
catalytic Mn(II) oxidation is very slow (16, 22).

Although there was some variability in Mn(II) adsorption
or desorption both in the presence of a given compound from
one 3MnO, preparation to the next and with the age of a
given manganate preparation, the activities measured for
any single batch were always reproducible. The results of
the four methods used in this study are in good agreement,
with the following two exceptions: (i) rifampin did not bind
Mn(II) when in competition with Chelex 100 but strongly
inhibited Mn(II) adsorption onto, and enhanced desorption
from, 3MnO,, and (ii) streptomycin sulfate complexed
Mn(II) more strongly than Chelex 100 but showed no inter-
ference in any of the Mn(II)-MnO, binding experiments.
The manganese(I)-manganate(IV) system used in these
studies approximates the primary inorganic manganese reac-
tions, Mn(II) autooxidation, and adsorption of Mn(II) by
dMnO,. We feel, therefore, that the results of the Chelex
method can be disregarded in favor of the data from the
manganese(II)-manganate(IV) method for selection of suit-
able poisons. In addition, although streptomycin activity
was measured in the eluate, a significant portion was proba-
bly retained on the Chelex 100 column, and the test cultures
may have been sensitive to low concentrations.

This paper deals with the selection of suitable poisons for
use in studies of microbially catalyzed manganese(II) bind-
ing and oxidation in seawater. Many of these poisons may
also be useful for freshwater studies. Poisons that showed
the least interference in the seawater manganese(II) adsorp-
tion studies were tested with distilled water substituted for
seawater (data not shown). Sodium azide, penicillin, and
formaldehyde showed limited interference in distilled water,
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comparable to a seawater control. Tetracycline, mercuric
chloride, and the poison mixture exhibited moderate-to-
strong inhibition of manganese(II) binding to 3MnO,. It
would appear, therefore, that the results from our seawater
system cannot be extrapolated to a freshwater system with-
out rigorous determination of the extent of interference a
poison may introduce.

Using the acceptable poisons, we estimated the microbial
contribution to manganese precipitation in water samples
from a fjord, Saanich Inlet, British Columbia, Canada.
Emerson et al. (6) had previously suggested that manganese-
oxidizing bacteria are primarily responsible for the rapid
accumulation of oxidized manganese in a particulate zone
enriched with manganese, iron, carbon, and nitrogen. The
*Mn(II) binding assay, with and without added poisons,
showed that microbially catalyzed manganese oxidation
accounts for greater than 50% of the total Mn(II) removal
rate (Fig. 1; 7). This value probably underestimates the
actual microbial binding and oxidation potential for at least
two reasons. First, these experiments were run with saturat-
ing oxygen levels, in contrast with the low levels of ambient
oxygen in situ (5 to 15 wM) between 70 and 130 m, which
would significantly reduce the background levels of inorgan-
ic oxidation (22). The effect on microbial rates of these low
oxygen conditions is not known, but the organisms might be
less affected. Second, an additional control, in which Saan-
ich particulates were sonicated to kill bacteria, showed that
both formaldehyde and the poison mixture enhanced
3Mn(II) binding (data not shown; 7). This is in contrast to
our control experiments with flocculent 3MnO, (Tables 2, 3,
and 4) and those with nonsonicated Saanich particulates (7).
In any case, if the time course examined is short then the
potential interference by an added compound is minimal.

The poison mixture and the formaldehyde used in 3*Mn(II)
binding studies in Saanich Inlet (Fig. 1; [7]) have very
different mechanisms of inhibition. Formaldehyde is a fixa-
tive, whereas the poison mixture is composed of metabolic
and respiratory inhibitors. Therefore, these poisons may
affect different manganese-oxidizing bacteria to differem
extents. Manganese oxidation resulting from direct (enzy-
matic) or indirect (a product of microbial metabolism, such
as a change in local pH) microbial metabolic activity will be
inhibited by both types of poisons. However, manganese
binding and oxidation that may be independent of metabo-
lism, such ‘as an interaction with organic polymers or an
organic matrix on the cell surface, may or may not be
inhibited (8). It is therefore advantageous to use both types
of inhibitors when comparing poison-treated samples with
untreated samples (Fig. 1; 7). Furthermore, additions of
divalent cations such as Hg?* or Cu?* might be expected to
interfere to some extent with manganese chemistry as they
could directly compete with the adsorption of divalent
Mn(II) onto manganese oxides. In seawater, which contains
an assortment of ions, this effect may be less pronounced.
However, this may explain why the mercuric chloride
strongly interfered with the distilled water system.

The poisons tested in this study will be useful for in situ
manganese binding and oxidation experiments. However,
since natural manganates may differ in their ion-exchange
capacity, especially as a function of age (17), the added
poisons may potentially interfere in unknown ways with
Mn(II) adsorption. Incubation experiments with sonicated
and nonsonicated natural samples, as well as in situ experi-
ments, will permit accurate estimation of microbial manga-
nese binding and oxidizing potentials in situ. Independent of
the technique used to measure microbial manganese binding
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and oxidizing potentials, one must carefully select the com-
pounds added to ensure that they do not interfere with
inorganic autocatalytic activities.
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