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Abstract—There are often difficuities in estimating the bioavailability of essential nutrients and energy
sources for aquatic microorganisms involved in mediating key sedimentary biotransformations. In order
to estimate rates of sulfate reduction and putrefaction in sedimentary hydrogen sulfide production, a
kinetic bioassay procedure was utilized to confirm the concentrations of hydrogen sulfide precursors
determined by standard analytical procedures. Results were suggestive but inconclusive that sulfide
production via sulfate reduction and putrefaction adhere to the Michaclis-Menten kinetic model.
Nevertheless the kinetic bioassay procedure of Wright and Hobbie (Ecology 47, 447-464, 1966) appears
to be useful in estimating substrate bioavailability for cysteine and sulfate and perhaps other sedimentary
substrates. In addition the method described permits reliable tracer estimates of sulfide production in
freshwaters with low sulfate concentrations which might otherwise not be possible.
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INTRODUCTION

Estimates of biotransformation rates require know-
ledge of the natural substrate concentrations associ-
ated with the transformations of interest. In
homogeneous media this is usually accomplished
more or less directly with standard instrumental or
wet chemical techniques when substrate concen-
trations are within detection limits. With substan-
tially heterogeneous media such as soil or sediment,
new dimensions of physico-chemical complexity must
be confronted in order to estimate natural substrate
concentrations, i.e. concentration which reflect nutri-
ent or energy source availability; therefore, results
obtained with classical or traditional methods may
not accurately reflect availability. For example, avail-
ability of nitrogen, phosphate, sulfate and other plant
growth nutrients have been of primary interest to soil
scientists for decades (Freney et al, 1962, 1969;
Jordan and Ensminger, 1958; Kamprath er al., 1956;
Lowe, 1964, 1965; McLaren and Peterson, 1967; Paul
and Schmidt, 1960, 1961). Studies of eutrophication
beginning in the late 1960s focused on how algal
growth is limited by nutrient availability. Many of
these studies have involved investigations of the
extent to which sediment bound phosphorous was
available for primary production.

*Author to whom all correspondence should be addressed.

Formation of hydrogen sulfide

The overall goal of our research, reported else-
where (Dunnette et al., 1985; Dunnette, 1989) was to
evaluate the relative importance of microbial sulfate
reduction and putrefaction (including desulfuriza-
tion) in the production of hydrogen sulfide in anaero-
bic freshwater lake sediment. To determine hydrogen
sulfide production rates in our investigation, it was
necessary to consider the two separate bacterial pro-
cesses from which sulfide is produced. Suifate re-
duction is the microbial reduction of higher oxidation
state inorganic sulfur species to reduced sulfur, the
sulfate serving as the terminal electron acceptor
from the anaerobic oxidation of organic matter in
the respiratory process. Relatively few species of
organisms are able to dissimilatively reduce sulfate.
Putrefaction, also referred to as anaerobic decompo-
sition, is a result of bacterial degradation of reduced
organic matter, principally the protein fraction of
dead organisms and discharged wastewater and is a
process mediated by several genera of bacteria.

Problems with chemical analysis of sediment

In order to calculate hydrogen sulfide production
rates in our studies two kinds of information were
required: (1) the fraction of added *$ precursor
converted to sulfide per unit time (f/r) and (2)
the total concentration (natural + added, S,+ A4)
of sulfide precursor in sediment samples prior to
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laboratory incubation at 10°C. The (f/¢) terms are
readily determined from measurements of *S in the
added and recovered sulfide. The 4 component of
the concentration term is readily calculated but
knowledge of S, is normally dependent on chemical
analyses.

In natural waters relatively free of sediment or
detrital material the analytical value obtained by a
chemical procedure for the concentration of a nutri-
ent is often a good measure of the actual availability
of that nutrient for the indigenous organisms. This is
not necessarily the case with sediment. Sediment is a
heterogeneous substance containing a very complex
mixture of various sized organic and inorganic sub-
stances and associated living organisms. If clay min-
erals make up a significant portion of the inorganic
matter the sediment has an immense surface area. All
of the solid particles present in sediment possess
capacities for absorbing, chemically or physically,
molecular and ionic species present in the interstitial
water. In addition parameters such as temperature,
pH and Eh greatly affect the nature and form
of many nutrients. These factors can complicate
determinations of nutrient bioavailability.

It is therefore clear that chemical analytical data
generated for the purpose of elucidating microbially
mediated chemical transformations in sediment may
be of questionable validity even though such *classi-
cal” data are traditionally accepted as having signifi-
cance. A supplementary procedure may be required
to provide confirmatory evidence that a given analyti-
cal technique is capable of providing data which
reflects true availability of a dissolved substance for
microorganisms which utilize it as either a nutrient or
energy source.

An approach to the problem of substrate avail-
ability in a heterogeneous medium such as sediment
was described by Wright and Hobbie (1966). Our
specific objective was to utilize this kinetic bioassay
procedure as a tool to guide selection of chemical
analytical procedures which would provide sulfate
and cysteine concentration values that reflect true
biochemical availability and ones which could
validly be used in estimating hydrogen sulfide pro-
duction rates. A review of recent applications of the
kinetic bioassay procedure in assessing availability is
included in the Discussion section.

METHODS

Rate determining method

The techniques used to measure hydrogen sulfide pro-
duction rates in this investigation are described elsewhere
(Dunnette er al., 1985; Dunnette, 1989). Briefly **S-labeled
sulfate and cysteine were added separately to freshwater
lake sediment which had been transferred to plastic dispos-
able syringes. The syringes were allowed to incubate at
10°C for 2h in a Dewar flask. Aliquots were taken at
30 min intervals and fixed with cadmium acetate. Sulfide
was distilled by addition of HC), reprecipitated as cadmium
sulfide and finally deposited on planchets for counting.
Substrate depletion during the 2 h incubation ranged from
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approx. 1 to 5%. Final labeled plus unlabeled concen-
trations of sulfate and cysteine varied from 4.3 to 12.3 and
2.2 to 5.6 mgSI1-', respectively. Precision of the methods
was +15%.

Sediment samples

Results were obtained from the analysis of sediment
samples collected from Third Sister Lake, a 4 ha moderately
eutrophic lake located in Southeastern Michigan, using
a special anaerobic sampling and manipulation corer-
syringe assembly (Dunnette es al., 1985). The samples
were collected over a May-October sampling period from
West Station at a depth of 15m. Samples used for the
Michaelis-Menten and kinetic bioassay experiments were
taken in late August and ecarly September, respectively, from
the same station.

Rationale for analytical procedures used

Knowledge of what concentration of sulfate and cysteine
are actually biologically “available” (S,) is important for
valid estimations of microbial transformation rates. Two
procedures were selected for use in analyzing both hydrogen
sulfide precursors in sediment. The first, centrifugation at
30,000 g, involved simple phase separation. Results ob-
tained from analysis of these samples would provide mini-
mum rate estimates. The second general procedure used was
extraction with neutral or alkaline phosphate buffer. This
extractant has been widely used in soil investigations of
sulfate availability (Melville er al., 1969; Lowe, 1965) and
provides something approaching a maximum bioavailability
value for sulfate.

The problems involved in cysteine availability are con-
siderably more complex. Like sulfate, protein exists in
soluble, colloidal and sorbed forms. Unlike sulfate, how-
ever, protein, peptides and amino acids can form exceed-
ingly strong bonds with clay minerals. This capacity varies
with pH and ionic strength of the medium. Clay minerals
possess a net negative charge due to isomorphous substi-
tution in the crystal structure and broken bonds on crystal
edges (sediment used in this work was 40% clay). Amino
acids and protein possess a net positive charge below their
isoelectric point and a net negative charge above it. Thus,
there is a reduced tendency for protein and amino acids to
bind to clay minerals at pHs above about 7 where there is
a deficiency of hydrogen ions and most amino acids exist as
carboxylate anions. The general procedure used for cysteine
extraction prior to analysis was, therefore, phosphate buffer
extraction. Two buffer pH levels were selected which pro-
vided a moderate range of variation in sediment cysteine
concentrations—pH 10 and 12.

Analysis of sulfate

Twenty samples of sediment from the West Station were
analyzed for sulfate. The method involved reduction of
sulfate to sulfide, distillation of sulfide into alkaline fixative
and subsequent colorimetric determination (Dunnette
et al., 1985). Ten samples were extracted for 30 min with
pH 7 buffer and then centrifuged for 30 min at 30,000g
prior to analysis of the supernatant. An equivalent set of
samples were simply centrifuged prior to reduction and
determination.

Analysis of cysteine

One set of 16 samples was shaken for 30 min with pH 10
phosphate buffer prior to oxidation of the centrifuge super-
natant with performic acid and elution as cysteic acid by ion
exchange chromatography (Dunnette et al., 1985). A second
set of 16 identical samples were extracted with pH 12
phosphate buffer prior to oxidation, centrifugation and
elution. Concentrations were determined colorimetrically
with ninhydrin reagent.
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Adherence to Michaelis—Menten kinetics

The numerical solution to the determination of substrate
availability using the method of Wright and Hobbie is based
on the Michaelis-Menten model of enzyme kinetics,

b= V(S) )

K, +S

in which v is the velocity at a given substrate concentration
S, V is the maximum obtainable velocity (when enzymes are
saturated) and K, is the Michaelis constant (the substrate
concentration when the velocity is 1/2 V). To determine if
the Michaelis-Menten model applies to hydrogen sulfide
production, rates of sulfate reduction and putrefaction were
determined at four concentrations ranging from 4.27 to
12.27mgS1-! for sulfate and four concentrations ranging
from 2.22 to 5.64 mg S1-' for cysteine using the expression
of Parsons and Strickland (1962) as modified by Hobbie and
Crawford (1969),
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in which f is the fraction of added S activity taken up
during the bacterial incubation, A4 is the concentration of
added substrate in mgl-' (labeled + unlabeled), ¢ is the
incubation time in h and S, is natural substrate concen-
tration in mgS1-".

Kinetic bioassay

Rates of sulfate reduction and putrefaction were deter-
mined in diluted and undiluted samples by means of re-
lationships developed by Wright and Hobbie (1966). As
described by Wright and Hobbie, equations (1) and (2)
may be substituted and rearranged to the slope intercept
form,

' 14 + Ko+ S,)

Yz % 3
Plotting ¢/f on the ordinate and A4 on the abscissa will yield
a plot where 1/V is the slope and K, + S,/V is the intercept.
The intercept in this case is a measure of turn-over for the
substrate due to transport system uptake. Since at the
intercept 4 =0, it follows from equations (1)~(3) that

t (K,+S8,) S,

7 v v T, 1))
where T, is turnover time in h and V, is the natural velocity
due to Michaclis-Menten uptake or production. This
procedure was followed for both sulfate and cysteine using
the substrate concentration ranges indicated previously.

If continual regeneration and constant removal are
assumed, the T, is the time required for an amount of
substrate equal to that originally present to be replaced.
If S, is known, then

S,

b=7- ®)
If kinetic data from undiluted and diluted (1 :2) samples are
plotted in the form of equation (3), then ¥ and K, + S,
terms are obtained for both samples. Since the (X, + S,) for
the diluted sample is actually (K, + S,/2) in reference to the
natural sample, then the two results can be combined in the
form of simultaneous equations and S, determined. This
procedure was followed for both cysteine and sulfate.

RESULTS

Hydrogen sulfide production

Data from investigations of hydrogen sulfide pro-
duction from sulfate reduction and putrefaction are
presented elsewhere (Dunnette ef al., 1985; Dunnette,
1989). Briefly, total hydrogen sulfide production aver-
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Table 1. Third sister sediment analysis results for sulfate and cysteine

Concentration (mg S1-')

Number Mean SD
Sulfate
pH 7 Phosphate extraction 10 10.5 20
and centrifugation
Centrifugation only 10 25 0.3
Cysteine
pH 10 Phosphate extraction 16 0.26 0.21
and centrifugation
pH 12 Phosphate extraction 16 2.2 0.75

and centrifugation

aged approx. 2mg S 1-! day~! with putrefaction con-
tributing an average of 15% (5-57%).

Analytical data

Analytical data are summarized in Table 1. As can
be seen, the two analytical methods for each substrate
produce quite different results. For sulfate, phosphate
buffer extraction yielded values which were 4 times
those of samples which were simply centrifuged.
Similarly, with cysteine, pH 12 phosphate buffer ex-
traction and centrifugation produced values which
were, on the average, 8.5 times those of the pH 10
buffer extraction.

Adherence to Michaelis—Menten model

A criterion for application of the kinetic bioassay
procedure is that hydrogen sulfide production ad-
heres to Michaelis~-Menten kinetics when enzyne
systems are saturated. If reaction rates of hydrogen
sulfide production are relatively constant when sul-
fate or cysteine concentrations increase, then this
suggests adherence to Michaelis—-Menten kinetics.

For sulfate reduction the mean sulfide production
rate was 0.0365 mg S1-' d~' with a SD of 0.0040. For
cysteine the mean sulfide production rate was
0.0415mgS1-'d-! with a SD of 0.0070. The data
(fairly low standard deviations) suggest that hydro-
gen sulfide production from sulfate reduction adheres
to Michaelis-Menten kinetics, but appear less clear
for putrefaction.

400
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Fig. 1. ¢/f as a function of added sulfate sulfur. (], Diluted
series; O, undiluted series.
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Fig. 2. t/f as a function of added cysteine sulfur. (], Diluted
series; O, undiluted series.

Kinetic bioassay

A plot of ¢/f vs total added substrate is given
for diluted and undiluted samples for both sulfate
and cysteine in Figs | and 2. The kinetic parameters
obtained from these plots of equation (3) are given in
Table 2. As can be seen, V values of the diluted series
are one-half the ¥ values of the undiluted series. This
is evidence that hydrogen sulfide production was not
disturbed by the dilution process. Data from the
sulfate determination will be used to illustrate use
of simultaneous equations to estimate S,. The inter-
cepts (K, + S,)/V and slopes (1/V) may be estimated
from Figs 1 and 2 and these are given in Table 2.
Using these values the following equations are solved
simultaneously:

undiluted
K.+S,,
—— =27
0.050
diluted
Ko+ Suz_
o028

Solution yields an S, of 2.08mgS1-! for sulfate
and 1.74 mg S1-'. The data are weak for cysteine and
this may reflect the diversity of organisms involved in
putrefactive production of hydrogen sulfide as com-
pared to sulfate reducers (see Discussion below).
The negative K, values obtained from solution of
the equations is inconsistent with Michaelis—Menten
kinetics and of concern, although the kinetic bioassay
approach applied by others has produced results
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Tabie 3. Comparison of kinetic bioassay and analytical chemistry

results
Sulfate Cysteine
(mgSi') (mgS1-")
Kinetic bioassay 2.08 1.74

10.5 + 0.95 (n = 10)
2.5+ 0.23 (n = 10)

0.3+ 0.05(n = 16)
2.2+0.35(n=16)

Chemical method 1
Chemical method 2

which do not preclude the possibility of negative X,
values (Wright and Hobbie, 1966).

A comparison of kinetic bioassay and analytical
chemistry results is given in Table 3. In the case of
both cysteine and sulfate, chemical method number 2
agreed most closely with kinetic bioassay results and
in both cases the results were about 20-30% less than
the chemical values. Results indicate that chemical
method 2 is more appropriate in both cases as a
measure of natural substrate concentration, §,,.

Using the kinetic bioassay procedure described
may also avoid criticisms often associated with tracer
measurements, i.e. that addition of labeled material
may significantly alter the natural substrate concen-
tration and that rates measured with labeled substrate
are not true rates. Use of the described approach will
allow estimation of sulfate reduction rates in waters
or sediments which formerly were precluded from
tracer investigations due to low sulfate levels.

DISCUSSION

In the work described here it was necessary to
estimate rates of hydrogen sulfide production from
two different routes—sulfate reduction and putrefac-
tion. This required knowledge of natural substrate
concentrations (S,) for sulfate and cysteine, respect-
ively. Attempts to analyze for sulfate or cysteine in
sediment yielded quite different results depending
upon the technique chosen to estimate the “avail-
able” fraction. Extraction of sediment with phos-
phate buffer at various pHs gave results which
differed up to 800% from analyses conducted on
centrifuged sediment with no prior extraction. It thus
became clear that accurate estimation of biotrans-
formation rates in sediment required some form of
bioassay information which more directly indicated
actual ‘“‘available” substrate.

The kinetic bioassay procedure of Wright and
Hobbie (1966) was used for this purpose. The method
has been used extensively to measure microbial bio-
transformations in sediment (Baker er al, 1982;
Griffiths er al, 1977; King and Klug, 1982; Torien
and Covari, 1983; Ferroni and Leduc, 1984) and
in the work described here and involved measuring

Table 2. Kinetic parameters calculated for cysteine and sulfate bioassay

Sulfate Cysteine
Parameter Undiluted Diluted Undiluted Diluted
m (slope)(h1mg™") 20.0 422 31.8 64.9
V(mgh™') 0.050 0.024 0.032 0.016
K+ S, (W(T) 27 13 45 36
S, (mgl-') 2.08 1.74
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biotransformation rates at various added substrate
concentrations in both diluted and undiluted samples
and using these results to solve a set of simple
simultaneous equations based on the Michaelis—
Menten enzyme kinetics model. Since the “centri-
fuged only” analytical procedure for sulfate provided
results which most closely matched results obtained
by the kinetic bioassay experiments, this procedure
(involving simple centrifugation without extraction)
was accepted as best representing sulfate S,. For
cysteine it was found that simple centrifugation
yielded undetectable levels but that phosphate extrac-
tion at elevated pH gave values that agreed closely
with bioassay results.

Hypolimnetic sulfate data support the results
obtained in these experiments for sulfate. Epilim-
netic sulfate averaged 3.7+ 1.0mgS1~! (n = 10) and
hypolimnetic sulfate (obtained immediately adjacent
to the sediment) averaged 4.2 + 0.04 mg S1-! found
in water overlying the sediment represents a maxi-
mum expected sediment concentration. The bioassay
sulfate value was 2.08mg S I! and chemical
methods 1 (buffer extracted) and 2 (non-extracted)
yielded 10.5 and 2.5mg S 1-, respectively. The
bioassay sulfate value of 2.08 mg S I~! is consistent
with the hypolimnetic value of 4.0 (considering sul-
fate reduction would be expected to deplete sulfate)
and the choice of chemical method 2 as a reasonable
indicator of sediment sulfate “availability” for sulfate
reduction.

When applying kinetic bioassay results to the
interpretation of chemical analytical data the ques-
tion of applicability and limitations of the Michaelis—
Menten equation arises. Stanley and Staley (1977)
observed adherence to Michaelis-Menten kinetics
among several types of bacteria in pulp mill wastes.
Wright (1974) found that the Michaelis-Menten
equation fits the data more closely when the popu-
lation is relatively active and dense. Krambeck (1979)
points out that theoretically the Michaelis—-Menten
equation can approximate plankton cell kinetics only
“. .. if all the opposing effects involved in the complex
reaction system are correspondingly balanced, if the
incubation time is short because of changes in the
incubation population, and if the incubation itself
does not introduce too great alteration of the natural
conditions.” The methodology described in this
investigation was consistent with these criteria.
Krambeck (1979) further states that calculation of S,
will result in reasonably accurate results only when
added substrate stays within the range of limiting
concentrations (K, + S,). Ferroni et al. (1983) used
the method in simulated acid rain studies. Caldwell
(1977) stated that interpretation of methods based
on the Michaelis—-Menten equation is “problematic”
and Williams (1973) pointed out that mixed cultures
may adhere to Michaelis-Menten kinetics under
some conditions but that greater deviation may be
expected as the heterogeneity of populations in-
creases. Since relatively few bacterial species engage
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in dissimilative sulfate reduction to any great extent
one might expect the deviation to be minimal. This
was in fact observed as shown in Fig. 1. There are,
however, many more species capable of producing
hydrogen sulfide from cysteine and this fact supports
the greater deviation for putrefaction observed as
shown in Fig. 2.

Prior to kinetic bioassay experiments, work was
undertaken to evaluate adherence to the Michaelis-
Menten equation. Results suggest that under the
conditions of the experiments, hydrogen sulfide
production from sulfate reduction and putre-
fraction both adhere to the Michaelis-Menten model
although the evidence is less clear for putrefaction
and negative K, values are inconsistent with the
model. Nevertheless, the results obtained in this
study indicate that natural substrate concentrations
(S,) estimated by chemical analytical methods in
heterogeneous media such as soil or sediment should
preferably be supplemented with biological avail-
ability data such as that generated from the kinetic
bioassay procedure described here. However, in-
terpretations of kinetic bioassay information must be
tempered by an appreciation of the limiting factors
such as those discussed in detail by Krambeck (1979).
Finally, the use of the kinetic bioassay procedure
allows one to demonstrate the effect of labeled sub-
strate addition on biotransformations of interest and
could extend the range of waters investigated with
tracers to those with lower concentrations of natural
substrate.
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