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and to establish the relevant physiological
rates directly in the environment is a fasci-
nating field for cooperation between micro-
biologists and chemists.

In situ High-Resolution Chemical
Analysis of Sediment Pore water by
Ion-Selective Sensors

Beat Miillera)*, Bernhard WehrIP), Mary Powerb), and
Jan Roelof van der Meerb)

Abstract. Mineralization of organic matter in sediments are driven by a dense microbial
population. Large chemical concentration gradients perpendicular to the interface are
developed. Concentration profiles at the sediment-water interface can be measured in
situ with miniaturized ion-selective electrodes and fluxes, and reaction rates can be
calculated with this information. Direct flux measurements in benthic chambers are
performed with isotope tracers to investigate the cycling of nutrients such as nitrogen
and sulfur. With the development of molecular genetics new tools have become
available to obtain information on the location and activity of microbial communities
in the sediment. This opens a fascinating field for collaboration between geochemists
and microbiologists. Flux measurements based on microsensors and in situ incubation
techniques can now be related to microbiological information. In this contribution we
give an overview of the current state of research in sensor development, incubation
techniques, and molecular genetics at EA WAG.

Why Study Microbial Processes in
Sediments?

The sediment-water interface is the bio-
logically most active zone in lakes and
coastal regions. Organic material which
settles through the water column is miner-
alized within an active microbial mat at
the sediment surface. The intense micro-
bial respiration depletes dissolved elec-
tron acceptors such as O2 and NO) within
millimeters. Sulfate reduction and reduc-
tive dissolution of iron and manganese
oxides occur in the anaerobic zone below
the sediment-water interface. In freshwa-
ter systems methanogenesis finally de-
composes labile organic carbon. In oceans
sulfate reduction is often the terminal step.
The intensity of these microbial processes
directly affects the recycling of nutrients
such as nitrogen and phosphorus back into
the water column, which is of major inter-
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est for the evaluation of nutrient manage-
ment strategies. On the other hand, the
benthic microorganisms also determine
the final storage of organic carbon - an
important factor in the global carbon bal-
ance. Simple methods of porewater anal-
ysis became popular 20 years ago to quan-
tify diffusive fluxes in sediments [1][2].
With some mathematical modelling [3]
such porewater profiles could be analyzed
in terms of microbial reactions. However,
the steep and coupled concentration gradi-
ents in many microbial biomats require
analysis by microelectrodes in order to
obtain sufficient vertical resolution [4].
Development of submersible in situ pro-
filing instruments made precise measure-
ments of benthic respiration rates possible
[5]. The use of radioactive or stable iso-
topes represents a second approach to
measure microbial acti vity. Methods based
on 3ss01- to trace sulfate reduction rates
or ISN 03 to measure denitrification [6] are
now well-established. These 'chemical'
methods, however, remain black-box ap-
proaches, since only information about
rates can be obtained. It is the develop-
ment of gene-probe methods and the ap-
plication of the polymerase chain reaction
(PCR) to environmental samples that al-
lows to probe the structure of the microbi-
al communities and to detect their activity
[7][8]. The possibility to gain insight into
the structure of the microbial population

Introduction to Chemical Sensors
A variety of chemical sensors have re-

cently been constructed to investigate mi-
crobial mats and biofilms, and applica-
tions in environmental systems are in-
creasing (for an overview see [9]). Chem-
ical sensors exhibit some unique features
that make them ideall y su ited for the in situ
application in microbial mats. The zone of
recently sedimented matter is very active
and microbially driven redox reactions
occur with high intensities within a layer
of a few millimeters to centimeters and are
often interdependent. Microbial process-
es and material fluxes can be interpreted
from the course of the concentrations
through the interface and quantified from
their gradients applying Fick's laws [10]
(Fig. 1). With adequately miniaturized
ion-selective electrodes (ISEs) concentra-
tion profiles across thin, highly structured
interfaces can be resolved.

The measuring principle ofISEs allows
relatively fast, continuous, and nondestruc-
tive measurement. No filtration and no
discrete samples are needed. Miniaturiza-
tion of the sensor geomet.ry to micrometer
size and negligible sample consumption
provide the possibility of high temporal
and spatial resolution measurements. Es-
sential parameters for the characterization
of performance ofISEs are detection lim-
its, selectivities, sensitivities, and response
times. Detection limits for most potentio-
metric membrane electrodes reach to the
lower !J111olJlrange. Sensitivities should
correspond to theory and are quality indi-
cators for the sensors. Selectivity of sen-
sors is important to consider, since inter-
ference of disturbing ions always occur
when the concentration of the measuring
ion falls short of a critical concentration.
This is the reason that many potentiomet-
ric ISEs can not be used under seawater
conditions but are readily applicable in
freshwater.

Critical properties of potentiometric elec-
trodes (different from amperometric sen-
sors) are the logarithmic relation between
signal response and activity. Concentra-
tion changes in environmental systems are
often relatively small and subsequently
the precision of the measurement is limit-
ing. Moreover, membranes of potentio-



CHEMISTRY AT EAWAG 879
CHIMIA 5/ (1997) Nr. 12 (Dezember)

metric sensors are sensitive to microscop-
ic changes on their surfaces and develop a
long-term drift.

While the use of the amperometric oxy-
gen microelectrode is more than ten years
old, only very few ion-selective liquid
membrane electrodes were applied in en-
vironmental research. The selectivities of
the available specific carriers could not
cope with the high electrolyte concentra-

Ca2+, and S(-II) across the sediment-wa-
ter interface of Rotsee.

The experimental technique and setup is
versatile and used for specific studies on
sediment early diagenetic processes such
as nitrogen cycling [15]. All relevant pa-
rameters, NO;, NH;, 02, and pH, are an-
alytically available and concentration pro-
files can be measured under given condi-
tions of light intensity, O2and N03 con-
centrations.

In situ Measurements with a Submersi-
ble Microprofiling Instrument

It can not be avoided that the situation at
the sediment-water interface of the natural
situation is altered due to core handling
during sampling, degassing, warming, dif-
fusion, interruption of the flow of bottom
water, etc. Ideally, core sampling should
be avoided at all and chemical gradients
should be measured in the lake directly.
Classic attempts to measure reaction rates
and fluxes in situ or to sample porewater
are the use of flux chambers and diffusion
plates [16]. It was not until 1987 when
Reimers [17] presented a submersible pro-
filing instrument that allowed to measure
gradients at the seafloor with a chemical
sensor: First in situ measurements with an
Orsensor in seawater were published by
Reimers et at. f5]. The profiler was later
extended for 'other chemical parameters
and used by other research groups. New
profilers were built later on, such as 'Pro-
filur' [18] and were applied to oceano-
graphic systems.

The low electrolyte concentration of
freshwater allows the detection of NO;,
NO;, NH;, Ca2

+, and CO~- with liquid
membrane ISEs in addition to the 'classic'
parameters 02' pH, and S2-. For this pur-

tions in the sea. These potentiometric ISEs
can be applied in freshwater, however.

On-Site Measurements in Sediment Cores
We determine concentration gradients

at the sediment-water interface with liquid
membrane (PVC) ion-selective electrodes.
For this purpose miniaturized membrane
electrodes for pH, NH;, NO;, NO;, Ca2+,

coj-, and S2- were developed, and com-
mercial amperometric O2microelectrodes
are used [9][11]. An optode for CO2 is
under development [12][13]. Electrode
bodies have outer tip diameters of 0.6 mm
and 8 cm length.

The sediment core including overlaying
water sampled with a gravity corer [14] is
cut to a length of about 40 cm and placed
under a micromanipulator which moves
the set of sensors vertically in steps of 0.5
to 0.1 mm. Due to the high impedance of
the PVC membrane sensors the setup is
placed in a light wire-netting Faraday
cage to avoid disturbations by electrostat-
ic fields. Calibrations are performed with
three solutions immediately before and
after the sediment profile is recorded. Cal-
ibration curves for solid-state sulfide elec-
trodes are recorded by a pH-titration ex-
periment and are very reproducible. Data
recording is performed with an 8-channel
MacLab system and laptop computer (for
details see [11]). In Qrder to minimize
alterations of the physical structure of the
sediment -water interface, freshly sampled
cores were measured on board of a float or
at the shore. In this way, measurements
can be performed immediately after sam-
pling with a minimum of shaking, temper-
ature changes, or other potentially dis-
tressing manipulations involved. Fig. 2
shows concentration profiles of pH, NH:,
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Fig. 1.Early diagenetic mineralization processes
use up O2 in the sediment: Data show an oxygen
profile measured in situ with the LISA in Alp-
nachersee 29. 7.97. The zone oflinear decrease of
O2 at the sediment-water interface is caused by
molecular diffusion through the diffusive bound-
ary layer. The flux of O2 can be calculated with
Fick's first law of diffusion (in box). The curved
part of the profile indicates a zone of intense
oxygen demand. The location of the change be-
tween the two zones is interpreted as the sedi-
ment-water borderline.
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Fig. 2./SE profiles in a sediment core of Rotsee (29.8.96). Cores were taken at the deepest point in 15 m depth. The line at zero depth marks the sediment-
water interface. The residual signal of the NH; sensor above the sediment originates from the detection of K+ interfering with the electrode at very low
levels of NH; and can be corrected for mathematically. S(-II)totai was calculated from the S2- and pH concentration profiles. The last dot in the profile
is the value measured in the overlying water after the measurement and serves as a control of the sensor.
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Fig. 3. The landerforion-selectiveanalysis (LISA) Fig. 4. The benthic lander of EA WAG

pose we constructed an underwater ma-
nipulating and measuring device to be
operated in lakes of up to 400 m depth:
LISA (Lander for Ion-Selective Analysis,
Fig. 3 and front page of this issue), de-
scribed in [19]. The benthic lander system
consists of a vertically positioned step-
ping motor which moves the electrodes
mounted at the lower end. The resolution
of the stepping motor is in the lower /ll1l

range. Two pressure casings contain pow-
er supply and data acquisition electronics.
Three feet spread apart 2 m with large
bearing surfaces prevent the device from
sinking into the soft sediment prevalent in
eutrophic lakes. Position of the sensors
can be observed with an endoscope. The
LISA can be handled in remote control.
Data are acquired with a data logger sys-
tem after signal conditioning and can be
watched on-line on the computer onboard
ship.

For underwater use evaluation of tem-
perature and pressure dependence was in-
vestigated. To avoid complications with
the reference electrode due to high water

pressure, we apply a miniaturized Ag/
Agel solid-state reference electrode [20].

Investigations in progress are the com-
parison of mineralization rates in the litto-
ral and profundal zones of lakes and the
influence oflight, explanation of the influ-
ence of sediment processes on the fate of
the spawn of whitefish (Coregonus sp.)
during development on the littoral sedi-
ment, to trace seasonal variation of the
electron flow through the sediment-water
interface, influence of mixing and sedi-
mentation of organic material on the trans-
port of electron acceptors to the sediment
surface, and the investigation of the patch-
iness on lake bottoms.

In situ Incubation Techniques and
Isotope Tracers

Denitrification in Lakes
Denitrifying microorganisms reduce

nitrate to N2 to respire organic carbon.
This process is an important 'self-clean-
ing' reaction in natural waters with high

nitrate loading. In a survey of major Swiss
lakes a total elimination rate in the order of
15 kt nitrogen per year was estimated [21],
whichisca.20%oftheamountofnitrogen
exported via the main rivers towards the
coastal seas. Thus, it seems to be impor-
tant to evaluate the transformation reac-
tions of nitrogen at the sediment-water
interface in detail. In order to work under
natural conditions, in situ incubation ex-
periments were performed with the help of
a benthic chamber. One of the major goals
of these experiments was the question
whether denitrification or ammonification

NO]" + 6H+ + 5e- ~ ~ Nig) + 3HP
denitrification

NO]" + lOH+ + 8e- ~ NH; + 3HP
ammonification

controls nitrate losses at the sediment-
water interface. While denitrification trans-
fers nitrogen back into the atmosphere as
N2, ammonification merely recycles this
nutrient.
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tracer is diluted with nitrate formed by
nitrification of ammonia which is released
by the sediment. The absence of this effect
in Baldeggersee indicates that nitrifica-
tion is not important in the zone close to
the sediment. The ratios of30N2, 29N2, and
28N2 liberated are an indication of a cou-
pling of nitrification and denitrification.
In Baldeggersee no evidence for this cou-
pling effect was found. Finally, the ratios
of 15Nin N2 and NH; yield direct informa-
tion about the relative importance of nitri-
fication and nitrate reduction to ammonia.
We found that more than 80% of the
consumed nitrate was transformed to N2
indicating that this self-cleaning effect
which eliminates nitrate from the environ-
ment is very active in Baldeggersee. This
results are compared in Fig. 5 with other
flux estimates obtained from sediment traps
and sediment cores. Diffusion of nitrate
into the sediment is of the same magnitude
as the settling flux of particulate organic
nitrogen arriving at the sediment surface
in the form of dead biomass. However,
only ca. 20% of this organic nitrogen
accumulate within the sediment, a major
fraction is released as ammonia by various
degradation processes ranging from oxic
decomposition to methanogenesis. Am-
monia is released to the water column
where it is mixed into oxic waters. The
cycle is closed when ammonia is reoxi-
dized to nitrate by nitrifying microorgan-
Isms.
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The device allows the use of stable isotope
tracers to analyze pathways of microbial
transformations. In the course of a field
study in Baldeggersee, we combined this
technique with other methods to obtain a
'snapshot' of nitrogen fluxes and transfor-
mation rates at the deepest part of the lake.
The benthic lander experiment was per-
formed to distinguish between denitrifica-
tion and ammonification. Fig. 5 summa-
rizesthe results of this study. 15NO; was
injected into the benthic chamber and the
isotope ratios were analyzed by mass spec-
trometry at different time steps during an
incubation of 24 h [25]. A decrease of the
isotope ratio in NO; indicates that the

nitrification
rgro s

sedimentation
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In situ Incubation
The benthic chamber technique is now

widely used in oceanography to analyze
benthic microbial processes [22-24]. The
benthic chamber used at EA WAG (see
Fig. 4) consists of a tripod with two grab
chambers, of which each can incubate a
sediment area of20 X 20 cm together with
about 4-61 of overlying water. The whole
device is lowered to the sediment by a
winch. After 'landing' the chambers oper-
ate automatically. Different functions such
as deployment of the grab, closing of the
lids, injection of tracers, and sampling
wi th a series of ten syri nges are released by
a timing mechanism and burning wires.

Fig. 5. Graphical
representation of
estimated benthic
fluxes and process
rates in [mmol
nitrogen m-2 d-I].
The scenario for
nitrogen cycling is
based on different
types of flux
measurements which
are subject to
analytical errors as
well as spatial and
temporal variabili-
ties.

Fig. 6. Vertical abundance of gene fragments for nitrogenase (nifO). dissimilating sulfite reductase
(dsrAB). Gnd nitrite reductase (nirS) in Rotsee in summer ]996. The white area depicts the water
column, whereas the shaded zone exemplifies samples taken from the sediment. Gene copy numbers
are presented per ml of water (for the water column) or per g wet weight (for the sediment). Values
equal to 100 are below the detection limit of the peR.

Molecular Genetic Methods for the
Study of Microbial Population
Dynamics and Activity in Anaerobic
Sediments

Polymerase Chain Reaction (PCR)
The PCR is an in vitro performed reac-

tion in which short stretches of DNA mol-
ecules present in a sample are enzymati-
cally copied to very high numbers, at which
they become detectable [8][26]. By add-
ing two oligonucleotides (with a length of
between 18 and 25 nucleotides) to the
reaction mixture, which each bind to com-
plementary sites on the target DNA mole-
cule, the DNA region encompassed by
them will be copied by the ON A polymer-
ase. How can the PCR then be used to
describe and quantify the relevant popula-
tions of microorganisms which contribute
to the nitrogen and sulfur cycle?

One attempt to follow is to look for the
genetic material encoding critical enzyme
steps, such as nitrite reductase (fordenitri-
fying microbes), dissimilatory sulfite re-
ductase [27] (for sulfate reducers), ammo-
nia monooxygenase [28] (for nitrifiers) or
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Fig. 7. A laser confocal image of a heterotrophic biofilm on a stainless steel coupon 24 hrafter inoculation with SRB. In situ hybridization was performed
with an oligonucleotide probe for SRB 16S rRNA labelled with Cy3 fluorescent dye (red). The biofilm bacteria were nonspecifically stained with
PicoGreen DNA stain (green). The center panel depicts a number of cells at a specific depth of the biofilm. The xz plane (lower inset) and the yz plane
(inset right) show the location of the SRB cell with respect to the depth of the biofilm.

nitrogenase [29] (for nitrogen fixers). The
genes for such enzymes appear to be rela-
tively well conserved among different
microorganisms. In alignments of the re-
lated gene sequences, therefore, stretches
can be found in which most base pairs are
identical among the al igned sequences (see
e.g. [30]). Oligonucleotides can be syn-
thesized complementary to those highly
conserved stretches which function as
primers in the PCR. When DNA is isolat-
ed from environmental samples, the PCR
with such primers will lead to amplifica-
tion of the target sequences, allowing
judgement of their abundance. No isola-
tion or cultivation of the microbes is nec-
essary. Unfortunately, quantification of
initial target numbers by the peR is tricky,
since the amplification process in itself is
nonlinear [3 I], and the original relative
composition of the gene sequences is dis-
torted during amplification [32]. By add-

ing internal DNA standards and/or per-
forming limited dilution series, we at-
tempted to obtain quantitative results. First
measurements were performed along the
water column and in the first centimeters
ofthe sediment of Rot see, a small eutroph-
ic lake near Lucerne, Switzerland, in 1996
(Fig. 6). Although quantities of target gene
numbers were overestimated in some sam-
ples, the overall vertical distribution was
comparable with that obtained by count-
ing groups of microorganisms with in situ
hybridization (Hahn [33]).

In situ Hybridization
In whole cell and in situ hybridization,

bacterial membranes are permeabilized
for single-stranded gene probes, which are
labelled with, e.g., a fluorescent molecule
to enter the cell and (mostly) bind to the
ribosomal RNAs [34]. Binding of the gene
probes can be detected microscopically,

usually by epifluorescence microscopy.
Specific strains or groups of microbial
strains can be detected with this technique
in their natural environment without
(much) disturbance of their spatial distri-
bution [7]. We have been studying the
penetration and distribution of a sulfate-
reducing bacterium (SRB), Desulfovibrio
desulfuricans, within biofilms of other
heterotrophic bacteria. By using different
gene probes for all Eubacteria, for the a, f3
and y-subgroups of the proteobacteria, and
for SRBs, the composition of the biofilm
could be determined. With the help of
confocal laser scanning microscopy and
in situ hybridization, the spatial location
of the SRBs in the biofilm was investigat-
ed (Fig. 7). Current work focuses on the
question whether SRBs can penetrate al-
ready established heterotrophic biofilms,
and under which conditions this will take
place most optimally.
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Activity Measurements of Micro-
organisms

One way of determining whether or not
a microbe is in a metabolically active
state, is to look for specific mRNA mole-
cules present in the cells. Unfortunately,
bacterial mRNA molecules have mostly
rather short half-life times (2-5 min), and
can reach very different copy numbers in
the cell (from one up to several hundreds).
In addition, their presence in the cell dur-
ing different activity phases can be very
different. For example, we determined
that the mRNAs for the denitrification
enzymes of Paracoccus denitrificans can
only be measured in cells during a rela-
tivel y short transi tion phase after a change
from aerobic to anaerobic conditions [30].
The relative numbers of mRNA mole-
cules during that phase can reach up to a
hundred, but decreases to a mean value of
ca. five copies when the cells enter the
new stable situation. When conditions are
continuously fluctuating between aero-
bicity and anaerobicity relatively fast, some
mRNAs will not be synthesized in larger
quantities anymore. They 'remember' the
conditions that were prevailing before the
last transition stage. P. denitrificans cells,
e.g., do not actively degrade the once
synthesized denitrification enzymes.
Somehow this prevents a renewed mRN A
synthesis. We observed that from the den-
itrification enzymes, only the mRNA for
the nitrite reductase will be continued to
be synthesized after many fluctuations;
those for nitrate and nitrous oxide reduct-
ase are no longer [35].

Several techniques can be applied when
studying the prevalence of mRNA mole-
cules in microbial systems. We have most-
1y used a direct extraction of the RNA
fraction from bacterial samples, followed
by an immobilization on a nylon support
and hybridization with nonradioactive gene
probes. This method is relatively fast and
easy, but requires that large numbers of
the bacterial cells from which the mRNA
molecule should be detected are present.
We estimated that at least around 107 cells
should be available. For environmental
samples, this is usually not the case, al-
though we could detect mRNA for the
nitrite reductase in wastewater treatment
systems [35]. The detection limit could be
lowered when a peR is carried out with
the isolated RNA, but this makes quantifi-
cation even more difficult [36]. Another
approach which is currently tested in our
laboratory, is to detect mRNA molecules
directly in the cell by in situ hybridization.
At this moment, we focus on detection of
the mRNA for the dissimilatory sulfite
reductase of SRBs.

Outlook

It is obvious that a combination of such
pathway measurements with high-resolu-
tion sensor studies and molecular genetic
techniques has the potential to understand
the black box of microbial transformation
in great detail. At EA W AG the coopera-
tion between microbial ecologists and en-
vironmental chemists has been initialized.
In the framework of the nitrogen example
outlined above there are many scientific
and practical questions which we will ad-
dress in the near future:
- Where are the active zones for nitrifi-

cation and denitrification? Under which
conditions is a close spatial coupling of
both processes possible?

- How is microbial activity influenced
by rapid changes in oxygen gradients
induced by mixing processes?

- What are the effects of the decreasing
phosphorus concentration and the de-
clining biomass production in most
Swiss lakes on the intensity of denitri-
fication? How much phosphorus is
needed to maintain this self-cleaning
effect?

With several new quantitative approach-
es around the corner the collaboration
between microbiology and chemistry could
transform descriptive microbial ecology
into a more quantitative science. Such a
step could greatly reduce the error bars
associated with most estimates of regional
and even global biogeochemical cycles.
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