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Summary

The dynamics of sulphide oxidation in an experimental
biofilm of the green sulphur bacterium, Prostheco-
chloris aestuarii, were studied using a newly devel-
oped light—dark cycling procedure. The biofilm was
grown for 6 weeks in a benthic gradient chamber, in
which gradients of light, sulphide and oxygen were
imposed experimentally. The H,S concentrations
and pH were measured with microsensors as a func-
tion of depth in the biofilm and of time after a change
in illumination status. The sulphide oxidation rates
were calculated as a function of time and depth in
the biofilm using a numerical procedure to solve the
non-stationary general diffusion equation. A close
agreement was found between the areal rates of
anoxygenic photosynthesis during the cycling proce-
dure and the steady state before the cycling experi-
ment. For the different layers of the biofilm, the
maximum activity was observed after 10—12min of
light exposure. After this maximum, sulphide oxida-
tion decreased concomitantly with sulphide concen-
tration, indicating sulphide limitation of anoxygenic
photosynthesis. This lag time limits the application
of the standard dark-light shift method with a brief
light exposure of a few seconds and, therefore, the
numerical procedure described in this study enables
the depth distribution of anoxygenic photosynthesis
rates in microbial mats to be determined more
accurately.

Introduction

Anoxygenic photosynthesis is one of the major biological
processes of the sulphur cycle. In benthic systems, the
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sulphide production resulting from the activity of sulphate-
reducing bacteria can be very intense, especially in micro-
bial mats, in which sulphide production rates of 100 mmol
of H,Sm™2 day~ "' have been measured (Skyring, 1987).
The biological reoxidation of sulphide to sulphate is per-
formed by two main groups of bacteria, the sulphur-oxidizing
bacteria and the phototrophic sulphur bacteria (Van
Gemerden, 1993). The chemical oxidation of sulphide is
a rather slow process that can be enhanced in sediments
by the presence of trace metals, e.g. iron and manganese
(King, 1990; Millero, 1991; Thamdrup et al., 1993). If suffi-
cient light is present and oxygen levels are low, anoxy-
genic photosynthesis is the main microbiological pathway
of sulphide oxidation (Jorgensen and Des Marais, 1986;
Visscher et al., 1992).

Phototrophic sulphur bacteria are divided phenotypi-
cally into two groups, purple sulphur bacteria and green
sulphur bacteria. The green sulphur bacteria are obligate
anaerobes, and their growth is entirely inhibited by the
presence of trace amounts of molecular oxygen (Van
Gemerden and Mas, 1995). It has been suggested that
oxygen inhibition reduces the ability of green sulphur bac-
teria to thrive in microbial mats because of the oxygen pro-
duction by the phototrophic microorganisms (Van Gemerden,
1993). However, some microbial mats in salt marshes
have been described in which the lowermost layers were
composed mainly of the green sulphur bacterium Prosthe-
cochloris (Nicholson et al., 1987; Pierson et al., 1987;
1990; Stolz, 1990).

Sulphide oxidation rates can be assessed by comparing
steady-state sources and sinks for sulphide for the depth
interval of interest. In illuminated microbial communities,
sulphate reduction and sulphide fluxes into the layer can
be qualified as sources, whereas sulphide oxidation and
fluxes out of the layer are to be considered as sinks.
This steady-state approach has been adopted in a number
of studies (Kuhl and Jgrgensen, 1992a; Pringault et al.,
1996; 1998; Fenchel, 1998). The dark—light shift method,
originally described by Revsbech and Jgrgensen (1983)
to measure gross photosynthesis, has been applied to
estimate the anoxygenic photosynthesis in a hypersaline
microbial mat (Caumette et al., 1994). The potentiometric
sensor used in this study, however, does not allow a
measurement of the sulphide oxidation with a high spatial
resolution on account of its long response time. Therefore,
in spite of the importance of anoxygenic photosynthesis
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for the sulphur cycle, no standard method is currently
available to estimate this process in undisturbed microbial
communities.

The aim of this study was to estimate the rate of anoxy-
genic photosynthesis in an experimental biofilm of P. aestuarii.
The biofilm of P. aestuarii was grown in the benthic gradi-
ent chamber (BGC), a device designed to cultivate photo-
trophic microorganisms in experimental benthic gradients
(Pringault et al., 1996; 1998). The rate of anoxygenic
photosynthesis was estimated from the dynamics in sul-
phide concentration upon the onset of illumination. The
experimental procedure and the numerical procedures to
solve the non-steady-state diffusion reaction equations
have been described by E. Epping et al. (unpublished).

Results
H,S diffusion measurements

For this study, knowledge of the apparent diffusion coeffi-
cient for free sulphide was essential. The sulphide micro-
sensor measures H,S only, which represents 23% of the
total sulphide at the experimental pH of 7.2 (Stumm and
Morgan, 1981; Millero et al., 1988). The total sulphide con-
centration S; (S;=[H,S]+[HS™]+[S?>7]) was calculated
from the pH value and the reading of the H»S microsensor
(for more details, see Pringault et al., 1998). A steady-
state sulphide profile as measured in the diffusion cham-
ber is shown Fig. 1B. The ratio of concentration gradient
in the sediment and agar phase was 4.39. After correction
for the sediment porosity of 0.5 and by assuming a free
solution diffusion coefficient in agar, the D value deduced
from this ratio was 7.52x10~%ecm™2s~". Three other pro-
files yielded values for D of 8.02x106cm™2s~", 7.40x
10 %cm2s~" and 7.29x10"®cm 2s~". This gives an
average value of D;=7.46x10"%cm2s~" (+ 0.32x 1075,
n=4).

Biofilm location and chemical profiles

The biofilm location and the profiles of oxygen, sulphide
and pH in the dark and in the light are shown Fig. 2. The
location of the biofilm, as deduced from the attenuation
radiance for 750nm, showed a bimodal distribution.
From the sediment—water interface down to 2 mm depth,
the radiance attenuation was approximately equal to the
abiotic value, indicating the absence of the specific photo-
pigment. The biofilm was located between 2 and 3.6 mm
with a maximum in Bchl ¢ concentration at 3mm depth.
In the light, the sulphide front was observed at a depth
of 3.2mm (i.e. the uppermost sediment horizon in which
sulphide was detected). The maximum oxygen penetration
was 1.9mm. As a result, a zone without sulphide and oxy-
gen was located between 1.9 and 3.2mm (Fig. 2A). The
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Fig. 1. Estimation of the whole-sediment diffusion coefficient Ds
for H,S.

A. Schematic representation of the diffusion chamber.

B. Concentration gradients of sulphide in the sterile sand.

pH was almost constant with depth. The sulphide flux
amounted to 0.079 nmolcm~2s~". In the dark, anoxygenic
photosynthesis stopped and, as a consequence, sulphide
diffused up to the surface (Fig. 2B). After a few hours of
dark exposure, sulphide and oxygen co-existed within a
layer of 1.4mm, thus confirming the absence of chemo-
synthetic activity of the bacteria to oxidize sulphide with
oxygen as electron acceptor, as described previously
(Pringault et al., 1998).

Light—dark cycles

The efficiency of the phosphate buffer was checked during
the light—dark cycles. The pH and sulphide variations at a

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305
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depth of 2.8 mm (i.e. within the biofilm) during a light—dark
cycle of 30 min are shown in Fig. 3. In the light period, sul-
phide decreased, whereas pH did not change significantly.
When the light was turned off, the photosynthetic sulphide
oxidation stopped and, within 30 min, the sulphide concen-
tration increased to approximately the concentration
observed at the start of the light period. During darkness,
the pH was constant with time (Fig. 3). Figure 4 shows the
sulphide concentration as a function of time for a number
of depths within the biofilm. Upon light exposure, the sul-
phide concentration immediately decreased for the layers
between 2.6 and 3.2 mm. At depths from 2.0 to 2.6 mm, a
time lag was observed before sulphide decreased. This
lag was more pronounced for the top of the biofiim (i.e.
2.0mm). After a light exposure of 30min, sulphide was
available for the deepest layers of the biofilm only, and

steady-state conditions were almost attained. Upon dar-
kening, the sulphide concentration increased to the values
observed at the start of the light period.

The light—dark cycle data can be represented as transi-
ent sulphide profiles, which are obtained by plotting the
sulphide concentration versus depth for a defined time
after a change to light or darkness. A total of 240 profiles
was reconstructed for the entire experiment. A selection
of transient profiles is depicted in Fig. 4B and C. The
transition from darkness to light clearly showed a high sul-
phide consumption between 2.8 and 3.4 mm, whereas in
the uppermost layers, the sulphide oxidation was much
lower (Fig. 4B). In darkness, the sulphide increase
appeared to be uniform with depth, with no indication of
sulphide production layers. The absence of sulphide pro-
duction zones was confirmed by numerical analysis of
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Fig. 5. Depth distribution of the anoxygenic photosynthesis within a biofilm of Prosthecochloris aestuarii for different times after

exposure to light.

the transient profiles (data not shown). These findings sup-
port the assumption that P. aestuarii was growing photo-
lithotrophically.

The rates of anoxygenic photosynthesis as a function of
depth and time were calculated from the sulphide concen-
tration changes along vertical profiles after light exposure
using egn 4. The anoxygenic photosynthesis profile for dif-
ferent times after light exposure is shown in Fig. 5. Anoxy-
genic photosynthesis showed an increase with depth, with
a maximum value of 5.2 nmol S;cm~3s~" at 3.4 mm, after
12min of light exposure. Below this depth, no significant
anoxygenic photosynthesis was observed. During the
first 12min, anoxygenic photosynthesis increased with
time at all depths in the biofilm. Subsequently, a decrease
was observed, being more pronounced in the uppermost
layers. In the bottom layers, sulphide consumption per-
sisted even after 30min of light exposure. The areal
rate of anoxygenic photosynthesis estimated by summing
the activities after correction for porosity was 0.083
nmolcm~2s~" just before darkening. Figure 6 shows
the sulphide oxidation rate versus time and the actual sul-

phide concentration for different layers in the P. aestuarii

biofilm. The plots of anoxygenic photosynthesis versus
time showed similar trends for all layers; a maximum
was reached after 8—10min of light exposure, followed
immediately by a decrease.

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305

Discussion

Examining the dynamics of anoxygenic photosynthesis
was only possible by an appropriate choice of bacterium,
sulphide electrode and method, as will be explained in
the following paragraph.

Although green sulphur bacteria are not common in
benthic systems, P. aestuarii is an ideal bacterium for
studying the dynamics of anoxygenic photosynthesis because
of its metabolic constraints. By cultivating P. aestuarii in the
BGC, the sulphide decrease upon light exposure can be
attributed to anoxygenic photosynthetic activity, without
the need to consider competing reactions for sulphide
removal. Furthermore, thanks to the use of a phosphate
buffer, variations in H,S signals upon light or dark expo-
sure cannot be attributed to a change in pH, as has been
observed previously in similar biofilms in which a sharp
increase in pH occurred immediately upon light exposure.
Concomitantly, the H,S concentration decreased. However,
discrimination between the effects of pH and bacterial
activity was difficult resolve (Pringault et al., 1998).

In this study, the newly developed H»S microsensor was
used to measure the sulphide concentration. This sensor
offers several advantages over the conventional potentio-
metric pS®~ microsensor for determining anoxygenic
photosynthesis. As the amperometric microsensor measures



300 O. Pringault et al.

6 T T T T

1200 Fig. 6. Changes in anoxygenic photosynth-

2.0 mm

2.2 mm

2.8mm

Sulfide oxidation (nmol S; cm3 s'l)

esis (O) as a function of time for selected
depths (indicated by number on graphs) within
the biofilm of Prosthecochloris aestuarii. The
sulphide concentrations (solid line) are also
depicted to visualize the availability of the
substrate within the layer.

2.4 mm 2.6 mm

4 L 1 - 800
4

2 400 =
a
(¢
=

0 0 Z
N

Time (min)

H,S directly and as the pKj is well defined (Millero et al.,
1988), the sum of H,S +HS™ can be determined accu-
rately, in contrast to calculations based on S~ measure-
ments, which require the ill-defined pK, value (Millero,
1986). In addition, the amperometric microsensor has a
fast response time, which allows an accurate tracing of
the sulphide concentration. The potentiometric sensor
typically has a long response time, increasing at lower sul-
phide concentrations (Kihl and Jgrgensen, 1992a), which
renders it unsuitable for rate measurements. Caumette
et al. (1994) have applied the light—dark shift method, ori-
ginally developed to measure gross rates of oxygenic
photosynthesis, to calculate anoxygenic photosynthesis
in a dense layer of purple sulphur bacteria using a
potentiometric S~ sensor. The vertical resolution of this
method is governed by the Einstein—Smoluchowski equation
(Revsbech and Jargensen, 1983):

s = (2DsH*® (1)

where s represents the vertical migration of the molecules
during t seconds. With a sulphide diffusion coefficient of
7.56x 10~°cm?s~" calculated for this study and a light
exposure of 5min, which is the average response time
for a potentiometric sensor, s would be 0.673 mm. There-
fore, the vertical resolution between two measurements
would be greater that 0.7 mm, which significantly limits the
application of the potentiometric sensor in studies on
anoxygenic photosynthesis.

Diffusion coefficient of sulphide

The dynamics in transient H,S profiles depend not only on
activity, but on diffusion as well. Therefore, it was essential
to quantify Ds in the sediment used for the cultivation of
P. aestuarii. Using the method described by Revsbech
(1989a), an estimation of the diffusivity of HoS can be
obtained. As H.S is a weak diprotic acid, the pH gradient,

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305
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Fig. 7. Relationship between anoxygenic
photosynthesis and sulphide concentration
for selected depths (indicated by number
-4 on graphs) within the biofilm of
Prosthecochloris aestuarii.
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the dissociation kinetics and the differential mobility of the
chemical species will govern the distribution of H,S, HS™
and S2°. The relation between diffusion process and
chemical reaction kinetics is given by the Damkhdler
number, defined as the ratio of the time scale of the
chemical kinetic reaction and the time scale of the diffusion
process (Bennani et al., 1981). In experimental situations,
large Damkhdéler numbers characterize a process con-
trolled by the kinetic of the chemical reaction; on the con-
trary, for small Damkhdler numbers, the diffusion process
becomes the leading parameter. H,S has a small
Damkhéler number, indicating that the estimation of the
sum of HoS+HS™ is not limited by the dissociation of
H>S in sea water. For the carbonate system, the hydration
of CO, in water is a very slow process, resulting in a high
Damkhéler number, thus excluding a precise determina-
tion of the sum of the carbonate system species from the
CO, concentration (De Beer et al., 1997). For the sulphide

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305

system, owing to a small Damkhdéler number for H,S, lin-
ear gradients can be expected in the diffusion coefficient
experiment and, therefore, a precise estimation of Ds for
HoS can be inferred from this concentration gradient
(Fig. 1). In order to check the accuracy of the estimation
of Ds for H,S, Ds was also estimated for O, in the same
sand (data not shown). The ratio D4(O5)/Ds(H>S) was
equal to 1.325, a value similar to the D,(O,)/Dy(H>S)
ratio calculated from the table in Broecker and Peng
(1974). Nelson et al. (1986) have measured a D, value
for HoS in agar (0.4% w/v) of 1.39x10°cm™2s™" at
room temperature (22—25°C), a value 16% lower than
D, (1.65x 107%cm™2s~"). According to Revsbech
(1989a), the diffusion in a low concentration of agar
(0.2—2%, w/v) should be the same as the diffusion in
water. The data obtained from Nelson et al. (1986) demon-
strate the difficulty of estimating the sulphide diffusion
coefficient accurately in benthic environments.
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The determination of anoxygenic photosynthesis

Owing to the fast equilibration of H,S in sea water, the rate
of anoxygenic photosynthesis can be determined by sum-
ming the fluxes of H,S and HS™, where the latter is calcu-
lated from the measured H,S and pH. The rate of
anoxygenic photosynthesis in the P. aestuarii biofilm
was calculated for the steady-state condition before
cycling and for the dynamic conditions during cycling.
From the steady-state H,S and pH profile in light, an
areal rate of 0.079nmolcm™?s~"' was calculated. The
H,S profile indicated that only the lower part of the biofilm
was involved in the removal of sulphide (Fig. 2A). During
steady state in darkness, however, the upper part of the
biofilm was exposed to sulphide as well (Fig. 2B), which
allowed the bacteria from this layer to oxidize sulphide
temporarily upon illumination. The contribution of the
upper biofilm to sulphide removal was shown by the analy-
sis of the transient profiles from the cycling experiment.
Upon illumination, a thick layer of the biofilm was involved
in anoxygenic photosynthesis (Fig. 5), which consumed
the standing stock of sulphide accumulated during dark-
ness. However, the thickness of the active layer reduced
with time (Fig. 5), as areal anoxygenic photosynthesis
and the upward flux of sulphide approached steady
state. The areal rate calculated from the cycling procedure
just before darkening was 0.083 nmolcm™2s~". This rate
is similar to the value calculated from the steady state
before cycling, indicating that the system was in steady
state after 30 min of light exposure.

Anoxygenic photosynthesis distribution within
the biofilm

The vertical radiance attenuation profile for 750 nm pro-
vides a proxy for the P. aestuarii distribution within the
sediment. This profile showed that the bacteria were
located below the maximum oxygen penetration. The bio-
film could be divided into two sublayers with respect to
substrate availability and activity. The upper layer,
exposed to sulphide during darkness and the early stage
of illumination, only oxidized sulphide transiently upon illu-
mination, whereas the deeper population was perma-
nently exposed to sulphide and involved in anoxygenic
photosynthesis during illumination. The difference in sul-
phide availability for anoxygenic photosynthesis will affect
the growth yield in the different sublayers. If sulphide is
available, it is oxidized to elemental sulphur, which is
stored extracellularly in green sulphur bacteria. Once sul-
phide is depleted, these bacteria may oxidize their extra-
cellular elemental sulphur to sulphate. Energetically, the
oxidation of elemental sulphur to sulphate is more efficient
than the initial step of anoxygenic photosynthesis, i.e. oxi-
dation of sulphide to elemental sulphur (Brune, 1989).

Therefore, the bacteria that are located in the upper
layer, where sulphide is completely depleted during light
exposure, may have a higher growth yield on sulphide
than those located at the bottom of the biofilm where sul-
phide is always available.

The anoxygenic photosynthesis rate for a defined layer
of the P. aestuarii biofilm can be plotted versus the actual
sulphide concentration within the same layer. In this way,
the anoxygenic photosynthesis rate can be compared
directly with the sulphide concentration (Fig. 7). Similar
trends were observed for the different layers of the biofiim;
a linear increase in anoxygenic photosynthesis with
increasing sulphide concentrations up to a maximum
rate and a subsequent decline in activity, suggesting sub-
strate inhibition at high sulphide concentrations. The differ-
ent layers of the biofilm exhibited an apparent inhibition
effect at a sulphide concentration range of 550—1200 uM
(Fig. 7). Green sulphur bacteria are known to be inhibited
by sulphide concentrations of 5—10mM (Van Gemerden,
1984; Brune, 1989), which are much higher than the
range of apparent inhibition concentrations observed in
the experimental P. aestuarii biofilm. This apparent inhibi-
tion effect calls for a different hypothesis and interpreta-
tion. Upon illumination, the bacteria in the upper layers
of the biofilm were confronted with strong light radiation

(i.e. 230 pmol photonsm~2s~"), which was much higher

than the saturation value (4 wmol photons m~2s~") calcu-
lated for this biofilm cultured under similar conditions
(Pringault et al., 1998). It is speculated that these bacteria,
being non-motile and therefore unable to escape unfavour-
able light conditions periodically, had to rearrange their
light-harvesting pigments to protect themselves against
this high light radiation (J. Kuever, personal communica-
tion). Therefore, the lag time observed upon illumination
before maximum anoxygenic photosynthesis (Fig. 6) could
be interpreted as light inhibition causing a time-dependent
reorganization of the photopigments. For the different
layers, a lag time of 8—10 min was observed before the
maximum anoxygenic photosynthesis. This effect was
more pronounced in the upper layers, in which a delay of
4—-6min was observed before a net anoxygenic photo-
synthesis could be measured. As a consequence, the
apparent inhibitory effect of sulphide (Fig. 7) could be
explained in the upper layers by the time observed conse-
cutively to the light exposure. The bacteria were exposed
to a high sulphide concentration at the beginning of the
light period, which decreased slowly in the first minutes
upon illumination as a result of low phototrophic oxidation.
This low activity could be caused by a time-dependent
reorganization of pigments imposed by the strong light
radiation.

The lower layers showed an immediate response after
light exposure, with an increase in activity with time. This
immediate response demonstrates that the bacteria are

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305



not affected by strong light radiation and, therefore, they
can oxidize sulphide immediately when exposed to light.
The lag before maximum rates of sulphide oxidation
upon switching on light could be explained tentatively as
a result of competition between cyclic and non-cyclic elec-
tron transport in green sulphur bacteria. Because green
sulphur bacteria have no fermentative or respiratory
energy-yielding metabolism in darkness, it is anticipated
that their energy charge and their proton motive force
(pmf) across the cytoplasmic membrane decrease to
very low levels. Presumably, upon switching on the light,
a low pmf favours cyclic electron transport (no oxidation
of sulphide) over reduction until a sufficiently high pmf
has been re-established (apparently 5—10 min is required).

Concluding remarks

The steady-state and the numerical approaches yielded
similar areal rates for anoxygenic photosynthesis, confirm-
ing that the numerical procedure was well adapted for the
study of the dynamics of anoxygenic photosynthesis in an
experimental biofilm. The lag time observed before the
maximum rate was recorded renders the traditional
light—dark shift technique useless for the determination
of anoxygenic photosynthesis. This method would require
too long light exposures and, therefore, the spatial resolu-
tion would be very limited. Although the cycling technique
may seem appropriate for determining the rate of anoxy-
genic photosynthesis in artificial gradient systems, it may
prove to be unsuitable for natural systems with more com-
plex sulphur chemistry. The technique may still give an
accurate estimate of sulphide removal kinetics, but it will
require concurrent measurements of other chemical
species to constrain the different processes involved. Cur-
rently, some applications of this method are performed to
estimate the dynamics of sulphide in microbial mats.

Experimental procedures
Bacterial strains

Prosthecochloris aestuarii strain CE 2401 was cultured in the
BGC (for more details, see Pringault et al., 1996). This strain
from the Arcachon culture collection is a non-motile bacterium
able to grow photolithotrophically with sulphide or elemental
sulphur as electron donor. Growth does not occur with thiosul-
phate as an electron donor and is inhibited by sulphite. The
strain is very sensitive to molecular oxygen, which inhibits
its growth (Guyoneaud et al., 1996). During the assembly of
the BGC, the top centimetre of the sterile sand column was
evenly inoculated with a small volume (10 ml) of a batch cul-
ture of P. aestuariiin logarithmic growth phase.

Culture conditions

The culture device used in this study is a modified version of
the BGC described previously (Pringault et al., 1996). It consists

© 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 295—305

Dynamics of anoxygenic photosynthesis 303

of a 45-mm-long artificial sediment core (internal diameter
50mm) sandwiched between an upper oxic and a lower
anoxic chamber of 2000 ml and 3500 ml respectively. The
composition of the two media and the light conditions were
the same as those described previously (Pringault et al.,
1996; 1998). Air saturation in the upper compartment
(230 nM oxygen) was achieved thanks to a sterile air lift
(Pringault et al., 1996) Transport of solutes through the sedi-
ment core was caused exclusively by molecular diffusion
(Pringault et al., 1996). The sand (Merck) had a grain size
of 125—-250 pm.

Fibre-optic measurements

A field radiance microprobe (Kuhl and Jgrgensen, 1992b;
1994) was used to identify the vertical position of the photo-
trophic biofilm. Depth profiles of backscattered radiance
were measured at 150° zenith angle relative to the incident
light by penetrating the sediment surface from the surface
in vertical steps of 100 wm. Backscattered radiance measure-
ments were normalized to the values measured at the sedi-
ment surface. The position of the phototrophic biofilm was
deduced from attenuation profiles of backscattered radiance
at 750 nm, which corresponds to the in vivo absorption max-
ima of bacteriochlorophyll ¢ (Bchl ¢), a specific photopigment
of P. aestuarii. More detailed explanations about the light cal-
culations are given in Pringault et al. (1998).

Microelectrodes

O,, pH and H.S profiles were measured with microelectrodes.
The calibration procedures for the different types of electro-
des have been described previously (Pringault ef al., 1998).
Details about the characteristics of the microelectrodes are
given below.

Oxygen microelectrode. The concentration profiles of oxy-
gen were measured by a Clark-type oxygen microelectrode
with a guard cathode (Revsbech, 1989b). The electrodes had
a tip diameter of 10—20 um and were connected to a high-
impedance picoammeter and a recorder. The stirring sensitivity
was < 1%, and the 90% response time was<1s.

pH electrode. pH profiles were measured using a pH glass
microelectrode (Revsbech and Jgrgensen, 1986) connected
to a high-impedance electrometer with a calomel electrode
(Radiometer) as a reference. The pH microelectrodes
showed a log-linear response for H" with a slope of 53—
58mV pH~" unit and a 90% response time of <10-20s.

Hydrogen sulphide microsensor. Concentration profiles of
dissolved hydrogen sulphide were measured by a new
amperometric H,S microelectrode (Jeroschewski et al.,
1996; Kihl et al., 1998). The electrodes had a tip diameter
of 10-20 um, a 90% response time <1-2s and a stirring
sensitivity of <1-2%. The electrode output current was
measured with a high-impedance picoammeter using a
polarization voltage of +85mV.

Simultaneous measurements were made with a H,S, a pH
and an O, microsensor mounted on a single motor-driven
micromanipulator (Oriel). The tips of the pH and sulphide
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electrodes were positioned <1 .cm apart in the same horizon-
tal plane. A dissection microscope was used to position the
tips of the three microsensors at the sediment surface. The
positioning of the microsensors, light—dark transitions, data
acquisition and statistical analysis of the sensor signals was
all performed automatically by custom-made hardware and
software routines (Labview, National Instruments).

Diffusion measurements

The whole-sediment diffusion coefficient, D, for H,S was esti-
mated for the sand used for the culture in the BGC using the
same procedure as described previously (Revsbech, 1989a;
Glud et al., 1995). The diffusion chamber described by
Revsbech (1989a) was modified to allow the circulation of
an anoxic phosphate buffer solution (25 mM, pH7.2) above
the sediment surface, in order to avoid oxygen contamination
and to ensure a stable pH (Fig. 1A). Sediment anoxia was
verified by oxygen microsensor measurements throughout
the sulphide diffusion experiments. The whole-sediment coef-
ficient, Ds, was calculated from the ratio of the concentration
gradients in the agar phase and in the sediment phase
(Revsbech, 1989a; Glud et al., 1995), assuming steady-state
conditions.

Light—dark cycles

The theory and the procedure of the light—dark cycles are
given in detail for the oxygen dynamics by E. Epping et al.
(unpublished). The application for the sulphide dynamics is
summarized below.

Theory. The sulphide distribution in the sand core is
governed by processes that affect the concentration of
sulphide and the diffusive transport of sulphide. Assuming a
constant depth distribution of porosity, ¢, and sediment
diffusion coefficient, Ds, the sulphide concentration as a
function of time t and depth z, C(zt), can be expressed by
Fick’s second law of diffusion:

3C(z, 1) 3%C(z, 1)
St 322

P(z,t) and K{(z,t) represent the rate of sulphide production and
the rate of sulphide oxidation by microbial and chemical pro-
cesses at depth z and time f respectively. As P. aestuarii is
a strictly photolithotrophic bacterium, the sulphide production
rate equals zero, which simplifies eqn 2 to:
3C(z, 1) 8%C

st = Desz K@D ®)
During illumination, the rate of sulphide oxidation resulting
from anoxygenic photosynthesis below the oxic layers is
represented by:

8°C 3C(z 1)

K@ b=bea =5
Thus, the rate of anoxygenic photosynthesis as a function of
depth and time can be calculated from the second derivative
of the sulphide concentration as a function of depth and the
rate of change in sulphide concentration resulting from the
light exposure of the biofilm.

=Dy + P(z,t) — K(z,1) 2

C))

Procedure. Microsensor measurements were performed
after an incubation time of 6 weeks. The system was opened
to allow the insertion of optical and chemical microsensors.
The system was checked by microscopy for contamination.
The number of contaminants was always less than 5% of the
total cells per field of observation. In order to reduce the pH
variations observed previously during the light and dark
periods (Pringault et al., 1998), the oxic medium was
replaced by a phosphate buffer (100 mM, pH7.3) amended
with 30g1~" NaCl.

The oxygen, sulphide and pH microsensors were posi-
tioned at a depth of 4.0 mm (below the biofilm). Immediately
after positioning the electrodes, the light was turned on for a
period of 30 min. The signals of both sensors were recorded
every 15s for 1s at a sampling frequency of 510 Hz. At the
end of this 30 min period, the light was turned off for a dark
period of 30 min. After 30 min of exposure to darkness, the
two electrodes moved up 200 um, and a new light—dark
cycle was recorded. This procedure was repeated up to the
sediment surface. The signals were converted to sulphide
concentration as a function of time and depth, taking into
account the pH variations, using the calibration procedure
described previously (Pringault et al., 1998). These data
were used to calculate the rate of anoxygenic photosynthesis
as a function of time and depth using eqn 4.
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