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Sedimentary biofilms of the green sulfur bacterium Prosthecochloris aestuarii strain CE 2404, the purple
sulfur bacterium Thiocapsa roseopersicina strain 5811, and a mixed culture of both were cultured in fine sand
(100- to 300-pm grain size) within counter gradients of oxygen and sulfide. The artificial sediments were
exposed to illumination deprived of near-infrared light (NIR) by filtering out the wavelengths longer than 700
nm to simulate the critical light conditions in submerged aquatic sediments. A 16 h of visible light-8 h of dark
regimen was used. We studied the effects of these light conditions on the metabolisms of and interactions
between both species by comparing the single species biofilms with the mixed biofilm. The photosynthesis rates
of P. aestuarii were shown to be highly limited by the imposed light conditions, because the sulfide photooxi-
dation rates were strongly stimulated when NIR was added. T. roseopersicina performed both aerobic chemo-
synthesis and photosynthesis, but the photosynthesis rates were low and poorly stimulated by the addition of
NIR. This species decreased the penetration depth of oxygen in the sediment by about 1 mm by actively
respiring oxygen. This way, the strict anaerobe P. aestuarii was able to grow closer to the surface in the mixed
culture. As a result, P. aestuarii benefited from the presence of T. roseopersicina in the mixed culture, which was
reflected by an increase in the biomass. In contrast, the density of the latter species was almost completely
unaffected by the interaction. Both species coexisted in a layer of the same depth in the mixed culture, and the

ecological and evolutionary implications of coexistence are discussed.

Green sulfur bacteria (GSB) and purple sulfur bacteria
(PSB) coexist in different aquatic ecosystems. The interactions
between both groups and the ways in which these are influ-
enced by light conditions have been studied in detail for the
pelagic environment in both field studies and laboratory ex-
perimentation (13, 26, 41, 42, 43, 44). PSB and GSB also
proliferate in the upper layers of different shallow aquatic
sediments and form clear laminas in microbial mats (4, 27, 29,
30, 31). Because these laminas consist of microbial biomass at
high densities adhering to the sand grains and developing at
the oxic-anoxic interface, such systems can be considered bio-
films (45). However, the anoxygenic photosynthetic biofilms
growing on the sandy sediment are different from most of the
commonly studied biofilms that grow on solid surfaces im-
mersed in a flowing liquid. First, the depth layer of the pho-
totrophic sulfur bacteria is open for mass transfer of solutes
both at the top and at the bottom. The bacteria thus interact
both with shallower and deeper sediment layers. Second, by
growing in the sand below the sediment surface, the photosyn-
thetic biofilm is protected from shear stress and therefore not
directly subjected to sloughing and erosion. Many benthic pho-
totrophic sulfur bacteria also produce extracellular polymeric
substances (EPS), a feature typical of biofilm organisms (45).
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Considering these specific features, we will use the term sedi-
mentary biofilms for the layers of benthic phototrophic sulfur
bacteria growing in the sand.

Interactions between GSB and PSB are partially understood
in terms of their different susceptibilities towards molecular
oxygen. GSB are obligate anaerobes that use H,S as the pre-
dominant electron donor for photolithoautotrophy. However,
limited amounts of acetate can be photoassimilated together
with H,S. In contrast, many species of PSB survive and grow in
the presence of molecular oxygen, which can be used as an
electron acceptor for chemolithotrophy. The PSB Thiocapsa
roseopersicina, which is characteristic of benthic environments,
is an example par excellence. In the dark, this species shifts
immediately to chemosynthesis when oxygen and a reduced
sulfur compound are present. Oxygen inhibits photosynthetic
pigment synthesis but does not directly inhibit photosynthesis
in this species (8, 9). Therefore, oxic-anoxic alternations have
a great impact on its physiology. Thus, it has been shown that
the regular occurrence of short anoxic periods allow this spe-
cies to synthesize sufficient bacteriochlorophyll (BChl) to
maintain photosynthesis during the oxic light periods (8) but
that photosynthesis and chemosynthesis may occur simulta-
neously in the light when the BChl content is very low (38).

It has been postulated that shallow benthic environments
were the sites where life emerged on earth and where photo-
synthesis evolved early in evolutionary history within biofilms
and stratified communities fossilized as stromatolites (39).
GSB and most PSB have BChl @ in their reaction centers,
which are of different types. GSB possess a type 1 reaction
center (RC1) with a low-potential iron-sulfur center as the
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electron acceptor, while PSB possess a type 2 reaction center
(RC2) with a higher potential quinone as the electron accep-
tor. GSB and PSB have very different light-harvesting systems.
Most PSB contain BChl a as antenna molecules associated
with a whole range of different carotenoids. GSB contain chlo-
rosomes with BChl ¢ or d associated with chlorobactene (3, 5).
The brown-colored pelagic GSB species are distinct because
they contain BChl e associated with isorenieratene.

The light conditions in sediments are shaped by scattering
and strong attenuation of UV and shorter visible wavelengths
and are therefore proportionally enriched in red and near-
infrared (NIR) light below the surface (15, 22, 29, 31). There-
fore, the evolution of the different BChl’s, which present a
whole suite of complementary in vivo absorption peaks in the
NIR, has been related to the evolutionary pressures in early
benthic environments driving a niche differentiation for the use
of NIR (30). In contrast, submerged environments have a very
different light quality. Water strongly absorbs NIR: e.g., a 1-m
water column attenuates NIR of wavelengths above 740 nm to
below 1% of the surface value (18). Lower wavelengths are
poorly absorbed by pure water. In addition, however, most
natural waters contain dissolved organic compounds and ni-
trate that very strongly absorb blue and UV wavelengths (18).
Thus, immersion has a profound effect on the light conditions
in benthic microbial mats. In shallow benthic habitats, PSB and
GSB are often exposed to fluctuations of water depth. There-
fore, it is relevant for ecological and evolutionary studies to
determine how water column heights put constraints on the
growth of benthic PSB and GSB and how they affect the in-
teractions among representative species.

The aim of the present study was to determine how NIR-
depleted light affects the interactions between PSB and GSB in
spatially ordered benthic sulfureta. We chose an experimental
approach by growing representative species on sand in a gra-
dient culture chamber, which has previously been called a
benthic gradient chamber (BGC) (35). This device was de-
signed to culture a biofilm of phototrophic sulfur bacteria on
sand within experimentally controlled light and solute (i.e.,
oxygen and sulfide) gradients. This culture system provides a
more realistic simulation of benthic growth conditions than do
classical liquid cultures. A detailed analysis with microsensors
allowed for study of the depth distribution of the bacterial
populations in the sediment and quantification of the rates of
sulfide oxidation and oxygen consumption and their variations
in time and space (33, 35). Prosthecochloris aestuarii strain CE
2404 and T. roseopersicina strain 5811 (DSM 5653) (7) were
selected for this study as representatives of GSB and PSB,
respectively. Both species are commonly found in benthic en-
vironments. Interactions between species could be inferred by
comparing the biofilms in the mixed culture with the respective
axenic cultures under the same incubation conditions.

MATERIALS AND METHODS

Bacterial strains. Two strains of phototrophic microorganisms, the GSB P.
aestuarii strain CE 2404 and the PSB T. roseopersicina strain 5811 (DSM 5653)
(7), were cultured in a BGC under a 16 h of light-8 h of dark regimen of visible
light. Both strains, which were from the culture collection of the Laboratory of
Biological Oceanography (University of Bordeaux I, Arcachon, France), are
nonmotile.

P. aestuarii strain CE 2404 is a spherical GSB with extrusions (prostheceac)
that contains BChl ¢ and carotenoids from the chlorobactene series as the major
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pigments. P. aestuarii also contains BChl a, which is associated with the baseplate
of the chlorosome (16) and the Fenna-Matthews-Olson protein and is located in
the reaction center. This strictly anaerobic strain grows photolithotrophically
with H,S and elemental sulfur as its electron donors. Thiosulfate and sulfite are
not used as electron donors, and the latter compound is even inhibitory for
growth (16).

T. roseopersicina strain 5811 (DSM 5653) was originally isolated from the
Etang du Prévost (Palavas, France) and has been designated T. roseopersicina
forma specialis, because it contains okenone instead of spirilloxanthin as the
major carotenoid (7). We chose this okenone-containing strain, which is better
adapted to grow below a water column than the spirilloxanthin-containing strain
used in previous studies under visible light plus NIR (33). Cultures of the strain
are purple-violet in color and exhibit in vivo absorption maxima at 370 nm (BChl
a-Soret band), 520 nm (okenone), and 830 nm (LH2-BChl a). The cells are
spherical (diameter, 1.2 to 3 wm) and able to grow photolithotrophically with
sulfide, elemental sulfur, thiosulfate, or sulfite as the electron donor (7). Facul-
tatively, it can also grow as a chemolithoautotroph with oxygen as the electron
acceptor and sulfide, thiosulfate, or elemental sulfur as the electron donor (7).
Hence, apart from the carotenoid pigmentation and in vivo absorption spectrum,
it shares the major phenotypic traits with other T. roseopersicina isolates. A
recent phylogenetic study based on 16S RNA sequence analysis showed that the
strain belongs to the so-called T. roseopersicina group. Within this group, it
clustered very closely together with several different spirilloxanthin-containing
strains originally described as T. roseopersicina, although its phylogenetic dis-
tance from the type strain (DSM 217) was somewhat greater (14).

Culture conditions. P. aestuarii CE 2404 and T. roseopersicina 5811 were
cultured in artificial sediments composed of fine sand of 100- to 300-um grain
size (Merck, Germany) with a BGC as described by Pringault et al. (35). Three
different cultures were studied: P. aestuarii CE 2404 alone (P), T. roseopersicina
5811 alone (T), and a mixture of both organisms (PT). The BGC is composed of
an artificial sediment core (internal diameter, 50 mm; length, 45 mm) sand-
wiched between an upper oxic and a lower anoxic chamber of 2,000 and 3,500 ml,
respectively (35). The top centimeters of the sediment cores of cultures P and T
were inoculated with 15 ml of liquid batch cultures in exponential phase of P.
aestuarii strain CE 2404 and T. roseopersicina strain 5811, respectively. We also
prepared a 1:1 mixture of portions from both axenic batch cultures in exponential
phase under aseptic conditions. The top centimeter of the sediment core of
culture PT was inoculated with 15 ml of this mixture. The culturing period was
5 weeks and was exactly the same for the three different cultures. However, the
different cultures were set up sequentially, with a 1-week interval between suc-
cessive cultures, in order to allow the time necessary for the detailed microsensor
analyses and experiments with the biofilms after the 5-week incubation period
(see below). The temperature was maintained at 20°C during the 5 weeks of
culturing.

The BGC was illuminated from above by a collimated light beam of an
incandescent lamp (100 W; E27, Sylvania reflector) by using a 16 h of light-8 h
of dark regimen. A hot mirror filter (775FW82-50; Andover Corporation, Salem,
N.H.) was placed in the light path (below the collimator) to filter out the infrared
wavelengths. Compared with full-light conditions, the hot mirror filter did not
affect the light transmission for the visible spectrum. Under the light conditions
used for the culturing, the downwelling irradiance at the sediment surface was ca.
170 = 10 wmol of photons m ™2 s~ ! for 430 to 700 nm and ca. 10 wmol of photons
m~2 s~ ! for the NIR part (700 to 900 nm).

Microsensor analyses. (i) Microelectrode measurements of solute concentra-
tions. Oxygen concentration measurements were performed with a Clark type
oxygen microelectrode with a guard cathode (36). Dissolved hydrogen sulfide
(H,S) concentrations were measured with an amperometric H,S microelectrode
(17). The pH was measured with a pH glass microelectrode (37) connected to a
high-impedance millivoltmeter with a calomel electrode as a reference. Total
dissolved sulfide (H,S plus HS™ and S?7), hereafter referred to as sulfide, was
calculated from the dissolved H,S concentration and the pH value (34). The
three microelectrodes were mounted on a micromanipulator (World Precision
Instruments, Berlin, Germany) at the same horizontal level; the distance be-
tween them was less than 2 mm. The optical and chemical microsensors were
introduced from the side under a 150° zenith angle relative to the incident light
in order to prevent shading of the measurement spots.

Prior to the measurements with the microsensors, we opened the BGC and
replaced the upper oxic medium with a KH,PO, buffer (100 mM, pH 7.2)
amended with 30 g of NaCl liter ~!. This resulted in a constant pH throughout the
biofilms, which improved the accuracy of the calculations of sulfide concentra-
tions (H,S plus HS™ and S*).

(ii) Microscale light measurements. Light measurements were performed with
fiber-optic microprobes (scalar irradiance and field radiance microprobes) con-

159nB Aq 020z ‘9T Jeqwadaq uo /Bio wse wae//:dny woly papeojumod


http://aem.asm.org/

2974 MASSE ET AL.

APPL. ENVIRON. MICROBIOL.

50 5

P) (PT) M a

~ =

' Q

5 a0l 4 4 14 A

an o

= =

8 a

g 3] 1 1 13 g

2 8

g 2

S 20} 1 1 12 8

= 2

= £
m

101 1 I 1 2

=

o

Q

En'u

0 N

0
BChlc BChla Cbt BChlc BChla

Cbt Okn BChlc BChla Cbt  Okn

Pigment

FIG. 1. Comparison of the BChl ¢ (black bars), BChl a, chlorobactene (Cbt), and okenone (Okn) (gray bars) concentrations (in micrograms
per square centimeter) in the axenic biofilm of P. aestuarii strain CE 2404 (P), the axenic biofilm of T. roseopersicina strain 5811 (T), and the mixed
culture of both bacteria (PT). Note the different scales for the differently colored bars shown at right and left.

nected to a cooled optical spectral multichannel analyzer (22). The scalar irra-
diance was used to estimate the photon flux density available for photosynthesis,
which was measured for both NIR-deprived-light (culturing conditions) and
full-light conditions. The backscattered radiance was used to determine the
depth distribution of major photopigments. The latter was measured under
full-light conditions. Under full-light conditions, the hot mirror was removed for
the period of time requested for the measurements. The measurement and
calibration procedures have been described by Pringault et al. (34). The maxima
of scalar irradiance and backscattered radiance were aligned with the sediment
surface. The partial attenuation coefficient (Kj,) for backscattered field radiance
was defined as the rate of change of In-transformed radiance values with depth
(see references 18 and 34 for details).

(iii) Estimation of fluxes and rates. The 5-week cultivation period following
inoculation allowed the formation of the different biofilms growing in the sand.
After this period, the light conditions and light-dark regimen were maintained as
used for the culturing. The depth distributions of metabolic processes and fluxes
were inferred from steady-state oxygen and sulfide profiles performed under
light conditions used during the culturing at the end of the 16-h light and 8-h dark
periods, respectively. The oxygen influx into the reaction zone was calculated
from the oxygen profile in the diffusion boundary layer (37). The sulfide flux into
the reaction zone was calculated from the linear part of the total sulfide profile
below the reaction zone according to Fick’s first diffusion law as applied to the
sediment (2). The reaction rates were inferred from the parabolic shape of the
solute profiles in the reaction zone, assuming that rates were zero order (28). The
sedimentary diffusion coefficients and the porosity of the sand have been deter-
mined previously (32). Secondly, short light-dark cycles of 30 min of light—30
min of dark were applied to estimate the sulfide photooxidation activity (see
below). NIR-depleted-light conditions (same as those used for culturing) were
compared with full-light conditions (visible light amended with NIR). Finally, the
biofilm was harvested by subcoring (cores of 24-mm diameter). The cores were
frozen and stored at —80°C for further analysis of pigment contents.

The experiment with short light-dark cycles (30 min of light-30 min of dark)
had been designed to study the sulfide dynamics upon a shift from dark to light.
The H,S concentration and pH were monitored at a given depth during one
light-dark cycle, and the procedure was repeated sequentially at different depths
until the entire zone of interest had been scanned. At all depths, we checked that
the sulfide concentrations returned to the same value after completion of the full
light-dark cycle. Hence, for a given depth, the sulfide concentration was the same
for each dark-to-light transition event. By combining the time series measured
sequentially at the different depths, we obtained the transient sulfide profiles.
From this information, we calculated the sulfide photooxidation activity in the
biofilm by using Fick’s second diffusion law, as described previously (24, 32). We
compared the effect of NIR-deprived light (culture conditions) with that of full

light on the sulfide photooxidation activity. Under full-light conditions, the hot
mirror was removed for the period of time requested for the measurements.

Pigment analysis. The pigment compositions of the different biofilms were
studied by high-performance liquid chromatography (HPLC). The sediment core
with the biofilm was extracted from the BGC, frozen, and stored at —80°C. The
superficial sediment comprising the biofilm (width, 1.5 cm) was homogenized.
Pigments were extracted in 5 ml of acetone (100%, 4°C) by sonicating for 30 s
while flushing with N, and stored at —30°C for 3 h. Extracts were separated from
the sediment by centrifugation (3,000 X g, 10 min; Seli, Toulouse, France). The
material was extracted three times, pooled, and stored overnight under N, flush
at —80°C. The liquid chromatography system used in this study was described by
Lemaire et al. (23). Since authentic standards were not available, the pigment
contents were quantified from the peak area assuming an extinction coefficient of
86 liters g ' cm ™! at 440 nm for BChl ¢ (40), 84.1 liters g~ ' cm ™! at 770 nm for
BChla (11), 304 liters g ~' cm ™" at 440 nm for chlorobactene (12), and 232 liters
¢ ' em™! at 440 nm for okenone (12).

RESULTS

Description of the biofilms obtained after 5 weeks of cultur-
ing in the BGC. (i) Bacterial density. The pigment contents of
the different biofilm cultures are shown in Fig. 1. The BChl ¢
concentration in the mixed biofilm (PT) was threefold higher
than that in the axenic P. aestuarii biofilm (P), i.e., 45.4 and
15.1 pg cm~2 respectively. In addition, the level of chlo-
robactene was higher in the mixed PT biofilm than in the P
biofilm, but the difference was twofold smaller (0.75 and 0.42
pg cm~ 2, respectively). Both pigments indicated that the den-
sity of P. aestuarii was more important in the biofilm when this
species was cultured together with 7. roseopersicina (PT) than
when cultured alone (P). In contrast, for T. roseopersicina 5811,
the okenone content in the mixed PT biofilm was smaller than
that found in the T biofilm, i.e., 1.1 and 1.78 g cm ™2, respec-
tively. BChl a was synthesized by both T. roseopersicina 5811
and P. aestuarii. In the mixed culture (PT), the content of this
compound was 1.24 pg cm™ 2, which, surprisingly, was lower
than that in the axenic culture of P. aestuarii (P) (3.19 pg
cm?), but was, as expected, higher than the BChl a concen-
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FIG. 2. Comparison of the depth distributions of P. aestuarii strain CE 2404 and T. roseopersicina strain 5811 in the axenic biofilms of P. aestuarii
(P) and T. roseopersicina (T) and the mixed culture of both bacteria (PT). The depth distributions have been inferred from the partial radiance
attenuation for 750 nm (@) and 830 nm (A) (see text) as proxies for the depth distributions of P. aestuarii and T. roseopersicina, respectively.

tration in the axenic culture of T. roseopersicina 5811 (T) (0.41
pg cm~?). The BChl ¢-to-BChl @ molar ratio in the P culture
was ca. 5:1, which is low for P. aestuarii, for which typical ratios
of 50:1 have been observed in batch cultures (A. Massé and R.
de Wit, unpublished data). Assuming that for 7. roseopersicina
5811 the ratio of BChl a to okenone was the same in the T and
PT cultures, we can calculate by subtraction the amount of
BChl a attributed to P. aestuarii in the PT culture. This indi-
cates that the BChl c-to-BChl a molar ratio was close to 50:1
for P. aestuarii in the PT culture.

(ii) Depth distribution of bacteria in the biofilms. In order
to characterize the depth distribution of the bacterial strains in
the sediments, we measured the depth profiles of backscat-
tered radiance and calculated their partial attenuation coeffi-
cients, i.e., K, for photons of 750 and 830 nm. Values of 750
and 830 nm correspond to the in vivo absorption maxima of the
Q, band of BChl ¢ of P. aestuarii and the BChl a-containing
LH2-complex of T. roseopersicina 5811, respectively. The abi-
otic attenuation by the sand, measured in an unpopulated
artificial sediment core, was approximately 1 mm ™. This back-
ground value has been subtracted from the values measured in
the different biofilm cultures, and the partial attenuation co-
efficients are shown in Fig. 2. Hence, the partial attenuation
coefficient at 750 nm can be used as a proxy for P. aestuarii
density, and its corresponding value at 830 nm can be used as
a proxy for T. roseopersicina 5811 density.

In the axenic culture of P. aestuarii (Fig. 2, panel P), the
biofilm was located at a depth between 1.5 and 2.5 mm, with a
density peak at a depth of 2 mm (K, = 10 mm™'). In the
axenic culture of T. roseopersicina 5811 (Fig. 2, panel T), the
biofilm was located at a depth between 0 and 1 mm, with a
density peak at a depth of 0.2 mm (K, = 6.5 mm™"). In the
mixed culture (PT), pigmented cells of both bacteria coexisted
in the same depth horizon of the sediment core, i.e., from
depths of 0.25 to 1.5 mm (Fig. 2, panel PT). Minor attenuation
peaks reflecting the presence of both organisms were observed

at a depth of ca. 0.5 mm. The major peaks were observed
deeper in the biofilm, at a depth of ca. 1 mm, with K,s of 11.5
and 4.4 mm ™' for 750 and 830 nm, respectively.

(iii) Steady-state oxygen and sulfide profiles. Steady-state
profiles of O, and H,S measured in the different biofilms at the
end of the 8-h dark and 16-h light periods, respectively, are
depicted in Fig. 3. In all cultures, the oxygen profiles remained
rather constant throughout a diel cycle, because only minor
differences were observed between oxygen profiles measured
at the ends of the light and dark periods. The oxygen penetra-
tion depth in the sediment was 0.5 and 0.6 to 0.7 mm in the PT
and T cultures, respectively. In contrast, oxygen penetrated
down to depths of 1.3 to 1.5 mm in the sediments of the P
culture. Thus, the presence of T. roseopersicina 5811 in the
biofilm resulted in a much shallower oxygen penetration depth.
This latter bacterium is capable of respiring oxygen and grow-
ing as a facultative aerobic chemolithotroph (7, 9).

In the mixed culture (PT), oxygen and sulfide coexisted
between the surface and a depth of 0.5 mm at the end of the
dark period. The concentrations of both coexisting compounds
were low. This suggests a high turnover rate for these com-
pounds, implying that a chemosynthetic reaction was taking
place. This was attributed to 7. roseopersicina 5811 and was
confirmed by the O, uptake rate of approximately 0.084 wmol
of O, cm ™2 h™ ! measured at the end of the dark period in the
reaction zone of the mixed culture (PT) (Table 1). The stoi-
chiometry, which was 1 H,S to 1.1 O,, indicated incomplete
oxidation of sulfide, probably resulting in a mixture of SO,
S, and other intermediate oxidation products. Such intermedi-
ate products may have served as electron donors during the
light period, when the sulfide front shifted downwards to a
depth of 0.8 mm due to photosynthetic sulfide oxidation by the
phototrophic bacteria. As a result, at the end of the light
period, H,S and O, did not coexist and the depth zone be-
tween 0.5 and 0.8 mm was characterized by the absence of
oxygen and sulfide.
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FIG. 3. Comparison of sulfide (triangles) and oxygen (circles) profiles in the axenic biofilms of P. aestuarii strain CE 2404 (P) and T.

roseopersicina strain 5811 (T) and the mixed culture of both bacteria (PT) cultured in the BGC under visible light (16 h of light-8 h of dark). A and
@ represent the situation at the end of the 8-h dark period; A and O represent the situation at the end of the 16-h light period.

In the axenic culture of P. aestuarii (P), oxygen and sulfide
coexisted from the surface down to a depth of 1.3 mm at the
end of the dark period. In contrast with the PT culture, the
oxygen coexistence zone was thus six times broader and both
compounds coexisted in higher concentrations. This reflected a
much lower turnover rate of both compounds, which can be
explained by abiotic reaction kinetics (25). During the light
period, the coexistence front of oxygen and sulfide shifted
downwards to a depth of 1.5 mm. Between 1.5 and 2.5 mm in
depth, the steady-state sulfide profile at the end of the light
period was concave, which reflected photosynthetic sulfide ox-
idation by the biofilm.

In the axenic culture of 7. roseopersicina 5811 (T), a coex-
istence zone of oxygen and sulfide was persistent but shifted
during the diel cycle. The oxygen profiles were similar at the
end of the dark and light periods, and the maximum oxygen
penetration depth was located at 0.6 mm. At the end of the
dark period, the sulfide was observed at a depth of 0.25 mm,

whereas it shifted downwards to 0.5 mm during the light pe-
riod. The high turnover rates of oxygen and sulfide measured
at the end of the dark period in the reaction zones, i.e., 0.129
pumol of O, cm™2 h™! and 0.132 pumol of sulfide cm™2 h™!,
indicated chemosynthesis by 7. roseopersicina 5811, pointing to
an incomplete oxidation of sulfide (Table 1). The minor shift of
the sulfide profile during the light period indicated that pho-
tosynthetic sulfide consumption by 7. roseopersicina 5811 was
low. However, this is perhaps an underestimation of photosyn-
thesis, because it cannot be excluded that a part of the sulfide
oxidation shifted from chemosynthesis to photosynthesis upon
the transition from dark to light.

Analysis of sulfide oxidation within the biofilms measured
during short light-dark cycles. In order to estimate the effect
of light quality on the sulfide photooxidation, series of tran-
sient profiles were measured under NIR-deprived light, as
used during the culturing, and under light amended with NIR
(see Materials and Methods). These transient profiles are de-

TABLE 1. O, respiration, H,S oxidation, and oxygen and sulfide diffusive fluxes

Reaction zone

Integrated rate in Diffusive flux toward

Zero-order rate

Biofilm Substrate lem 3 h-t reaction zone reaction zone
(cm) (pmol cm ) (pmol cm™2 h™1) (pmol cm™2 h™1)
T. roseopersicina (T), end of dark Oxygen 0-0.07 1.84 0.129 0.140
Sulfide 0-0.09 1.47 0.132 0.126
T. roseopersicina (T), end of light Oxygen 0-0.06 3.05 0.183 0.138
Sulfide 0.02-0.09 1.46 0.102 0.099
Coculture (PT), end of dark Oxygen 0-0.05 1.67 0.084 0.109
Sulfide 0-0.04 1.87 0.075 0.069
Coculture (PT), end of light Oxygen 0-0.05 1.54 0.077 0.093
Sulfide 0.08-0.13 1.21 0.061 0.077
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FIG. 4. Effect of short light-dark cycles (30 min of light-30 min of dark) on sulfide profiles in the axenic biofilms of P. aestuarii strain CE 2404
(P) and T. roseopersicina strain 5811 (T) and the mixed culture of both bacteria (PT). The transient profiles have been obtained from sequential
monitoring at different depths (see Materials and Methods). The profiles are given for selected depths and represent the transition from dark to
light. The time interval between two successive profiles is 2 min. (A) Visible light (culture conditions); (B) full light (visible light enriched with

NIR).

picted in Fig. 4. Under NIR-deprived light, the transient pro-
files indicated that the sulfide photooxidation rates in both
axenic cultures, P and T, were lower than the sulfide photooxi-
dation rates in the mixed culture, PT. In contrast, when NIR
was added, the most pronounced sulfide dynamics were ob-
served in the axenic culture of P. aestuarii (P), where the
average sulfide photooxidation rate was fivefold higher than
under NIR-deprived light (6.37 and 1.22 pmol of sulfide cm >
h™', respectively). For the mixed culture (PT), sulfide dynam-
ics were also enhanced (1.73 and 2.99 wmol of sulfide cm
h™! under NIR-deprived-light and full-light conditions, respec-
tively), but this was not as pronounced as in the P culture. The
smallest effect of NIR addition on sulfide dynamics was ob-
served in the axenic culture of the purple strain 7. roseopersi-
cina 5811 (T), implying that light quantity and quality had little
effect on the sulfide photooxidation activity: the activity was
still very low and almost equal to the activity measured under
the culturing light conditions. This indicates that sulfide pho-
tooxidation in the axenic culture of 7. roseopersicina 5811 oc-
curred but did so at very low rates and was poorly affected by
the light quality.

Effect of the different biofilms on the light availability within
the sand. Figure 5 shows the values of the scalar irradiance as
a function of depth in the sediment for the different biofilm
cultures. The values have been integrated for the visible, which

has been defined as photosynthetically active radiation for
oxygenic photosynthesis (PAR) (actually from 430 to 700 nm)
and for NIR (700 to 850 nm). The results for PAR are pre-
sented only for NIR-deprived-light conditions, whereas the
results for NIR are presented for both NIR-deprived-light and
full-light conditions. The fact that the scalar irradiance at the
sediment surface in the P culture was more than 150% higher
than the incident downwelling irradiance (461 and 180 wmol of
photons m ™2 s~ !, respectively) indicated that the top sediment
layer was a highly light-scattering environment. Similar obser-
vations have been reported for wet sand (21), which is in
agreement with the fact that P. aestuarii developed at depths
below 1.5 mm in the sand of the P culture. In contrast, in the
T and PT cultures, we observed lower scalar irradiance values
at the sediment surface than in the P culture, despite the same
incident downwelling irradiance. Thus, the top layer in the T
and PT cultures scattered light to a lesser extent than did wet
sand, which indicated that the presence of the organisms, and
noticeably of T. roseopersicina, reduced the scattering proper-
ties of the sand. The sedimentary attenuation of scalar irradi-
ance was strongest in the PT and T cultures. The strongest
attenuation was between 0 and 0.5 mm in the T culture and
between 0.5 and 1.5 mm in the PT culture, values which cor-
respond to the location of the pigment-containing biofilms in
both cultures (Fig. 2). The light penetration was deepest in the
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FIG. 5. Distribution of PAR (m) and NIR radiation (@) (micromoles of photons per square meter per second) measured under culture
conditions and NIR radiation measured under full-light conditions (O) at different depths within the axenic biofilms of P. aestuarii strain CE 2404
(P) and T. roseopersicina strain 5811 (T) and the mixed biofilm of both bacteria (PT).

P culture sediments. The attenuation of scalar irradiance was
particularly low at depths between 0 and 1.5 mm, because in
this area, the sand was not populated by P. aestuarii (Fig. 2).
There was, however, a marked increase of scalar irradiance
attenuation at depths between 1.5 and 2.5 mm in the biofilm of
P. aestuarii. The light conditions at the peak of the P. aestuarii
biomass were remarkably similar in the PT and P cultures, i.e.,
17.6 umol of PAR photons m~2 s~ ! plus 1.2 umol of NIR
photons m~2 s~ ! at a depth of 1 mm for PT and 20.1 wmol of
PAR photons m~2 s~ ! plus 1.2 pmol of NIR photons m~2s~!
at a depth of 2 mm for P.

DISCUSSION

Interactions between P. aestuarii and T. roseopersicina. In the
present work, we experimentally simulated the constraining
light conditions, i.e., the depletion of NIR, which exist in sub-
merged sediments, and we studied the effect of these drastic
conditions on the interactions between PSB and GSB in
benthic biofilms. Using these conditions, we found significantly
higher biomarker pigment concentrations specific for P. aes-
tuarii in the PT than in the P culture (Fig. 1), indicating that P.
aestuarii clearly benefited from the presence of T. roseopersi-
cina 5811 in the artificial sulfidic sandy sediment. The strictly
anaerobic character of P. aestuarii was confirmed by the fact
that this species proliferated in the sediment below the oxygen
penetration depth. In contrast, the steady-state profiles and
short light-dark shift experiments performed in the axenic cul-
ture T clearly reflected that T. roseopersicina performed
chemolithotrophy close to the surface while simultaneously a
low rate of photosynthesis was detected in the light (Fig. 3 and
4 and Table 1).

The main effect of 7. roseopersicina 5811 in the PT culture
was to decrease the oxygen penetration depth by respiring
oxygen for chemosynthesis; i.e., the oxygen penetration depths
were 1.5 and 0.5 mm in the P and PT cultures, respectively. As

a result, P. aestuarii could grow closer to the surface in the PT
than in the P culture, where it initially benefited from higher
scalar irradiance values. Thus, the oxygen respiration by 7.
roseopersicina 5811 calculated in the PT culture, i.e., 0.13 pmol
of O, cm~2 h™! (Table 1), exerted a positive interaction effect
on P. aestuarii in the spatially ordered photosynthetic biofilm.
After a 5-week incubation period, this was reflected by the
depth distribution of pigmented cells in the respective biofilms
(Fig. 2). By that period, the light conditions at the peak of the
P. aestuarii biomass were remarkably similar, i.e., 17.6 pmol of
PAR photons m~2 s~ ! plus 1.2 wmol of NIR photons m~%s~!
at a depth of 1 mm and 20.1 wmol of PAR photons m 2 s !
plus 1.2 pmol of NIR photons m ™2 s~ ! at a depth of 2 mm in
the PT and P cultures, respectively (Fig. 5).

When cultured together with P. aestuarii, we can assume that
T. roseopersicina escapes the competition for light by switching
from photolithotrophy to chemolithotrophy, thus competing
for sulfide only. However, in addition, light use in the visible
spectrum is complementary for both strains, because the ab-
sorption maxima are 440 and 520 nm for P. aestuarii and T.
roseopersicina 5811, respectively. The okenone content was
only slightly lower in the PT than in the T culture, indicating
that competition with P. aestuarii for sulfide exerted virtually
no effect on T. roseopersicina 5811. In a previous study, we
showed that the use of NIR-deprived light on an axenic biofilm
culture of P. aestuarii in the BGC resulted in limitation by light
rather than by sulfide (24). Therefore, the competition for
sulfide between P. aestuarii and T. roseopersicina was of minor
importance under the light conditions studied.

Interestingly, we observed that the presence of microorgan-
isms, and noticeably of 7. roseopersicina, reduced the scattering
properties of the top sand layer. T. roseopersicina is a coccoid
bacterium that forms a capsule comprising EPS. Single cells
and microcolonies of this species strongly adhere to the sand
grains. EPS coatings of sand grains change the reflective index
at the water-solid interface, which seems a likely explanation
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for the observed phenomenon. Strong light scattering in sedi-
ments enhances the availability of photons for photosynthesis
(20, 21, 22). Thus, it can be argued that by reducing light
scattering, 7. roseopersicina 5811 also exerted a slightly nega-
tive effect on P. aestuarii. However, such a slightly negative
effect was largely overruled by the positive interaction due to
oxygen consumption by 7. roseopersicina in the upper layers of
the PT sediment, which allowed P. aestuarii to grow closer to
the surface.

Critical evaluation of backscattered irradiance attenuation
as a proxy for pigment distribution. Backscattered radiance
profiles at wavelengths corresponding to in vivo absorption by
photosynthetic pigments have been commonly used to trace
photosynthetic microorganisms at high spatial resolution in
biofilms and microbial mats (10, 19, 20, 22, 32, 33, 34). This
approach implies that the radiance attenuation coefficient can
be used as a proxy for the density of the pigment-containing
cells (34). In this study, we measured the pigment contents of
the total biofilm by HPLC, which gave us the opportunity to
critically compare the extracted pigment content with the
depth-integrated bacterial biomass estimated from the corre-
sponding radiance attenuation coefficient. In this specific case,
such a comparison was facilitated by the fact that all pigments
except BChl a originated from a single bacterial strain.

The increase of the concentration of BChl ¢ and chlo-
robactene in the PT culture compared to that in the P culture
(Fig. 1) indicates that the density of the green bacterium was
higher when the latter was cultivated in coculture with 7.
roseopersicina. This was confirmed by an increase in the depth-
integrated partial attenuation coefficient specific for BChl c,
i.e., JK, dz = 0.50 and 0.45 (z corresponds to the sediment
depth) as measured in the PT and P cultures, respectively.
However, it is surprising that the increase in the depth-inte-
grated partial attenuation coefficient in the PT culture did not
match the increase in the BChl ¢ concentration. Thus, it seems
that the partial attenuation coefficient of 750-nm radiance in
the PT culture was low in light of the BChl ¢ content. This
points to an underestimation by the methodological proce-
dures and/or a mechanism previously observed and described
as the package effect (1, 18). The package effect can be due to
spatial arrangements of pigments within cells but probably also
to spatial arrangements of cells in a densely packed biofilm. In
the present study, we can suppose that this phenomenon was
particularly important in the PT culture, where very high con-
centrations of BChl ¢ were measured. In addition, a possible
underestimation of the radiance attenuation coefficient is not
unlikely for the lower part of the biofilm, for which this value
was calculated from backscattered radiance values that were
close to the detection limit. In the P culture, for example, it was
thus inferred that the biomass was extremely low at depths
below 2.4 mm. This was surprising, because photosynthesis was
detected at a depth of 2.5 mm, particularly when NIR was
added. However, in axenic biofilms in general, there is good
agreement between the depth of the biomass peak and the
maximal photosynthetic activity inferred from the different
methods (this study and references 24, 32, and 34).

For T. roseopersicina 5811, the comparison between the
okenone content and the K, at 520 nm was problematic, be-
cause the backscattered radiance profile for this wavelength
was noisy. Therefore, we chose to trace the depth distribution
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of this strain from the K, at 830 nm, which is the maximum of
its LH2 complexes. Only in the T culture may this value be
directly compared to its BChl a content, because in the PT
culture, BChl a also included contributions from P. aestuarii
(with an evaluated contribution of 0.98 wg of BChl a cm™~2; see
Results). In the PT culture, the okenone concentration was
slightly lower than that in the T culture (1.1 and 1.8 pg cm 2,
respectively). The depth-integrated partial attenuation coeffi-
cient at 830 nm measured in the PT culture was similar to the
depth-integrated partial attenuation coefficient measured in
the T culture, i.e., K, dz = 0.24 and 0.20 in the PT and T
cultures, respectively. In the PT culture, the K, peaked at a
depth between 0.9 and 1.3 mm both for 750 and 830 nm,
indicating that P. aestuarii clearly coexisted with T. roseopersi-
cina 5811 in this depth layer.

In conclusion, it appears that while backscattered radiance
attenuation is a powerful method to detect the depth horizon
of the biomass peak of phototrophic microorganisms in a bio-
film, its conversion to pigment content or biomass is problem-
atic. Hence, future studies requiring high-spatial-resolution
biomass depth profiles in biofilms need to include other tech-
niques. Unfortunately, confocal laser microscopy cannot be
easily applied in sandy layers of several millimeters in thick-
ness, and the coring and slicing of fine sand is difficult to
achieve at the desired depth resolution.

Ecological aspects and evolutionary implications. The
present work shows the complexity of interactions in spatially
ordered microbial ecosystems, such as photosynthetic biofilms
and microbial mats, that cannot be easily studied by classical
liquid batch cultures. We reported that P. aestuarii and T.
roseopersicina 5811 formed biofilms in artificial sulfidic sandy
sediments under critical light conditions (NIR-deprived light)
which are characteristic for submerged sediment. In the mixed
culture (PT), both strains coexisted in the same depth horizon
(0.8 to 1.4 mm) and P. aestuarii benefited from the interaction
with T. roseopersicina. Natural environments are often exposed
to fluctuating water levels and consequently to very variable
light conditions. We have studied the effect of the sudden
addition of NIR on photosynthesis (Fig. 4B) and on the light
distribution (Fig. 5) in the biofilms that were pregrown under
NIR-deprived light. It was shown that the photosynthesis rates
were strongly enhanced in the P and PT cultures but only to a
lesser extent in the T culture. This indicates that P. aestuarii
was strongly limited by light under the culture conditions (24)
while this was less stringent for 7. roseopersicina. Thus, P.
aestuarii may immediately take advantage of improved light
conditions when the water height decreases or sediments
emerge. However, during such an event, the biofilm can shift
from being limited by light to being limited by the diffusive
sulfide supply, and the competition for sulfide thus becomes
important. Indeed, single-species and mixed biofilms of P. aes-
tuarii and T. roseopersicina grown under NIR-rich light were
limited by the diffusive sulfide supply rather than by light (33,
34). Under these conditions, the P. aestuarii biomass was re-
duced due to competition with 7. roseopersicina. Collectively,
these studies show that GSB and PSB may coexist in benthic
biofilms under different light conditions and that the distribu-
tion of GSB is constrained by the oxygen penetration depth.
The backscattered radiance profiles indicated that PSB and
GSB coexisted in the same depth layer in both mixed biofilms
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cultured so far (this study and reference 33). The possibility of
a coexistence zone of PSB and GSB without any clear vertical
stratification in the sediment appears to be in disagreement
with usual observations and statements, which report that PSB
and GSB communities are well stratified in benthic environ-
ments (6, 27, 29, 31). Recently, a study combining microscope
spectrometry and fluorometry was performed to identify the
vertical distribution of phototrophs in an artificial cyanobacte-
rial mat (19). It revealed a coexistence layer of BChl ¢ and
BChl a at depths between 3.8 and 4.0 mm, below the oxygenic
zone, thus indicating the presence of GSB and PSB in the same
depth horizon. Thus, we can assume that PSB and GSB may
coexist in benthic environments. We realize that when green
and purple laminas are visible to the naked eye (27), a certain
degree of overlap of GSB and PSB is likely. The coexistence of
PSB and GSB was probably even more widespread early in
evolutionary history, when the occurrence of GSB was less
constrained due to the absence of oxygen. It has been postu-
lated that shallow benthic sediments were sites where life
emerged on earth (39). A recent study of comparative genom-
ics of different genes involved in photosynthesis showed that
while the RC2-containing PSB were the most ancient group,
the RCl-containing anoxygenic phototrophs (heliobacteria
and GSB) preceded oxygenic phototrophs, as well. A heterol-
ogous fusion model has been put forward to explain the evo-
lution of oxygenic photosynthesis based on the recruitment of
genes from the different groups of anoxygenic phototrophs
(46). The coexistence of PSB and GSB in microbial mats and
photosynthetic biofilms, as we observed in our experimental
studies, becomes very interesting in light of this hypothesis.
Conceivably, the coexistence of high densities of PSB and GSB
in the same depth layer of photosynthetic biofilms may provide
a very likely occasion for lateral gene transfer as invoked by the
heterologous fusion model.
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