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A B S T R A C T

The microenvironment and community composition of microbial mats developing on beaches in

Scapa Flow (Orkney Islands) were investigated. Analysis of characteristic biomarkers (major

fatty acids, hydrocarbons, alcohols, and alkenones) revealed the presence of different groups of

bacteria and microalgae in mats from Waulkmill and Swanbister beach, including diatoms,

Haptophyceae, cyanobacteria, and sulfate-reducing bacteria. These analyses also indicated the

presence of methanogens, especially in Swanbister beach mats, and therefore a possible role of

methanogenesis for the carbon cycle of these sediments. High amounts of algal lipids and slightly

higher numbers (genera, abundances) of cyanobacteria were found in Waulkmill Bay mats.

However, overall only a few genera and low numbers of unicellular and filamentous cyano-

bacteria were present in mats from Waulkmill and Swanbister beach, as deduced from CLSM

(confocal laser scanning microscopy) analysis. Spectral scalar irradiance measurements with

fiber-optic microprobes indicated a pronounced heterogeneity concerning zonation and density

of mainly anoxygenic phototrophs in Swanbister Bay mats. By microsensor and T-RFLP (ter-

minal restriction fragment length polymorphism) analysis in Swanbister beach mats, the depth

distribution of different populations of purple and sulfate-reducing bacteria could be related to

the microenvironmental conditions. Oxygen, but also sulfide and other (inorganic and organic)

sulfur compounds, seems to play an important role in the stratification and diversity of these two

major bacterial groups involved in sulfur cycling in Swanbister beach mats.
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Introduction

Laminated microbial communities frequently develop in

the upper intertidal zone of sandy beaches and tidal flats

(e.g., [79, 16, 87, 49]). After initial colonization and suc-

cession of cyanobacteria [79], the mature states of these

stratified phototrophic communities develop into micro-

bial mats, consisting of a thin top layer of sand and/or

diatoms covering a dense layer of filamentous cyanobac-

teria. Below the cyanobacteria, a distinct layer of purple

sulfur bacteria is often present with a reduced black layer

of precipitated iron sulfides underneath due to intensive

sulfate reduction [84]. Sulfate-reducing bacteria are also

present at high numbers in the upper millimeters of the

mats [88, 98]. Because of the macroscopically visible

lamination such coastal microbial mats were named co-

lored sands or ‘‘Farbstreifensandwatt’’ [33]. Both cyano-

bacteria and anoxygenic phototrophs contribute to

sediment binding and stabilization of the sediment [28].

The dominant cyanobacterium is generally Microcoleus

chthonoplastes [79, 16, 84, 89], whereas the immotile

Thiocapsa roseopersicina is often the dominant purple

sulfur bacterium [16, 87, 84].

Mass blooms of purple sulfur bacteria, mainly T. rose-

opersicina, have been observed during summer in the in-

tertidal zone of sheltered sandy beaches in Scapa Flow on

the Orkney Islands [31, 85, 86]. Three different laminated

microbial mats were described [86], distinguished by the

position of the cyanobacterial layer above or beneath the

purple sulfur bacterial layer, or by its complete absence

and therefore exclusive development of purple sulfur

bacteria in the top layer of the sediment. Mats with a

typical lamination pattern (see above) were most common

[86]. However, cyanobacteria were only present at rela-

tively low population densities, and M. chthonoplastes was

absent in all investigated mats [86].

The beaches of Scapa Flow are locally enriched in ni-

trogen-containing organic matter due to decomposition of

accumulated macroalgal debris [31, 86]. In Scapa Bay,

additional organic matter was supplied by discharges from

local whiskey distilleries [86]. The high organic carbon

content of the sediments leads to availability of low mo-

lecular weight organic substrates for sulfate-reducing

bacteria, and the produced sulfide serves as an electron

donor for anoxygenic photosynthesis by purple sulfur

bacteria [31]. Distinct microcolonies formed by the purple

sulfur bacteria (mainly T. roseopersicina) can effectively

bind sediment grains. This aggregation leads to a reduc-

tion of erosion and, therefore, to a stabilization of the

sediment [85]. Although these aggregates may not be as

effective as the cohesive structures of cyanobacterial mats

in stabilizing sandy sediments and preventing erosion,

purple sulfur bacteria and mainly T. roseopersicina were

capable of rapidly recolonizing eroded sites on beaches in

Scapa Flow [85].

Further characteristics of these sediment ecosystems

dominated by purple sulfur bacteria are the absence of

chemolithotrophic sulfur bacteria, normally present in

marine microbial mats [88], and the almost permanent

exposure of purple sulfur bacteria to O2 at the sediment

surface [85, 86].

In this study, the composition of the microbial com-

munity and the microenvironmental conditions in

microbial mats from Orkney Islands beaches was investi-

gated. This included determination of phototrophic pop-

ulations with confocal laser scanning microscopy (CLSM)

and fiber-optic microprobe-based spectrometry in mi-

crobial mats from Waulkmill and Swanbister beaches.

Dominant groups of mat-inhabiting microorganisms were

determined by their characteristic biomarkers. Further-

more, the stratification of major bacterial groups in rela-

tion to microenvironmental gradients was investigated in

Swanbister beach mats. For this, O2 and sulfur cycling was

quantified by controlled microsensor experiments in the

laboratory and by sulfate reduction rate measurements.

The depth-zonation and diversity of the entire microbial

community and of the major bacterial groups involved in

sulfur cycling in Swanbister beach mats were analyzed

with terminal restriction fragment length polymorphism

(T-RFLP).

Materials and Methods

Sampling

Sediment samples were taken in July 2000 at low tide with

Plexiglas core tubes (53 mm i.d.) on beaches of Waulkmill and

Swanbister Bay located in Scapa Flow, Orkney Islands (a map

with locations can be found in [86]). In situ temperature and

salinity of remaining stagnant seawater were 12–13�C and 40& at

the time of sampling. Downwelling irradiance around noon on

clear and sunny days was >1100 lmol photons m)2s)1. Sampled

sediment cores were transported to the laboratory of the Orkney

County Council Marine Unit on Orkney Island (Mainland),

where microsensor measurements were performed under con-

trolled conditions.
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Microsensor Measurements

Clark-type O2 [72] and H2S [36, 50] microsensors connected to a

picoammeter (Unisense A/S, Denmark), and glass pH micro-

electrodes [74] connected to a high-impedance mV-meter (WPI

Inc., USA) were used for fine-scale measurements of O2 and

sulfide distribution in Swanbister beach mats. Oxygenic gross

photosynthesis was quantified with the light–dark shift method

[73]. The O2 microsensor had a tip diameter of 10 lm, a stirring

sensitivity of �1%, and a response time, t90, of �0.4 s. The H2S

microsensor had a tip diameter of 40 lm and was coated with a

black enamel paint to avoid light interference [50]. The length

and the tip diameter of the pH-sensitive glass of the pH micro-

electrode were 250 and 10 lm, respectively.

The O2 microsensor was linearly calibrated in the experi-

mental setup (see below) by a two-point calibration using read-

ings of microsensor current in the air saturated overlying water

(100% air saturation) and in the anoxic part of the mats (0% O2).

Dissolved O2 concentrations of air saturated seawater at experi-

mental temperatures and salinities were calculated according to

Garcı́a and Gordon [27]. The pH microelectrode was calibrated

in standard buffer solutions (Radiometer, Denmark). The pH of

the overlying water in the experimental setup was determined

with a commercial pH meter calibrated in standard buffer solu-

tions (Radiometer, Denmark). The readings of the pH micro-

electrode in the overlying water were adjusted to the measured

pH of the seawater. The H2S microsensor was calibrated in an-

oxic buffer solutions (0.2 M phosphate buffer, pH 7.5) of in-

creasing sulfide concentrations. A sample of each sulfide buffer

solution was fixed in zinc acetate (5% w/v) for subsequent

spectrophotometric analysis of sulfide concentration after Fon-

selius [23] with modifications, i.e., acidification of the samples to

pH <1 with 6 M HCl and determination of the absorption of the

formed complex at the second peak (750 nm) in the spectrum (C.

Steuckart, unpublished). Calculation of H2S and total sulfide

(Stot) concentration profiles from H2S and pH microsensor data

was as described in Wieland and Kühl [97], using pK1 values

calculated from experimental temperatures according to Hershey

et al. [32].

Experimental Microsensor Setup

Sediment cores were mounted in a flow chamber modified for

insertion of whole sediment cores [21]. A constant flow over

the mat surface of aerated seawater from the sampling site

was generated with a submersible water pump (Aqua Clear,

Germany) connected to the flow chamber. Measurements were

performed at room temperature (21�C ± 1�C). The mat was

illuminated with a fiber-optic halogen light source (KL 2500,

Schott, Germany) and the downwelling irradiance at the mat

surface was quantified with an underwater quantum irradiance

meter (QSL-101, Biospherical Instruments, USA). The micro-

sensors were fixed together with the measuring tips in the same

horizontal plane within an area of ca. 0.5–1 cm2 of the mat

surface in a motor-driven micromanipulator (Märzhäuser,

Germany; Oriel, USA) mounted on a heavy solid stand. Micro-

sensor signals were recorded with strip chart recorders (Servo-

gor, UK; Kipp & Zonen, The Netherlands) and with a computer

data acquisition system (LabView, National Instruments, USA)

that also controlled the micromanipulator. Gross photosynthesis

measurements in steps of 100- or 200-lm vertical depth intervals

were performed as described in Wieland and Kühl [97].

Spectral Scalar Irradiance Measurements with Fiber-Optic

Microprobes

A fiber-optic scalar irradiance microprobe [52] was connected to

a sensitive fiber-optic diode array spectrometer with a spectral

range of 250–950 nm (PMA-11, Hamamatsu Photonics, Japan).

Profiles of spectral scalar irradiance in the mats were measured

by stepwise inserting the microprobe with a motor-driven

micromanipulator (Märzhäuser, Germany; MICOS GmbH, Ger-

many; Jenny Electronics AG, Switzerland) at a zenith angle of

135� relative to the incident light beam. The mats were illumi-

nated vertically with a fiber-optic halogen light source (KL 2500,

Schott, Germany). Measurements were performed at vertical

depth intervals of 200 lm. The downwelling spectral scalar ir-

radiance at the mat surface was measured by positioning the

scalar irradiance microprobe over a black light trap at the same

position relative to the light field as the mat surface. Scalar ir-

radiance spectra at various depths in the mats were normalized

to the downwelling scalar irradiance at the mat surface. Atten-

uation spectra of scalar irradiance were calculated over discrete

depth intervals from the depth profiles of spectral scalar irradi-

ance by

K0 ¼ lnðE1=E2Þ=ðz2 � z1Þ ð1Þ

where K0 is the vertical spectral attenuation coefficient for scalar

irradiance, and E1 and E2 are the spectral scalar irradiance

measured at depths z1 and z2 in the mat, where z2 > z1 [48].

Calculations

Diffusive O2 fluxes across the mat-water interface were calculated

from O2 profiles using Fick’s first law of diffusion as described in

Wieland and Kühl [96]. Areal rates of O2 consumption in the

aphotic zone, Raphot, were calculated as the downward O2 flux, Js,

at the lower boundary of the photic zone:

Js ¼ �/Ds dC=dz ð2Þ

where dC/dz is the linear concentration gradient, / is the sedi-

ment porosity, and Ds is the sediment diffusion coefficient, which

was calculated from the porosity and D0 according to Ullman and

Aller [83]. The D0 of O2 was taken from Broecker and Peng [8]

and corrected for experimental temperatures and salinities [53].

Fluxes of H2S were calculated according to Eq. 2 from the linear

part of the profiles. The diffusion coefficient of H2S was estimated

as D0(H2S)=0.7573 D0(O2) (Tables for seawater and gases, Uni-

sense A/S, Denmark).
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Determination of Sediment Porosity

Sediment porosity (mL water cm)3) was determined (n = 5) on

samples collected from Swanbister Bay in July 2001 using a 2.5-

cm diameter stainless steel corer. The cores were sectioned using

a sediment slicer to give the following four consecutive depth

horizons: 0–5 mm, 5–10 mm, 10–20 mm, and 20–30 mm. Po-

rosity was measured as weight loss after drying at 110�C for 24 h.

Determination of Sulfate Reduction Rates

Triplicate sediment cores (13 mm i.d.) were collected from

Swanbister Bay in truncated 5-mL disposable syringes and sealed

with Suba seals (W. Freeman Ltd., UK). Carrier-free 35SO4
2) (10

lL; Amersham Pharmacia Biotech, UK) was injected through the

Suba seal using a microliter syringe into each sediment core,

giving an average activity of 50 kBq cm)3. To ensure even dis-

tribution of the isotope throughout the cores the isotope was

added progressively as the syringe needle was withdrawn. At the

end of the 12-h incubation period at ambient temperature (16�C)

in the dark, the cores were sectioned to give the following depth

horizons: 0–10 mm, 10–20 mm, and 20–30 mm. Each sediment

section was transferred to plastic bottles containing 5 mL of a

20% w/v zinc acetate solution to stop biological activity and

preserve sulfide. The samples were then frozen and stored until

they were required for analysis. Production of H2
35S was deter-

mined using the one-step distillation method of Fossing and

Jørgensen [24]. Sulfate reduction rates were calculated according

to the method of Isaksen and Finster [35]. Porewater sulfate was

determined according to the method of Tabatabai [80].

Confocal Laser Scanning Microscopy

Sediment cores (18 mm i.d.) were taken from Waulkmill and

Swanbister Bay using truncated 20-mL disposable syringes. The

samples were transferred into small plastic containers containing

2.5% glutaraldehyde in a phosphate buffer (0.2 M) adjusted to the

appropriate salinity with NaCl. The samples were fixed for 3 h

and then washed 2–3 times with phosphate buffer. The samples

were stored at 4�C until further analysis.

The samples were investigated with a compound microscope

(Olympus BH2, Japan) and a laser confocal microscope (Leica

TCS 4d, Germany) equipped with an argon–krypton laser. For

confocal analysis, subsamples (slices) of defined dimension were

placed in cavity slides, covered and sealed with coverslips, and

observed under an excitation beam of 568 nm. Pigment fluo-

rescence emission was detected with a 590 nm long-pass filter.

Optical sections (every focal plane), optical series (all focal planes

from each imaged area), summa images (all optical series pro-

jected to one image), and stereoscopic images (one image in

three dimensions from every optical series) were obtained from

these analyses. A volume data set was generated by combining all

optical sections.

After screening of the different cyanobacteria present in all

images from each sampling site, each type of cyanobacterium was

identified after morphological criteria according to Castenholz

[10].

Analysis of Fatty Acids, Hydrocarbons, Alcohols, and Alkenones

Sediment cores (26 mm i.d.) were collected on Waulkmill and

Swanbister beach and stored frozen until further analysis. The

upper 4 cm of the mat samples (approximately 10 g) were ho-

mogenized with a mortar and extracted three times with meth-

anol, dichloromethane, and n-hexane. Extracts were saponified

with 30 mL of KOH (6% w/v) in methanol and the neutral

components were recovered by extraction with 3 · 30 mL of n-

hexane. The alkaline mixture was then acidified to pH 2 with 5

mL of HCl, and the acidic compounds were recovered by ex-

traction with 3 · 30 mL of n-hexane. The neutral compounds

were fractionated in a column filled with silica (8 g, bottom) and

alumina (8 g, top). These packings were prepared previously by

heating at 120�C and 350�C for 12 h, respectively. Milli-Q water

was added to both adsorbents for deactivation (5%). Six fractions

were obtained by successive elution with 20 mL of n-hexane, 20

mL of n-hexane/dichloromethane (9:1), 40 mL of n-hexane/di-

chloromethane (8:2), 40 mL of n-hexane/dichloromethane 75%

(1:3), 20 mL of dichloromethane/methanol (95:5), and 40 mL of

dichloromethane/methanol (9:1). The two most polar fractions

were silylated after redissolution in 100 lL of dichloromethane

and addition of 100 lL bis(trimethylsilyl)trifluoroacetamide

(heating 1 h at 60�C). The fatty acid fractions were methylated

before instrumental analysis using diazomethane, which was

synthesized as described elsewhere [91]. These fractions were

dissolved in 100 lL of n-hexane and diazomethane was added

until the yellowish color remained.

Samples were analyzed by gas chromatography and flame

ionization detection in a Varian Star 3400 (Varian Inc., USA). A

30 m capillary column (0.25 mm i.d.) coated with DB-5 (25 lm

film thickness) was used with hydrogen as carrier gas. The oven

was kept at 70�C for 1 min, heated to 140�C at 10�C/min, then to

310�C at 4�C/min, and finally held at 310�C for 30 min. The

temperature of the detector was 330�C. Analyses by gas chro-

matography and mass spectrometric detection were performed

with a Fisons MD-800 quadrupole mass analyzer (Thermo In-

struments, UK). Samples were injected in splitless mode at 300�C
into a 30 m capillary column (0.25 mm i.d.) coated with DB-5 (25

lm film thickness). Helium was used as carrier gas and the

temperature program was as described above. Mass spectra were

recorded in electron impact mode at 70 eV by scanning between

m/z 50–650 every second. Ion source and transfer line were kept

at 300�C.

T-RFLP Analysis

Sediment cores (35 mm i.d.) were taken with Falcon tubes from

Swanbister Bay. The upper 10 mm of the sediment core was

sliced off aseptically, transferred to sterile petri dishes, frozen in

liquid nitrogen, transported on dry ice, and finally stored at

)80�C until further analysis. The upper 2 mm of the mat cores
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was sliced with a cryomicrotome (MICROM GmbH, Germany) at

around 200 lm, and the third millimeter at around 500 lm

vertical depth resolution. From these mat slices, DNA was ex-

tracted with the UltraClean Soil DNA Isolation Kit using the

alternative lysis method (MoBio Laboratories Inc., USA). All

extracted genomic DNA samples were stored at )20�C until

further processing.

The different primers used for T-RFLP analysis to assess the

bacterial community structure are listed in Table 1. For T-RFLP

analysis, forward (f) and reverse (r) primers were fluorescently

labeled with TET and HEX (E.S.G.S. Cybergene group, France),

respectively. The PCR amplification mixture contained 12.5 lL

hot start Taq polymerase mix (Qiagen, Netherlands), 0.5 lL of

each primer (20 lM), and 1 lL of DNA template. A final volume

of 50 lL was adjusted with distilled water. Reactions were cycled

in a PTC200 thermocycler (MJ Research, USA) at 94�C for 15

min, followed by 35 cycles of 94�C for 1 min; Tm for 1.5 min, with

Tm denoting the corresponding melting temperature for hy-

bridization between primers and template DNA; and 72�C for 1

min, with a final extension step at 72�C for 10 min. The amount

of PCR product was determined by comparison to known con-

centrations of standards (Smartlader, Eurogentec, Belgium). PCR

products were purified with the GFX PCR DNA purification kit

(Amersham, UK).

Purified PCR products (600 to 700 ng) were digested with 12

units of enzyme HaeIII or Hin6I (New England Biolabs, USA).

The precise length of T-RFs from the digested PCR products was

determined by capillary electrophoresis (ABI prism 310, Applied

Biosystems, USA). About 50 ng of the digested DNA from each

sample was mixed with 10 lL of deionized formamide and 0.25

lL of TAMRA size standard and then denatured at 94�C for 2

min and immediately chilled on ice prior to electrophoresis.

After an injection step of 10 s, electrophoresis was carried out for

up to 30 min applying a voltage of 15 kV. T-RFLP profiles were

performed using GeneScan software (ABI).

Dominant T-RFs were selected by comparison of numerical

values and electropherograms. The clustering values were ana-

lyzed with the T-RFLP similarity matrix on the RDP (Ribosomal

Database Project) Web site (http://rdp.cme.msu.edu/) [56]. The

obtained distance matrix was used to construct a dendrogram

with MEGA version 2.1 [51] using the UPGMA method (Un-

weighted Pair Group Method with Arithmetic Mean).

T-RFLP profiles were also compared by Canonical Corre-

spondence Analysis (CCA) according to Fromin et al. [25]. This

test is based on the linear correlation between community data

(abundance of each T-RF) and environmental parameters in the

mat at light conditions (scalar irradiance at wavelengths of Chl a

[676 nm] and BChla [845 nm] absorption, depth, and O2 con-

centration). The CCA were realized with MVSP v3.13d software

(Rockware Inc., UK).

Results

Biomarkers in Waulkmill and Swanbister Bay Mats

The major lipid compounds in both Waulkmill and

Swanbister beach mats were fatty acids, encompassing

essentially C14–C22 homologues dominated by n-hexadec-

9(Z)-enoic and n-hexadecanoic acids (Fig. 1A, B). Other

major compounds were n-octadec-9(Z)-enoic, n-eicosa-

pentenoic, n-tetradecanoic, and n-pentadecanoic acids,

which are generally representative of algal and microbial

contributions. N-Octadec-9(Z)-enoic acid is abundant in

photosynthetic algae and cyanobacteria [11]. N-Eicosa-

pentenoic acid and other polyunsaturated n-eicosane and

n-docosane acids are specific of inputs from diatom spe-

cies [93]. Iso- and anteiso-pentadecanoic acids were the

two main branched fatty acids present in significant pro-

portions. These compounds are abundant in sulfate-

reducing bacteria and sulfur-oxidizing bacteria such as

Thiomicrospira [29].

The aliphatic hydrocarbon phyt-1-ene together with

other phytene homologues occurred in both mats, but

their presence was more pronounced in the Swanbister

mat (Fig. 1C, D). These hydrocarbons are characteristic for

methanogens [82] and may also be produced during the

decomposition of phytol [18]. The presence of an iso-

prenoid compound specific of methanogenic origin,

2,6,10,15,19-pentamethylicosane [34, 75], in the Swanbis-

ter mat (Fig. 1C) suggests that at least in this mat the

occurrence of the phytanes is due to inputs from these

microorganisms. N-Heptadecane and n-heptadecenes were

major compounds in both mats and especially abundant

in the Waulkmill mat (Fig. 1D). These compounds are

Table 1. Phylogenetic and photosynthetic primers used in T-RFLP analysisa

Primer Sequence (5¢ fi 3¢) Target gene Target group Reference

8F AGA GTT TGA TCC TGG CTC AG ssu 16S rDNA Eubacteria [54]
926R CCG TTC AAT TCC TTT RAG TTT ssu 16S rDNA Eubacteria [54]
BSR 385R CGG CGT CGC TGC GTC AGG ssu 16S rDNA SRB [2]
PB 557F CGCACCTGGACTGGAC PufM PAB [1]
PB 750R CCCATGGTCCAGCGCCAGAA PufM PAB [1]

a Amplimer sizes for the different primer sets: 16S rDNA eubacteria, 918 bp; 16S rDNA sulfate-reducing bacteria, 377 bp; pufM, 229 bp. All 16S rDNA

primer names are based on E. coli numbering. SRB denotes sulfate-reducing bacteria and PAB purple anoxygenic bacteria
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generally found in cyanobacteria [30, 67] or in photo-

trophic eukaryotes [7]. Other hydrocarbons specific for

algal inputs such as C25 highly branched isoprenoid al-

kenes synthesized by diatoms [62] were also present in the

Fig. 1. Gas chromatographic profiles showing the major fatty acids (A, B) and the major hydrocarbons (C, D) in microbial mats from

Swanbister (A, C) and Waulkmill (B, D) Bay. P1 denotes phyt-1-ene and P2 and P3 are phytenes. HBI C25, highly branched isoprenoid

hydrocarbon. Isop C25, 2,6,10,15,19-pentamethylicosane.
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Waulkmill mat. In addition to these hydrocarbons, a dis-

tribution of C23–C35 n-alkanes predominated by the odd

carbon numbered homologues, namely C29, C31, and C33,

representative for inputs from higher plants [20], were

found in both mats. This distribution can also be found in

other sediments in coastal environments [5], probably

reflecting the influence of wind-transported materials

from nearby higher plants.

A significant amount of phytol was found in the

Waulkmill mat, representing contributions from algae

(Fig. 2). Other lipids of algal origin, such as C37–C38 di-,

tri-, and tetraunsaturated alkenones specific for Hapto-

phyceae [92, 57] and sterols, were also present. The sterol

distribution in the Waulkmill mat was dominated by

cholest-5-en-3b-ol and contains minor proportions of

24-ethylcholest-5-en-3b-ol, cholesta-5,24-dien-3b-ol, 24-

methylcholesta-5,24(28)-dien-3-ol, and their homologues

saturated at D5 (Fig. 2, upper graph). Sterols unsaturated

at positions D5, D22, and D5,22 can originate from cyano-

bacteria [67, 61, 63], green algae [68, 4] or diatoms [64, 41,

4]. 24-Methylcholesta-5,24(28)-dien-3b-ol is a common

diatom marker [64, 41, 4], and its occurrence is consistent

with the presence of highly branched isoprenoid hydro-

carbons.

Spectral Scalar Irradiance and Cyanobacteria in

Waulkmill Bay mats

From spectral scalar irradiance profiles the zonation of

phototrophs in the mats could be inferred from the ab-

sorption characteristics of their pigments at specific

wavelengths. In the Waulkmill mat, three main wavelength

regions of pronounced absorption could be identified (Fig.

3). The pronounced minimum of scalar irradiance in the

narrow region around 675 nm corresponds to Chl a ab-

sorption, indicating the presence of cyanobacteria and/or

microalgae. A shoulder in the spectra measured over the

upper 2 mm indicated some absorption at �625 nm due to

the presence of phycocyanin. The presence of purple

bacteria throughout the upper millimeters of the mat was

indicated by the pronounced minima in the region from

760 to 900 nm and at around 590 nm corresponding to

BChl a absorption. The scalar irradiance in these wave-

length regions was already at 1 mm depth less than 50% of

the downwelling scalar irradiance at the mat surface and at

2.6 mm depth less than 1–2%. The strong absorption by

Chl a and BChl a indicates the presence of dense popu-

lations of oxygenic and anoxygenic phototrophs in the

upper 2.6 mm of the mat.

Fig. 2. Gas chromatographic profiles showing the major alcohols (upper graph) and alkenones (lower graph) in Waulkmill Bay

mats.
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Several different genera of filamentous and unicellular

cyanobacteria were identified (Table 2), with cyanobacte-

ria of the genera Lyngbya and Oscillatoria and of the

Pleurocapsa and Gloeocapsa groups being the most

abundant in the Waulkmill Bay mat as observed with

CLSM and light microscopy. Some cyanobacteria occurred

only at certain depths of the mat, whereas others were

found in several or all mat slices investigated.

Spectral Scalar Irradiance and Cyanobacteria in

Swanbister Bay Mats

In a Swanbister Bay mat, spectral scalar irradiance minima

at characteristic Chl a and BChl a absorption wavelengths

were found (Fig. 4). Pronounced light scattering was de-

tected at the mat surface and in the uppermost mat layers.

Wavelengths corresponding to Chl a absorption were

more strongly attenuated in the Swanbister mat than

wavelengths corresponding to BChl a absorption (Fig. 4),

whereas in the Waulkmill mat both wavelength regions

were almost equally attenuated throughout the mat (Fig. 3).

Spectral scalar irradiance profiles in another mat sample

from Swanbister Bay, which was densely covered by purple

bacteria and characterized by a pink-colored surface,

showed a much more pronounced BChl a absorption

(Fig. 5, upper graph). The spectral irradiance in the wave-

length regions of Chl a and BChl a absorption was already

at a depth of 0.8 mm <10% of the downwelling spectral

scalar irradiance. From these profiles, the average

attenuation spectrum of scalar irradiance over the depth

interval of 0–0.8 mm was calculated (Fig. 5, lower graph).

The vertical spectral attenuation coefficient (K0) was

highest in the wavelength region between 400 and 550 nm,

the region of carotenoid and Chl a absorption. The atten-

uation coefficient of BChl a absorption wavelengths was

higher than the attenuation coefficient of Chl a absorption,

indicating higher densities of purple bacteria in this mat.

Thus, mats from Swanbister Bay were very heterogeneous

and patchy concerning zonation and population densities

of oxygenic and especially anoxygenic phototrophs.

In Swanbister Bay mats covered by purple bacteria (pink

surface), only a few genera of cyanobacteria, i.e., mainly

unicellular morphotypes of the Pleurocapsa group and one

filamentous type, were found in low numbers (Table 3).

Microbial Community Structure of Swanbister Bay Mats

To assess the microbial community structure of a

Swanbister Bay mat, the universal primer pair 8f-926r

targeting a partial sequence of the 16S rDNA gene of eu-

bacteria was applied. After digestion with two different

restriction enzymes (HaeIII, Hin6I), the diversity of the

amplified 16S fragments was analyzed by T-RFLP. The

structure of the T-RFLP profiles, as characterized by the

number and distribution of major bands (peaks of highest

relative fluorescence intensity), varied from top to bottom

of the mat (data not shown). Depending on the restriction

enzyme used, different dominant T-RFs were observed.

Degrees of similarity among the microbial communities of

the different mat layers were quantified with the T-RFLP

profile matrix program (RDP). The resulting similarity

dendrogram (not shown) did not reveal any specific dis-

tribution of microbial communities in the analyzed mat

layers, probably because several bacterial species may

have terminal fragments of identical size.

Fig. 3. Depth profile of spectral scalar irradiance in a Waulkmill

Bay mat normalized to the downwelling spectral scalar irradiance

at the mat surface. Numbers on curves indicate depth (mm).

Depth 0 indicates the mat surface and increasing positive num-

bers indicate increasing depths in the mat.
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More specific primers were used to analyze the sulfate-

reducing and anoxygenic phototrophic microbial com-

munity. The biodiversity of the sulfate-reducing bacteria

(SRB) was analyzed using the primers 8f-SRB385 and the

combination of both restriction enzymes (HaeIII, Hin6I).

The resulting T-RFLP profiles contained almost 60 dif-

ferent peaks. In almost all mat layers fragments of 64, 189,

190, 191, 193, 200, 204 bp were found after digestion with

HaeIII, as well as dominant fragments of 64, 87, 89, 92,

337, 348, 350, 352, 371 bp using Hin6I (data not shown).

Some T-RFs, however, showed a depth-dependent distri-

bution, as T-RFs obtained with HaeIII of 178, 181, 182,

209, 267, 314 and 317 bp were predominating only in the

upper mat layers, whereas T-RFs of 268, 312, 315 bp were

dominant in layers below 1 mm depth (data not shown). A

similarity dendrogram was obtained by comparing all T-

RFs observed with the two different restriction enzymes in

each mat layer (Fig. 6A), which indicated a stratification of

the SRB communities. The SRB communities in the upper

mat layer (0–1 mm) seemed to be related and formed a

distinct cluster, clearly differing from the ones at increas-

ing depths. Two other closely related groups were located

between 1 and 1.6 mm and between 2 and 3 mm depth,

suggesting two different communities of SRB in these

depth horizons. Furthermore, populations of SRB in the

layer at 1.6–2 mm depth seem to form a divergent cluster.

The T-RFLP patterns were analyzed by Canonical

Correspondence Analysis to reveal the variables, which

influenced the organization of each SRB population.

Table 2. Filamentous and unicellular cyanobacteria in Waulkmill Bay mats tentatively identified according to Castenholz [10] and

their characteristics and depth distribution as determined by CLSM and light microscopy

Genera (tentatively) Diameter (lm) Septation Gas vacuoles Sheath Abundance Depth (mm)

Filamentous cyanobacteria
Lyngbya sp. 6.25–10.30 + - + (+++) 0; 1.85
Oscillatoria sp. 12.5–14 - - + (+++) 0; 1.85
Leptolyngbya sp. 0.94 - - + (thin) (++) 3.2
Pseudoanabena sp. 2.5 + + + (thin) (+) 1.85

Genera (tentatively) Diameter (lm) Cell division Sheath Abundance Depth (mm)

Unicellular cyanobacteria
Pleurocapsa group 2 · 3 Binary fissions in many

different planes
+ (+++) 3.2

Gloeocapsa group 4–8 2 or 3 planes + (+++) 0; 1.85; 3.2
Microcystis sp. 1.9 · 1.9 Binary fissions in many

different planes
+ (++) 0; 1.85; 3.2; 5.1

Aphanothece sp. 5 · 7 1 plane + (thin) (++) 0
Pleurocapsa group Diverse size

and form
Binary fissions in several

planes (pseudofilaments)
- (+) 1.85

Fig. 4. Depth profile of spectral scalar irradiance in a

Swanbister Bay mat normalized to the downwelling spectral

scalar irradiance at the mat surface. Numbers indicate depth

(mm).
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Using the averaged microsensor O2 profile at 1312 lmol

photons m)2s)1 and scalar irradiance profiles at Chl a (676

nm) and BChl a (845 nm) absorption wavelengths in the

top 3 mm of the mat (Figs. 4, 7C), this analysis showed

that their dispersion was influenced mostly by irradiance

and O2 concentration (Fig. 6C). Two distinct groups ap-

peared, one in the anaerobic zone and one in the aerobic

zone exposed to light. This analysis showed a distribution

of different SRB species with depth and thus that SRB were

displayed according to depth.

The biodiversity of purple anoxygenic phototrophic

bacteria (PAB) was assessed by using primers designed to

target the pufM gene, which is encoding for a subunit of

the photosynthetic reaction center in purple sulfur and

purple nonsulfur bacteria. T-RFLP analysis of the ampli-

fied pufM fragments resulted in complex profiles con-

taining about 30 peaks. Major T-RFs were observed, which

allowed a comparison and distinction between the differ-

ent mat layers. In the upper mat layers fragment peaks of

129, 187, 201, and 203 bp were found (HaeIII), whereas the

bottom layers were characterized by fragment peaks of 215

and 225 bp (data not shown).

Similarity dendrograms showed delineation of the

profiles into clusters, indicating a stratification of purple

phototrophic bacteria within the mat (Fig. 6B). Purple

phototrophic communities from 1.4 to 2 mm and from 1–

1.4/2–3 mm depth were closely related. These two com-

munity clusters were less closely related to the community

in the upper mat layers than to the community below 3

mm depth. Furthermore, the similarity dendrogram also

suggests that there were significant differences between the

anoxygenic phototrophic communities in the uppermost

millimeter of the mat.

Canonical correspondence analysis obtained from T-

RFLP profiles showed that the phototrophic communities

of the upper layers were clearly influenced by irradiance. In

contrast, communities of the deep layers were negatively

influenced by O2 penetration (Fig. 6D). Surprisingly, pre-

dicted patterns of T-RFs from pufM sequences digested

with HaeIII or Hin6I obtained from the NCBI bank (data

not shown) showed that the T-RFs specific of the upper

layers could correspond to aerobic heterotrophic alpha-

proteobacteria, such as the genus Sphingomonas. Indeed, it

has been recently demonstrated that this genus possesses

the pufM gene [6]. T-RFs from deep layers of the mat could

correspond to predicted T-RF patterns of purple sulfur

bacteria from the genus Thiocystis and of purple nonsulfur

bacteria from the genus Rhodomicrobium. The general T-

RF fingerprints observed within the mat could be equivalent

to predicted T-RF patterns of gamma-proteobacteria such

as members of the genera Rhodobacter or Allochromatium.

Microenvironment of Swanbister Bay Mats

Profiles of O2, gross photosynthesis, pH and H2S were

measured at different positions in a Swanbister Bay mat

incubated in darkness and at an irradiance of 1312 lmol

photons m)2s)1 (Fig. 7). During dark incubation, the av-

erage O2 penetration was 0.8 mm and steep gradients of

both H2S and Stot developed below this depth (Fig. 7A).

Fig. 5. Depth profile of spectral scalar irradiance (upper graph)

in a Swanbister Bay mat densely covered by purple bacteria. The

profiles of spectral scalar irradiance were normalized to the

downwelling spectral scalar irradiance at the mat surface.

Numbers indicate depth (mm). Average attenuation spectrum of

scalar irradiance over the depth interval of 0–0.8 mm (lower

graph), calculated from the spectral scalar irradiance profiles

shown in the upper graph. Broken lines in the lower graph in-

dicate the standard deviations of the attenuation coefficients, K0.
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A gradual decrease of pH was found in the dark incubated

mat, accounting for a decrease of approximately 1 pH unit

between the water and the mat at around 4 mm depth (Fig.

7B). Sulfate reduction rates were lowest in the upper

centimeter of dark incubated Swanbister Bay mats and

highest in the 1–2 cm depth interval (Table 4).

At an irradiance of 1312 lmol photons m)2s)1, gross

oxygenic photosynthesis occurred in the upper 2.8 mm of

the mat, leading to an increased O2 penetration of 4 mm

and a peak of O2 concentration at 1.6 mm depth (Fig. 7C).

As calculated from the profiles of spectral scalar irradiance

measured in the same mat sample (Fig. 4), this O2 maxi-

mum occurred in the depth layer of highest Chl a ab-

sorption, as indicated by the depth profile of the vertical

attenuation coefficient, K0, at 676 nm. Below that zone,

both O2 concentration and K0 (676 nm) decreased, whereas

the attenuation coefficient at 845 nm, indicative for BChl a

absorption, increased. This indicates an increasing popu-

lation density of BChl a–containing anoxygenic photo-

trophic bacteria in the anoxic mat layer. The presence of a

population of anoxygenic phototrophs in the zone of

highest O2 concentration and Chl a absorption was indi-

cated by a peak of K0 (845 nm) in that zone, which was,

however, less pronounced than the peak of K0 (676 nm).

In the upper 5 mm of the light incubated mat, H2S was

undetectable; only in one position were very low con-

centrations of H2S and sulfide detected below 3 mm

depth (data not shown). Photosynthetic CO2 fixation led to

an increase of pH in the upper 2 mm of the mat by more

than 0.5 pH unit, with the peak of pH located approxi-

mately in the layer of maximal O2 concentration and K0

(676 nm). At increasing depths the pH decreased to pH 7.5

(Fig. 7D).

Oxygen and Sulfide Cycling as a Function of Irradiance in

Swanbister Bay Mats

In the same sediment core, O2, gross photosynthesis, H2S

and pH profiles were measured at a fixed position at in-

creasing downwelling irradiances (Fig. 8). Oxygen pene-

tration increased in the mat with increasing irradiance

from 0.8 mm during darkness to 1.4, 1.6, 2.2, and 2.6 mm

at 43, 96, 183, and 349 lmol photons m)2s)1, respectively.

At an irradiance of 96 lmol photons m)2s)1, a net pro-

duction of O2 was detected. The thickness of the photic

zone increased gradually from 0.5 mm at 43 lmol photons

m)2s)1 to 1.8 mm at 349 lmol photons m)2s)1 (Fig. 8,

upper panel). The increase of gross oxygenic photosyn-

thesis and of the photic zone thickness with irradiance led

to a gradual increase of pH in the upper mat layers (Fig. 8,

lower panel). The pronounced pH maximum in the upper

mat layer at irradiances >43 lmol photons m)2s)1 affected

the corresponding Stot profiles (Fig. 8, upper panel). Pro-

files of Stot were calculated from measured H2S and pH

profiles. The Stot profiles at these irradiances showed a

pronounced shoulder of Stot concentration, which was not

present in the corresponding H2S profiles and was prob-

ably caused by the curvature of the pH profiles. Since H2S

and pH profiles could not be measured at exactly the same

position, the unusual shape of the Stot profiles was most

probably caused by a pronounced microheterogeneity of

the mat. These shoulders in the Stot profiles thus represent

overestimations of sulfide concentration and will not be

discussed further. Compared to the H2S profile in the dark

incubated mat, the upper H2S boundary moved downward

in the mat at irradiances >96 lmol photons m)2s)1 (Fig. 8,

upper panel).

Table 3. Filamentous and unicellular cyanobacteria in Swanbister Bay mats tentatively identified according to Castenholz [10] and

their characteristics and depth distribution as determined by CLSM and light microscopy

Genera (tentatively) Diameter (lm) Septation Gas vacuoles Sheath Abundance Depth (mm)

Filamentous cyanobacteria
Borzia sp. 1.88

(short filaments)
+ - + (thin) (+) 1.55

Genera (tentatively) Diameter (lm) Cell division Sheath Abundance Depth (mm)

Unicellular cyanobacteria
Pleurocapsa group
(Microcystis sp.)

1.9 · 1.9 Binary fissions in many different
planes

+ (+++) 0; 1.55; 3.35

Pleurocapsa group Diverse size
and form

Binary fissions in several planes
(pseudofilaments)

- (+++) 0; 1.55; 3.35

Pleurocapsa group
(Stanieria sp.)

2 · 3 Multiple fissions or in combination
with limited (1–3) binary
fissions

- (+) 3.35
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Areal rates of net oxygenic photosynthesis (Pn), calcu-

lated as the O2 flux across the mat–water interface, rates of

O2 consumption in the aphotic zone (Raphot), and rates of

H2S oxidation/production (H2S fluxes) increased with ir-

radiance and saturated at higher irradiances (Fig. 9). The

determined H2S fluxes, however, strongly underestimate

sulfide fluxes, since pH also tends to increase in deeper

layers at higher irradiance, which results in calculation of

higher sulfide concentrations from H2S data. Increasing

H2S fluxes will therefore translate to much stronger

increases of sulfide fluxes.

Discussion

Microbial Community Composition of Waulkmill and Swanbister

Bay Mats

In mats from both Waulkmill and Swanbister Bay, the

presence of oxygenic phototrophs was evident (Figs. 1, 2,

Fig. 6. The sulfate-reducing (SRB) (A) and the purple anoxy-

genic bacterial (PAB) (B) community relatedness of each layer of

a Swanbister Bay mat based on the Jaccard coefficient. Each

community was represented by a phylogenetic signature con-

structed by stacking two individual 5¢ T-RFLP patterns

corresponding to the HaeIII and Hin6I digests of the 16S rRNA

encoding gene for the SRB and the pufM gene for the PAB. Ca-

nonical correspondence analysis (CCA) between SRB (C) or PAB

(D) (T-RF in base pairs) and environmental variables: scalar ir-

radiance at characteristic Chl a (676 nm) and BChl a (845 nm)

absorption wavelengths, O2 concentration, and depth.
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3, 4, Tables 2, 3). Biomarker and CLSM analysis revealed a

more pronounced abundance of cyanobacteria and high

amounts of algal lipids (phytol, sterols, alkenones, highly

branched isoprenoid hydrocarbons, heptadecane, and

heptadecenes) in Waulkmill Bay mats. This indicates high

contributions of oxygenic phototrophs in Waulkmill Bay

mats, with specific contributions from diatoms and

Haptophyceae. The latter were most probably of plank-

tonic origin, buried in the sediment after settling on the

sediment surface.

The bio-optical properties of two different Swanbister

Bay mat samples revealed a strong heterogeneity con-

cerning the phototrophic community (Figs. 4, 5), indi-

cating a pronounced patchiness of the distribution of

purple bacteria on Swanbister beach. A factor influencing

the distribution and population densities of purple sulfur

bacteria can be the availability of sulfide. The amount of

sulfide present in the mat will limit the presence of oxy-

genic phototrophs to species able to cope with temporary

exposure to sulfide. Environmental conditions on beaches

Fig. 7. Average profiles (n = 2–3) of

gross photosynthesis (bars), O2, H2S,

sulfide (Stot) (A, C), and pH (B, D) meas-

ured at different positions in a Swanbister

Bay mat at 0 (A, B) and 1312 lmol pho-

tons m)2s)1 (C, D). Error bars indicate

standard deviation. Depth profiles of the

vertical attenuation coefficient, K0, at

characteristic Chl a (676 nm) and BChl a

(845 nm) absorption wavelengths as cal-

culated from the depth profiles of spectral

scalar irradiance measured in the same

mat sample (profiles shown in Fig. 4).
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in Scapa Flow are restrictive for the development of cy-

anobacteria, as indicated by the low abundances and few

genera found (Tables 2, 3). The production of sulfide by

sulfate-reducing bacteria is, among other environmental

parameters, controlled by the amount and quality of or-

ganic matter in the sediment (e.g., [78]). The main sources

of organic matter are decomposing macroalgae buried in

the sediment [31], resulting in a heterogeneous distribu-

tion of low molecular weight organic substrates for sulfate-

reducing bacterial activity.

A pronounced microheterogeneity of sulfate reduction

and sulfide distribution was found in Swanbister beach

mats, as indicated by the standard deviations of measured

sulfate reduction rates and sulfide microprofiles (Table 4,

Fig. 7A). Thus, a heterogeneous distribution of sulfide

could affect the distribution of the different phototrophs.

A patchy distribution of sites virtually covered by purple

bacteria (pink surface) was observed on Swanbister beach

during sampling in July 2000, as well as a patchy distri-

bution of macroalgae growing on the beach or deposited

on the sediment surface. Additional to organic matter

supply after decomposition, organic sulfur compounds

such as dimethylsulfide (DMS) and dimethylsulfonio-

propionate (DMSP) might be released from degrading

macroalgae. Both compounds are potential substrates for

purple bacteria [39], including Thiocapsa roseopersicina

[90, 37, 38]. By providing such organic sulfur substrates,

degrading macroalgae could also directly enhance growth

of purple sulfur bacteria in their nearby surroundings,

further contributing to their patchy distribution on these

beaches.

Biomarker analysis showed that lipids reflecting the

presence of methanogens (phytenes and 2,6,10,15,19-

Fig. 8. Average profiles (n = 1–3) of gross photosynthesis (bars), O2, H2S, sulfide (Stot) (upper panel) and pH (lower panel) meas-

ured at a fixed position in the same mat from Swanbister Bay at increasing downwelling irradiances. Error bars indicate standard

deviation.

Table 4. Depth distribution of average sulfate reduction rates

(n = 2–3) in Swanbister Bay mats

Depth (cm) Sulfate reduction rate (nmol cm)3d)1)

0–1 234 ± 58
1–2 297 ± 33
2–3 245 ± 56
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pentamethylicosane), as well as fatty acids characteristic of

sulfate-reducing bacteria (iso- and anteiso-pentadecanoic

acids) were abundant especially in Swanbister Bay mats

(Fig. 1). With our data we can, however, only speculate on

the biogeochemical importance of methanogens in the

mat. As has been shown in salt marsh sediments (e.g., [66,

76]), methane production in marine sediments is most

probably due to utilization of noncompetitive substrates

such as methylamines and DMS [43, 65]. Glycine betaine,

one of the most widespread compatible solutes [94], and

the osmoregulatory compound of marine algae, DMSP

[42], present at high concentrations in microbial mats [39,

89], are precursors of trimethylamine and DMS [65]. Thus,

these compounds could potentially play a role as sub-

strates for methanogenesis in these mats.

Oxygen and Sulfur Cycling in Swanbister Bay Mats

Microsensor data showed a gradual increase of both O2

concentration and penetration with irradiance due to in-

creasing oxygenic photosynthesis by cyanobacteria and

microalgae in Swanbister Bay mats (Figs. 8, 9). Further-

more, H2S fluxes tended to increase with irradiance (Fig.

9), indicating higher sulfide turnover rates in light con-

ditions. These include both higher production rates by

sulfate reduction and higher sulfide consumption rates.

Although (aerobic) chemolithotrophic sulfide oxidation by

T. roseopersicina may occur in light conditions [70, 71],

phototrophic oxidation (in the presence of O2) seem to be

preferred because of higher energetic yields by phototro-

phy than by chemotrophy [17, 84, 85]. The light depend-

ency of the H2S fluxes (Fig. 9) further suggests that

anoxygenic photosynthesis by purple sulfur bacteria

strongly affected net H2S consumption in light-incubated

Swanbister beach mats.

Microsensor data on sulfide cycling underestimate

sulfur cycling in microbial mats, since fluxes calculated

from microprofiles represent only net rates of sulfide

turnover. As has been shown in light-incubated cyano-

bacterial mats [9, 88, 77], sulfate reduction can occur in

the highly oxygenated surface layer. This activity, how-

ever, is not detectable with H2S microsensors because of

immediate reoxidation of the produced sulfide. Further-

more, other reduced sulfur compounds, such as polysul-

fides, elemental sulfur, and thiosulfate, which are present

in Swanbister mats [86], may play a significant role in the

sulfur cycle of these mats. The dominant purple sulfur

bacterium in these mats, T. roseopersicina, is characterized

by a high metabolic versatility [69, 84] and can use poly-

sulfide [87], thiosulfate [17], and intracellular elemental

sulfur [70, 71].

Oxygen consumption rates in the aphotic zone (Raphot)

increased with irradiance (Fig. 9). Although H2S fluxes

underestimate sulfide fluxes especially in light conditions

(see Results), aerobic/oxic sulfide oxidation seemed not to

have significantly contributed to Raphot at higher irradi-

ances. This points to a more important role of other O2-

consuming processes, such as aerobic respiration. T-RFLP

analysis together with predicted patterns of T-RFs sup-

plied from the NCBI Bank indicated the presence of aer-

obic, heterotrophic alpha-proteobacteria in the upper

layers of the mat, which could have contributed to O2

consumption in that zone. As mentioned by Nagashima et

al. [60], the detection of these nonphototrophic bacteria

with the primer set targeting specifically the pufM gene

conserved among purple phototrophic bacteria could be

due to horizontal gene transfer. T-RFLP analysis also re-

vealed the presence of different communities of SRB in the

uppermost layers of Swanbister Bay mats (Fig. 6A). Sul-

Fig. 9. Areal rates of net photosynthesis (Pn), O2 consumption

in the aphotic zone (Raphot) and of net H2S production/con-

sumption (H2S flux) vs irradiance in the Swanbister Bay mat.
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fate-reducing bacteria are also characterized by their ca-

pacity for aerobic respiration [47, 81] and could have di-

rectly contributed to O2 consumption in these mat layers.

Communities of Sulfate-Reducing and Purple Bacteria in

Swanbister Bay Mats

The populations of purple bacteria within the upper

millimeters of the Swanbister mat (Figs. 4, 6B, 7C) expe-

rienced pronounced variations of microenvironmental

conditions between dark–light transitions (Fig. 8). A mi-

nor population in the surface layer experienced highly oxic

conditions during light periods and micro-oxic conditions

during the night, with sulfide being available only during

the night at low concentrations (Figs. 7A, 8). Populations

in the depth interval between the surface layer and the

permanently anoxic zone (Figs. 7C, 8) were only exposed

to sulfide during darkness. In light, these populations

experience, at least temporarily, simultaneously low O2

and sulfide concentrations, since the depth of the oxygen–

sulfide interface increased with increasing irradiance (Fig.

8). This condition is subsequently followed by exposure to

either solely O2 or sulfide at further increasing or de-

creasing irradiances. Populations present below this

transition zone always experienced sulfide, but may have

been light limited (Fig. 4). Thus, the full spectrum of

metabolic versatility may be used by different populations

of T. roseopersicina zonated in the mats. This includes

chemolithotrophy during darkness using O2 and sulfide as

substrates, degradation of storage carbohydrates (glyco-

gen) under anoxic dark conditions, photolithotrophy in

the light in the presence of only sulflde, of both sulfide and

O2, or of only O2 using intracellular elemental sulfur or

other external reduced sulfur compounds [69, 84].

A pronounced diversity and a depth-dependent distri-

bution of purple bacteria was found by T-RFLP analysis

(Fig. 6B). From pufM T-RFLP profiles, a T-RF of 93 bp

(restriction enzyme HaeIII) was detected in all mat layers

within the top 3 mm of the mat. The sequences of the pufL

and pufM genes of T. roseopersicina strain T. ork were

recently determined (A. Fourçans, R. Duran, P. Caumette,

unpublished; accession number AJ544223), and a predic-

tive T-RF of 92 bp was found for the pufM gene of T.

roseopersicina digested with this restriction enzyme. So,

the observed T-RF could correspond to the predominant

purple sulfur bacterium T. roseopersicina.

The results also show that in Swanbister mats different

communities of anoxygenic phototrophs are zonated

within the mat in response to the microenvironmental

conditions (Fig. 6D). The predominant T-RF of 214 bp

obtained with restriction enzyme Hin6I represents the

dominating anoxygenic phototrophic community in

Swanbister beach mats, as deduced from the sequences

and T-RFs of purple bacteria presently available. Although

predictive digestions made in silico on the RDP Web site

(TAP: T-RFLP Analysis Program) cannot be used for

phylogenetic identification of communities based on their

T-RFs [58], this T-RF could be related to the species Al-

lochromatium vinosum. The presence of this major species

seemed to be independent of depth, O2 and irradiance

(Fig. 6D) and was distributed all over the mat (data not

shown). This species was also found by van Gemerden et

al. [86]. Further determination of pufM gene sequences

from isolated purple bacteria will be useful to obtain more

information about the dominant members.

Two closely related community clusters of purple bac-

teria were found in the depth layer from 1 to 3 mm (Fig. 6B),

i.e., in the transition layer of the mat. Communities present

in this layer experienced pronounced variations, ranging

from highly oxic during high light conditions to sulfidic

conditions during darkness. These pronounced varia-

tions seem to select for versatile species of purple bacteria

(also others than T. roseopersicina) able to thrive under

these conditions. As indicated by T-RFLP analysis, these

could include species of the genus Allochromatium, which

are characterized by a pronounced metabolic versatility

[40, 69].

Since microsensor and T-RFLP analyses were not per-

formed in exactly the same Swanbister mat sample, some

deviations concerning the localization of this transition

layer might have occurred between both samples. Fur-

thermore, the O2 and sulfide microgradients measured in a

laboratory under controlled conditions similar to the

conditions during immersion periods might change dur-

ing emersion periods as occurring in situ during low tide.

However, our laboratory microsensor data compare rela-

tively well to microsensor profiles measured in situ at low

tide by van Gemerden et al. [86]. Furthermore, the fact

that these two community clusters were less related to

the community in the upper mat layers than to the com-

munity below 3 mm depth points to an O2-dependent

distribution of purple bacteria in Swanbister Bay mats.

This is consistent with the CCA showing that O2 is the

most important variable influencing the distribution of

purple bacteria. Thus, despite the predominance of

T. roseopersicina in these mats, a variety of different
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purple bacteria may have stratified in response to O2 and

sulfide gradients.

Also, the distribution and diversity of sulfate-reducing

bacteria seemed to be partly influenced by O2. A distinct

and related SRB community cluster was found in the up-

permost mat layer, clearly differing from the communities

found at increasing depths (Fig. 6A). Thus, the almost

permanent oxic conditions in the uppermost mat layer

(Figs. 7, 8) may select for especially O2-tolerant SRB spe-

cies. Communities of SRB below this layer are exposed to

anaerobic conditions at least during low light and dark

periods (Figs. 7, 8). Several SRB, e.g., Desulfovibrio species

and Desulfonema-related bacteria, possess adaptive strat-

egies for survival under oxic conditions, enabling them to

thrive in microbial mats. These strategies include aggre-

gation, migration, aerotaxis, and O2 respiration [46, 47, 81,

22, 59, 77, 14].

The CCA demonstrated that factors other than the

presence of O2 also influenced the depth distribution and

diversity of SRB. The influence of irradiance at Chl a and

BChl a absorption wavelengths (Fig. 6C) could be the re-

sult of interactions between phototrophs and SRB and

might be considered as an indirect irradiance effect. The

finding of some groups at different depths was not directly

correlated with O2 or sulfide gradients. Sulfate-reducing

bacteria are characterized by a pronounced metabolic

versatility and are apparently able to catalyze all reactions

of a complete sulfur cycle [13, 14]. This includes the use of

a variety of electron acceptors such as sulfite, sulfur,

thiosulfate, nitrate, nitrite, O2, and Fe(III), as well as their

ability to perform disproportionation and oxidation of

diverse sulfur compounds (sulfur, thiosulfate, sulfite), and

aerobic respiration [3, 44, 19, 15, 12, 55, 45, 26, 95]. Thus,

not only the presence of O2 and the availability of organic

substrates, but also the distribution of sulfur compounds

like thiosulfate, sulfur, and sulfite could influence the

distribution of SRB in this mat.

Microbial communities of coastal microbial mats on the

Orkney Islands are apparently more diverse than previ-

ously described. Furthermore, although mats on Swanb-

ister beach could be distinguished concerning population

density and localization of the purple layer on or below the

mat surface (Figs. 4, 5), a clear differentiation between

different microbial mats as found and described earlier

[86] was not possible in July 2000. In particular, sediments

populated only by purple bacteria and characterized by an

absence of Chl a–containing oxygenic phototrophs could

not be found. This type of mat was previously described as

one of the three types of mat systems developing especially

on Swanbister beach [86]. The enforcement of strict waste

discharge regulations has led to improved wastewater

treatment in the area over the past decade, which has

significantly reduced the amount of organic matter dis-

charged onto the beaches. These changes have created

environmental conditions less favorable for the exclusive

development of purple sulfur bacteria, which would also

account for the increased microbial diversity in these mat

sediments.
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48. Kühl M, Fenchel T (2000) Bio-optical characteristics and the

vertical distribution of photosynthetic pigments and pho-

tosynthesis in an artificial cyanobacterial mat. Microb Ecol

40:85–93
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