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The biomass, phylogenetic composition, and photoautotrophic metabolism of green sulfur bacteria in the
Black Sea was assessed in situ and in laboratory enrichments. In the center of the western basin, bacterio-
chlorophyll e (BChl e) was detected between depths of 90 and 120 m and reached maxima of 54 and 68 ng
liter'. High-pressure liquid chromatography analysis revealed a dominance of farnesyl esters and the
presence of four unusual geranyl ester homologs of BChl e. Only traces of BChl e (8 ng liter ') were found at
the northwestern slope of the Black Sea basin, where the chemocline was positioned at a significantly greater
depth of 140 m. Stable carbon isotope fractionation values of farnesol indicated an autotrophic growth mode
of the green sulfur bacteria. For the first time, light intensities in the Black Sea chemocline were determined
employing an integrating quantum meter, which yielded maximum values between 0.0022 and 0.00075 pmol
quanta m~2 s~" at the top of the green sulfur bacterial layer around solar noon in December. These values
represent by far the lowest values reported for any habitat of photosynthetic organisms. Only one 16S rRNA
gene sequence type was detected in the chemocline using PCR primers specific for green sulfur bacteria. This
previously unknown phylotype groups with the marine cluster of the Chlorobiaceae and was successfully
enriched in a mineral medium containing sulfide, dithionite, and freshly prepared yeast extract. Under
precisely controlled laboratory conditions, the enriched green sulfur bacterium proved to be capable of
exploiting light intensities as low as 0.015 pmol quanta m~2 s~* for photosynthetic '*CO, fixation. Calculated
in situ doubling times of the green sulfur bacterium range between 3.1 and 26 years depending on the season,
and anoxygenic photosynthesis contributes only 0.002 to 0.01% to total sulfide oxidation in the chemocline. The
stable population of green sulfur bacteria in the Black Sea chemocline thus represents the most extremely

low-light-adapted and slowest-growing type of phototroph known to date.

The Black Sea represents the largest extant anoxic water
body worldwide. Its stratified water column comprises a ~60-
m-thick oxic top layer, a ~40-m-thick suboxic intermediate
zone devoid of sulfide and oxygen, and a ~2,000-m-deep sul-
fidic bottom zone (32). Bottom water anoxia was initiated
7,000 to 8,000 years ago by the intrusion of saltwater from the
Mediterranean via the Bosporus strait (44). Within the subse-
quent 3,000 years, the O,-H,S interface rose from the bottom
at 2,200 m depth toward the surface (13). The presence of
green sulfur bacterial photosynthetic pigments and their deg-
radation products in subfossil sediments suggests that photic
zone anoxia occurred already more than 6,000 years ago
(41, 47).

Different bacteriochlorophyll e (Bchl ¢) homologs, as well as
the carotenoids isorenieratene and (-isorenieratene, were de-
tected in chemocline samples (43). These photosynthetic pig-
ments are specific for brown-colored species of the green sulfur
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bacteria. Red autofluorescent cells became visible after fixa-
tion of chemocline samples (4). Since this autofluorescence is
due to the formation of free bacteriopheophytins from bacte-
riochlorophylls (52), it was used to quantify green sulfur bac-
terial cell numbers, yielding a fraction of 10% of the total
bacterial cell numbers (corresponding to =8 X 10* cells ml ")
(4). Theoretically, the green sulfur bacteria could be metabol-
ically active in the chemocline and thus be relevant for the
biogeochemical cycles in the Black Sea (43).

A brown-colored green sulfur bacterium, Chlorobium phaeo-
bacteroides MNI1, was previously enriched from chemocline
water samples (34). First growth experiments indicated that
this bacterium is adapted to low-light conditions and could
divide at a light intensity of 0.25 pmol quantam™ s~ !, but was
inhibited at =200 wmol quanta m~2 s~ . No data are available
on the physiology of this bacterium at lower light intensities.
To date, the in situ light conditions in the Black Sea chemo-
cline have not been determined. It is also unknown whether
the enriched bacterium is representative for the natural assem-
blage of green sulfur bacteria present in the chemocline.

In order to quantify anoxygenic photosynthesis in the che-
mocline and to elucidate its role in the carbon and sulfur cycles
of the Black Sea, the in situ light intensities and the photosyn-
thetic metabolism of the dominant phototrophic organisms
need to be elucidated under natural conditions. The Black Sea
also serves as a model system for past oceanic anoxic events
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and green sulfur bacterial pigments have been used as indica-
tors for photic zone anoxia (2, 28). A better understanding of
the ecophysiology of the low-light-adapted green sulfur bacte-
ria in the Black Sea therefore would also contribute to a more
precise reconstruction of the biogeochemical processes in past
sulfidic oceans.

MATERIALS AND METHODS

Study sites and sampling procedures. Water samples were obtained during
cruise number 51, leg 51-4, of the R/V Meteor between 12 December and 28
December 2001. Two of the sampling sites were located in the center of the
western basin. Station GeoB number 7605 was positioned at a water depth of
2,162 m (42°30.7'N, 30°14.7'E) and station GeoB number 7620 (42°56.2'N,
30°01.9'E) at a depth of 2,006 m. A third station (Station GeoB number 7617;
43°38.9'N, 30°04.1'E) was located at the Bulgarian shelf edge at a water depth
of 468 m.

Water samples were obtained by means of an integrated pumpcast system
(Seabird Electronics, Bellevue, WA) mounted on a 12-bottle Hydrobios rosette
water sampler (29), allowing us to sample the water column at 3-m intervals.
Water samples for pigment and DNA analyses were collected in 20-liter poly-
ethylene containers, those for physiological experiments in sterile 1-liter glass
bottles. Bacterial cells for the extraction of genomic DNA were collected from
120 liters of water by a Pellicon 2 tangential flow device (Millipore, Bedford,
MA) equipped with a VVPP-C-filter (0.1 wm pore size, Millipore), and further
concentrated by subsequent filtration onto polycarbonate filters (diameter
47 mm, pore size 0.1 wm, Millipore) in a sterilized filtration unit (Sartorius).

Physicochemical parameters and total cell numbers. Conductivity, tempera-
ture and molecular oxygen concentration were determined with sensors mounted
to the Hydrobios water sampler. Underwater light intensities were measured
with a LI-190SZ quantum sensor and a LI-200SZ pyranometer sensor, both
connected to an LI-1400 data logger (LiCor Biosciences GmbH, Bad Homburg,
Germany) and encased in a custom-built stainless steel pressure-proof chamber
closed with a Perspex lid. Light meters were calibrated at the sea surface. The
equipment was then lowered through the water column down to a depth of 130 m
and the integrated light intensity was recorded in vertical intervals of 10 m above
the chemocline, and in intervals of 3 m within the chemocline. At each depth,
integration lasted for one minute. This method increased the sensitivity of the
light measurements by three orders of magnitude, resulting in a detection limit
of (3.9 + 2.3) X 10~* pmol quanta m 2 s~ .

Sulfide concentrations were determined in water samples of 20 to 50 ml.
Samples were directly injected via syringe needles from the pumpcast-system into
100 ml serum bottles preloaded with 0.7 ml zinc acetate (20%, wt/vol) and 0.2 ml
sodium hydroxide (4%, wt/vol), kept under a nitrogen atmosphere and sealed
with 1-cm-thick butyl rubber stoppers to avoid oxidation. Precipitated sulfide was
quantified with the methylene blue method (10).

For the determination of total bacterial cell numbers, samples were fixed in
2% glutaraldehyde and stored in autoclaved 22-ml screw cap glass tubes at 4°C.
Total bacterial cell numbers were determined by epifluorescence microscopy on
polycarbonate filters (Millipore) after staining with 4’,6-diamidino-2-phenylindol
(DAPI) (22).

Analysis of photosynthetic pigments. Seven liters from each sampling depth
were filtered onto GF/F filters (Whatman) and the filters stored in the dark at
—20°C. Although GF/F filters have a nominal pore size of 0.7 pm and theoret-
ically may not retain all green sulfur bacterial cells (length, 1.8 * 0.5 wm; width,
0.65 = 0.1 wm; see Results section), losses were found to be insignificant due to
rapid clogging of the filters by manganese oxides and colloidal organic matter
present in the chemocline water. Filters were lyophilized for 6 h and subse-
quently extracted overnight with 4 ml of a methanol-acetone mixture (2:7, vol/
vol) (18). The solvent was evaporated by a nitrogen flow. Total BChl e was
quantified photometrically at a wavelength of 650 nm (Lambda 25 spectropho-
tometer, Perkin Elmer), after redissolving the pigments in acetone, employing
the molar extinction coefficient of 48.9 mM ™' cm ™! (58.6 liters g~! em™!) (6).

For separation of different homologs, pigments were redissolved in 500 pl of
acetone-methanol (1:5, vol/vol; for HPLC analysis); 150 pl of the sample were
mixed with 15 pl of a 1 M ammonium acetate solution as ion pairing agent and
injected into a Dionex HPLC system equipped with a P580 pump, an STH585
column oven, a PDA-100 photo diode array detector and an RF2000 online
fluorescence detector (Dionex Softron). For separation, a Spherisorb ODS2
column (3 pm, 250 mm by 4.6 mm) in-line with a precolumn packed with the
same material (CS Chromatographie Service, Langerwehe, Germany) was em-
ployed. The mobile phase consisted of a linear gradient of two different mixtures
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of acetonitrile, methanol, 0.01 M ammonium acetate and ethyl acetate at a flow
rate of 0.7 ml min~' (method B 1). Homologs were identified based on their
retention time (18, 42). Fluorometric detection of pigments was carried out at an
excitation wavelength of 476 nm and an emission at 676 nm. For standardization,
extracts from Chlorobium phaeovibrioides DSMZ260™ and Chlorobium phaeobac-
teroides Dagow III (18) were used.

Lipid analysis. Particulate organic matter for lipid analyses was collected by in
situ filtration of large volumes (~1,000 liters) of water through 292 mm diameter,
precombusted (at 450°C) GF/F filters using in situ pumps. The wet GF/F filters
were extracted for 24 h with dichloromethane-methanol (7.5:1, vol/vol) in a
Soxhlet extractor to obtain the total lipid extracts. Aliquots of the total extracts
were saponified after addition of an internal standard (containing 1-nonadeca-
nol, nonadecanoic acid, Sa-cholestane,and hexatriacontane) with aqueous 0.5 N
KOH in methanol (3 h at 80°C). Nonsaponifiable (neutral lipids) and acid
fractions were sequentially extracted with hexane at pH 14 and pH 2, respec-
tively.

The neutral fractions were silylated with N,0-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) in pyridine and analyzed by gas chromatography-mass spec-
trometry (GC-MS) for identification and quantification of farnesol. Repeated
concentration measurements were within =10%. GC-isotope ratio monitoring
MS was performed as described previously (46).

Isotope analysis of DIC. Water samples for dissolved inorganic carbon (DIC)
analysis were treated with 100 uM HgCl, to inhibit biological activity. 3'*C
analysis of the total DIC in the Black Sea water column was performed by
analysis of the headspace after the addition of 100 wl H;PO, and an equilibration
period of 2 h at 40°C. The headspace was analyzed six times using a Multiflow
system connected to an Isoprime isotope ratio monitoring MS system (GV
Instruments, Manchester, United Kingdom), with typical standard deviations of
0.1 to 0.2%o. Stable carbon isotope ratios were determined relative to lab stan-
dards calibrated on NBS-19 carbonate and CO-8 and reported in the Vienna Pee
Dee Belemnite notation.

Enrichment of green sulfur bacteria. Artificial seawater medium (12) was
adjusted to the ionic strength of the Black Sea chemocline. The medium con-
tained (per liter) 14.1 g NaCl, 2.9 g MgCl, - 6 H,0, 0.6 g CaCl, - 2 H,0, 0.4 g
KCl, 2.3 g Na,SO,, 2.4 g HEPES, 0.2 ml selenite-tungstate solution (58), 100 mg
KBr, 24.7 mg H3;BOs3, 23.8 mg SrCl,, 21.4 mg NH,CI, 5.4 mg KH,PO,, and 2.9
mg NaF. After autoclaving, 1.4 mM NaHCO3, 1 mM Na,S - 9H,0, 1 ml of trace
element solution SL10 (58), 0.1 ml of a solution of 10 vitamins (3), and 200 pM
dithionite were added. The pH was adjusted to 7.2 and the medium was distrib-
uted into 50-ml screw cap bottles.

Different enrichment conditions were established by combining a variety of
electron donors and carbon sources. As sulfur sources, sulfide (final concentra-
tion, 1 or 2.5 mM), polysulfides (1 mM S;,527) (39), or thiosulfate (1 mM) was
added. Acetate, pyruvate, glutamate, 2-oxoglutarate (each 1 mM), propionate,
glycerol, and malate (each 0.5 mM) served as carbon sources. Yeast extract was
freshly prepared (30) and employed at a dilution of 1% (vol/vol). The substrate
combinations were also tested in standard saline SL10 medium (58) and in sterile
filtered chemocline water.

For inoculation, 200 ml of freshly sampled chemocline water from 95 m depth
at station 7620 was filtered through nitrocellulose filters (25 mm, pore size
0.2 wm, Sartorius) and one filter each was added to the different media. All
sample manipulations were done in an anaerobic chamber (AtmosBag, Sigma-
Aldrich) onboard the research vessel in order to maintain anoxic conditions
throughout. Enrichments were incubated at 5 pmol quanta m~2s~! and at 15°C.
Successful enrichments were used to inoculate deep agar dilution series (40) and
liquid dilution series for purification of the cultures.

Absorption spectra of whole cells were recorded after resuspending cell pellets
in 50 wl of medium which was then mixed with 500 pl of saturated sucrose
solution. Absorption spectra were recorded between 400 and 1100 nm (Lambda
25, Perkin Elmer).

DNA extraction and PCR. For amplification of 16S rRNA genes from labo-
ratory cultures, cell pellets were resuspended in 10 mM Tris-HCI (pH 8.5) and
0.5 pl of the suspension was added to each PCR. Bacterial cells on filters were
extracted according to Fuhrman et al. (14) and the extracts concentrated with
Centricon YM-50 centrifugal filter devices (Millipore). DNA concentrations
were determined using Pico Green (Molecular Probes).

The 16S rRNA gene fragments and 16S to 23S rRNA intergenic transcribed
spacer regions (ITS) of green sulfur bacteria were amplified using primer com-
binations specific for green sulfur bacteria (8{/GSB822r, GC341f/GSB822r, and
GSB822f/L1R) (36) (Tables 1 and 2 in the supplemental material). For the
analysis of 16S rRNA gene sequences of chemocline bacteria, the primer com-
bination GC341f/907r was employed (33). Standard conditions for PCR com-
prised 20 ng DNA or 0.5 pl of a cell suspension, 10 uM of each primer, 5 pl of
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GeneAMP 10x PCR buffer, 0.2 mM of each deoxynucleoside triphosphate,
3.5 mM MgCl, and 2.5 U AmpliTag Gold polymerase (Applied Biosystems) in a
total volume of 50 pl. All reactions were run in a GeneAMP 9600 thermocycler
PCR system (Applied Biosystems). Amplification products were analyzed by
standard agarose gel electrophoresis.

Denaturing gradient gel electrophoresis. PCR products were loaded onto 6%
(wt/vol) polyacrylamide gels in 1x TAE (40 mM Tris-acetate, 1 mM EDTA, pH
7.4) containing a linear gradient of formamide and urea as the denaturant (33).
Gels were stained with SybrGold (Molecular Probes) for 45 min, the gel images
were captured with a digital camera (Spot RT color, Diagnostic Instruments Inc.,
MI) and processed with the Spot RT software (version 3.1). Individual DNA
bands were excised from the gel and eluted in 40 wl of 10 mM Tris-HCI (pH 8.5)
at 65°C for 45 min. For subsequent sequencing 1 pl of the eluate was reamplified.
The reamplification products were purified with the QiaQuick PCR purification
kit (QTAGEN).

Sequencing and phylogenetic analyses. For sequencing of 16S rRNA genes,
primers 8f, 517r, 341f, 515f, GSB532f, GSB822r, 907r, 926f, 10551,1492r were
used (in the supplemental material Table 1). The ITS region was sequenced with
the primers 1525f and L1r (Table 1 in the supplemental material). Cycle se-
quencing was performed with the Ampli7ag FS BigDye Terminator cycle se-
quencing kit (Applied Biosystems) following the protocol supplied by the man-
ufacturer. Samples were analyzed on a capillary sequencer (ABI Prism 377 DNA
sequencer, Applied Biosystems).

The 16S rRNA gene sequences were analyzed using the ARB phylogeny
software package (31). The Fast Aligner V1.03 tool was used for automatic
alignment. The resulting alignments were then corrected based on the 16S rRNA
secondary structure information for Chlorobium vibrioforme DSMZ 260", as
available through the Comparative RNA Web Site (www.rna.icmb.utexas.edu)
(9). Phylogenetic trees were constructed including 16S rRNA gene sequences of
available strains and environmental sequences. First, sequences longer than
1100 bp were used for the calculation, employing the maximum likelihood algo-
rithm (Fast DNA_ML). The shorter environmental sequences were inserted
afterwards without changing overall tree topology employing the parsimony
interactive tool implemented in the ARB software package.

Light dependence of photosynthesis. Green sulfur bacterial cells were grown
to a titer of 10% to 10° cells m1~ " in artificial seawater medium supplemented with
200 uM dithionite and 1 mM malate at 0.1 or 3 pmol quanta m~2 s~'. The
protein content of the cultures was determined (21) and the fraction of green
sulfur bacteria was determined by fluorescence in situ hybridization, using the
green sulfur bacteria-specific Cy3-labeled probe GSB-532 (MWG, Ebersberg,
Germany) (52).

Photosynthetic rates were determined in a light cabinet consisting of seven com-
partments with light intensities adjusted between 0.006 and 11.3 wmol quanta m2
s~!. The compartments were illuminated from below by two daylight fluorescent
tubes (Osram daylight 5000 de luxe, 18 W). Aliquots of the enrichment culture were
distributed into 22 ml glass scintillation vials and sealed with screw caps and Teflon-
coated butyl rubber septa. Four parallels were incubated at each light intensity. Dark
controls consisted of vials coated with two layers of aluminum foil. The average light
intensity I, in the culture vials was calculated from the light intensity at the bottom
of the vial (1,) and at its top (/,, measured in a vial without screw cap), according to
the equation 7, = (I; — L,)/In(I,/I,) (55).

Each vial was supplemented with 370 kBq of ['*C]-sodium bicarbonate
(Hartmann Analytics, Braunschweig, Germany) and incubated for 6.5 h at
15°C. After incubation, 2- to 4-ml aliquots were filtered onto nitrocellulose
filters (pore size 0.22 pm, diameter 23 mm; Sartorius), the filters were
transferred to scintillation tubes and inorganic carbonates were removed by
acidification with hydrochloric acid. After evaporation of the acid, the filters
were air dried before adding 10 ml of scintillation solution (Ultima Gold F;
Packard). For the determination of total radioactivity, 500 wl aliquots from
each vial were mixed with 10 ml scintillation liquid (Ultima Gold; Packard).
Radioactivity was determined in a liquid scintillation counter (Packard Tri-
Carb, GMI, Albertville, MN).

As a reference strain, the brown Chlorobium phaeovibrioides DSMZ 269
was used since this strain is the most low-light-adapted strain among all
cultured green sulfur bacterial species (34). Cultures were grown at 3 umol
quanta m~2 s~ ! in standard saline SL10 medium (34) supplemented with
1 mM acetate.

Nucleotide sequence accession numbers. The 16S rRNA gene and ITS se-
quences obtained in this study are available at EMBL under accession num-
bers AJ972456 and AM039431, respectively.
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RESULTS

Environmental conditions and total bacterial cell counts in
the Black Sea water column. At all three stations, the typical
stratification of the Black Sea water column was observed
(Fig. 1). According to conductivity and temperature profiles
the thermocline and halocline were positioned between 50 and
60 m depth at stations 7605 and 7620 (Fig. 1A and 1D). Anoxic
conditions prevailed below 80 m depth and hydrogen sulfide
was detected at 100 m and 120 m at stations 7605 and 7620,
respectively (Fig. 1C and 1F). The oxic and sulfidic zones were
thus separated by a suboxic zone 20 to 30 m thickness. Light
intensities decreased exponentially at both stations (Fig. 1C
and 1F). The lowest light intensities which were detectable
with the integrating quantum meter amounted to 5.7 X 107
pwmol quanta m~? s~ ' (station 7605) and 3.9 X10* (station
7620) at a depth of 108 and 105 m, respectively.

The chemocline in the Black Sea is bowed, reaching the
shallowest depths in the gyre centers. Towards the shelf areas,
the discharge of the Danube, Dnjepr and Dnjestr rivers lead to
an accumulation of freshwater, causing a deeper position of
the chemocline and enhanced vertical mixing (49). Accord-
ingly, the chemocline was located at significantly greater depth
at the edge of the northwestern shelf (station 7617) than at the
deep-water sites. Temperature and conductivity gradients were
less pronounced, and the steepest increase in conductivity was
observed at 130 m (Fig. 1G). The oxic and the sulfidic zones
overlapped slightly at 140 m depth (Fig. 1I). In contrast to the
other two stations, underwater light intensity in the chemocline
was below the detection limit.

Maximum bacterial cell numbers were comparable between
the three stations, ranging from 2.3 X 10° to 3 - 10° cells ml .
At stations 7620 and 7605, maximum cell counts were detected
at the top of the sulfidic zone at 100 to 120 m depth and at 95 m
depth (Fig. 1B and E). At station 7617, comparable cell num-
bers were determined at the oxic/anoxic interface in 140 m
depth (Fig. 1H).

Green sulfur bacteria in the chemocline. In the center of the
western basin, green sulfur bacteria reached their biomass
maximum at 100 m depth, where maximum concentrations of
BChl e were between 54 and 68 ng liter ' (Fig. 1B and 1E).
The integrated BChl e content of the Black Seawater column
was 701 ug BChl e m~2 (station 7605) and 798 wg BChl e m 2
(station 7620). In pronounced contrast, a value of only 8 ng BChl
e liter ! and an integrated amount of BChl e of 113 ug BChl e
m ™2 were measured at 140 m depth at station 7617 (Fig. 1H).

A series of BChl e homologs were detected by HPLC anal-
ysis of particulates from the chemocline (Fig. 2C). Dominant
homologs were the ethyl/ethyl, propyl/ethyl and isobutyl/ethyl
homologs of BChl e farnesyl esters ([E,E]-BChl eg, [P,E]-BChl
er, [LE]-BChl eg), which together constituted 82.7% of the
total BChl e. In addition, considerable amounts of the geranyl
ester isobutyl/ethyl [LE]-BChl ey with its typical very short
retention time (42) were detected (Fig. 2C). Only traces of
secondary BChl e homologs (mostly ethyl/ethyl-BChl ey, and
isobutyl/ethyl-BChl ey, esterified with hexadecenol) were
present.

Farnesol concentrations in the chemocline reached maxima
between 0.90 and 5.89 ng liter ! in the center of the western
basin. 3'*C values for farnesol determined at the depth of
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FIG. 2. Comparison of high-pressure liquid chromatography traces of photosynthetic pigments extracted from BS-1 enrichment cultures and
from a chemocline water sample. A. Pigment extract from a BS-1 culture grown at 3 wmol quanta m~2 s~ 1. Absorption detected at 470 nm. B.

Pigment extract from a BS-1 culture grown at 0.1 wmol quanta m™

2s~!. Absorption detected at 470 nm. C. Pigment extract from a chemocline

water sample from 100 m depth (station 7620). Due to the low concentrations in these samples, tetrapyrrol pigments could only be detected by
fluorescence. Excitation wavelength was set to 476 nm, emission was recorded at 676 nm. The tentatively identified (see text) geraniol homologs
ethyl/methyl [E,M]-BChl e, ethyl/ethyl [E,E]-BChl e, propyl/ethyl [P,E]-BChl e and isobutyl/ethyl [LE]-BChl eg eluted first. Homologs
esterified with farnesol were ethyl/methyl [E,M]-BChl e, ethyl/ethyl [E,E]-BChl e, propyl/ethyl [P,E]-BChl eg, isobutyl/ethyl [ILE]-BChl ep. Trace
amounts of the secondary homologs (mostly ethyl/ethyl-Bchl ey and isobutyl/ethyl-BChl ey esterified with hexadecenal) were also detected.

Isrl, isorenieratene, Isr2, B-isorenieratene.

the maximum farnesol concentrations were —12.1%o0 and
—11.4%0 (versus VPDB) at stations 7605 and 7620, respec-
tively. The 3'°C values of dissolved inorganic carbon (DIC)
were —1.3 to —1.4%o in the chemocline, corresponding to
3'3C values of dissolved CO, of —12.3 to —12.4%o (45).

16S rRNA gene fingerprinting of green sulfur bacteria re-
vealed the presence of only one single phylotype (melting type
5, Fig. 3A). The nucleotide sequence of this fragment grouped
with the marine cluster of the Chlorobiaceae and was most
closely related to environmental clones recovered from various
marine habitats (Fig. 3B). Most notably, it was identical to the
sequences of the phylotype BS-1 enriched in the present study
(see below), and of Chlorobium phaeobacteroides MN1, which
had been enriched 13 years earlier from the Black Sea chemo-
cline (34) (Fig. 3B).

Selective enrichment of green sulfur bacteria. Using chemo-
cline water samples collected at a depth of 100 m at station
7620, the green sulfur bacterium could be selectively enriched.
A total of 29 combinations of electron donors and carbon
substrates were tested in two different media and in sterile
filtered chemocline water. Of all the combinations, only one
single enrichment culture was successful, indicating a very low
culturability of the cells in natural samples. This particular
cultivation medium contained artificial seawater medium sup-
plemented with 2.5 mM sulfide and 1% (vol/vol) of freshly

prepared yeast extract solution. In contrast, no enrichment was
observed in media containing 1 mM sulfide, 1 mM polysulfides
or 1 mM thiosulfate, or a combination of 1 mM thiosulfate plus
1 mM acetate, 1 mM polysulfides plus 1 mM acetate, or in
media containing 1 mM acetate, 0.5 mM propionate, 0.5 mM
glycerol, 0.5 mM malate or a carbon source mixture (0.5 mM
pyruvate, 0.5 mM glutamate, 0.5 mM 2-oxoglutarate). Simi-
larly, fermented rumen extract (1%, vol/vol, of the extract)
yielded no enrichment.

Unlike other green sulfur bacteria, the bacterium from the
chemocline did never grow in deep agar dilution series. How-
ever, the enrichment culture could be partially purified in lig-
uid dilution series. A total of 68 different carbon substrates
were tested for stimulation of growth of the green sulfur bac-
terium. In contrast to the primary enrichment experiments,
growth in culture could be stimulated by addition of either
malate, acetate, L-aspartate or L-glutamate in the presence of
sulfide as electron-donating substrate. Therefore, sulfide was
employed as electron donor and 1 mM malate was routinely
added as a carbon source for subsequent cultivation and phys-
iological characterization.

DGGE analyses of the enrichment confirmed that the green
sulfur bacterium present in the chemocline of the Black Sea
had been selectively enriched. When the 16S rRNA gene frag-
ment of the green sulfur bacterium was specifically amplified
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FIG. 4. A. Phase contrast photomicrograph of the green sulfur
bacterium BS-1 in the enrichment culture from the Black Sea chemo-
cline. B. Microscopic field showing three cells of chemotrophic con-
taminants (arrows).

with primer pair GC341{/GSBS822, its melting behavior was
identical to that of the phylotype in the chemocline (Fig. 3A,
compare bands 5 and 6). Green sulfur bacteria constituted
=80% of the cells in the culture as determined by fluorescent
in situ hybridization using the specific probe GSB-532. In order
to identify the accompanying bacteria in the enrichment culture
(compare Fig. 4B, arrows), a PCR/DGGE analysis with the eu-
bacterial primer pair GC341f/907r was conducted (Fig. 3A, lane
UNI). In addition to the fingerprint of the green sulfur bacte-
rium (band 2) this analysis revealed the presence of three
additional phylotypes. One phylotype (band 1) exhibited 97%
sequence similarity to an unidentified Cyfophaga sp. The sec-
ond phylotype (band 3) showed 96% similarity to an environ-
mental clone of the Cytophagales. The third additional phylo-
type (band 4) showed 94% similarity to Ilyobacter polytrophus
DSM 2926 (Fusobacteriaceae), a fermentative bacterium spe-
cialized in the degradation of hydroaromatic compounds.

Employing group specific PCR primers, the almost complete
16S rRNA gene (1388 bp) and the ITS region (468 bp length)
of the green sulfur bacterium BS-1 were selectively amplified
and sequenced. The 16S rRNA gene and ITS sequences were
both identical to the sequences determined in parallel for a
conserved sample of Chlorobium phaeobacteroides MN1, which
had been enriched from the Black Sea chemocline 13 years
earlier (Fig. 3B) (34).

Characterization of the green sulfur bacterium BS-1. Cells
of the enriched green sulfur bacterium were nonmotile short
rods, 2.8 = 1.2 wm long and 0.65 = 0.1 wm wide when grown
at 3 umol quantam ?s~ ' (Fig. 4A). After growth at 0.1 pmol
quanta m~? s, cells were significantly (P < 0.001) shorter
(1.8 = 0.5 pm). Absorption spectra of whole cells and crude
pigment extracts (Fig. 5) were similar to those of other brown-
colored green sulfur bacteria (6) and identical to the spectra
reported for Chlorobium phaeobacteroides MN1 (34).

The pigment composition of the cells changed with incuba-
tion light intensity (Fig. 2A and B), whereby the BChl e ho-
molog composition of cells grown at 0.1 pmol quanta m™2 s
approached that of samples from the chemocline (Fig. 2C).
The BChl e farnesyl esters [E,E]-, [P,E]-, and [LE]-BChl ey
amounted to 52 to 64% of the total BChl e and thus repre-
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FIG. 5. Absorption spectra of whole cells (—) and acetone pigment

extracts (- - - - - ) of the enrichment culture of phylotype BS-1, grown at

0.1 wmol quanta m~2 s™*

sented the dominant homologs. A fourth farnesyl homolog,
[E,M]-BChl e could be detected in cells grown at 3 pmol
quanta m 2 s~ ' where it constituted 44% of all farnesyl ho-
mologs (Fig. 2A). In contrast, the relative amount of [E,M]-
BChl e was significantly decreased in cells grown at 0.1 wmol
quanta m > s ' (23% of all farnesyl homologs; Fig. 2B),
aswell as in the chemocline (1.1% of all farnesyl homologs;
Fig. 2C).

Similar to the chemocline population, the geranyl ester
isobutyl/ethyl [L,E]-BChl ey occurred also in the enrichment
cultures. However, two other geranyl homologs were also de-
tected and tentatively identified as ethyl/methyl-, ethyl/ethyl-
and propyl/ethyl-BChl e based on their retention times. Their
relative amount was strongly influenced by the incubation light
intensity. Cells grown at light saturation (i.e., 3 pmol quanta
m~? s~ ") contained [E,E]-BChl eg, [P,E]-BChl ¢g and [LE]-
BChl eg at a ratio of 17:40:43 (Fig. 2A). This ratio changed
towards a strong dominance of [LLE]-BChl e (6:28:66) in low-
light-adapted cells (Fig. 2B).

In order to determine the specific pigment content of the
green sulfur bacterial cells, their cellular protein was estimated
from the total protein content of the enrichment, and from the
fraction of green sulfur bacterial among the cells as deter-
mined by FISH. This yielded a specific bacteriochlorophyll
content in the enrichment culture of 97.4 * 36 g (mg pro-
tein) ' for cells grown at 3 pmol quanta m 2 s~ ' and in-
creased values of 224 + 95 pg (mg protein) ' for cultures
grown at 0.1 wmol quanta m~ % s~ ",

Low light threshold of anoxygenic photosynthesis. Due to
the extremely low biomass density of green sulfur bacteria in
the chemocline, photosynthetic CO, fixation could not be de-
termined directly in natural samples (data not shown), which is
inconsistent with the results of another recent investigation
(19). Our culture contained only one 16S rRNA gene sequence
type of green sulfur bacteria and no other phototrophs. Fur-
thermore, photosynthetic pigments other than those of green
sulfur bacteria were never detected by HPLC. Therefore the
enrichment was used to assess the light dependence of anoxy-
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FIG. 6. Light dependence of [**C]bicarbonate assimilation in the culture of phylotype BS-1 and Chlorobium phaeovibrioides DSMZ 269". A.
Relative assimilation rates at light intensities between 0 and 2 wmol quanta m ™2 s~ ! given as percentages of the maximum photosynthetic rate at

light saturation. Bars represent one standard deviation. B. Expanded view of curves measured below 0.1 pmol quanta m

~257 L, Asterisks denote

values which were significantly higher than dark controls (P = 0.1). C. Comparison of absolute values of biomass-specific photosynthetic rates. O,
Chlorobium phaeovibrioides DSMZ 269", cells grown at 3 wmol quanta m~2 s~ !; m, BS-1, grown at 0.1 wmol quanta m~2 s~ !; ¥, BS-1, grown at

3 wmol quanta m~2 s~ ! (experiment 1); A, BS-1, grown at 3 pmol quanta m™

genic photosynthesis of the green sulfur bacteria by '*CO,
fixation.

The light intensities that were measured at the top of the
green sulfur bacterial layer around solar noon were 0.0022 to
0.00075 pwmol quanta m~2 s~ ! at stations 7605 and 7620, re-
spectively (Fig. 1C and 1F). These values correspond to 0.0009
to 0.0003% of the surface light intensities (236 to 239 umol
quanta m~* s~ ! on the sampling date). It was therefore man-
datory to use a light cabinet which permitted the precise con-
trol of very low light intensities during the measurement of
photosynthetic rates.

Cells precultured at 3 pwmol quanta m > s~ ' exhibited sig-
nificant photosynthetic activity at light intensities as low as
0.022 umol quanta m~* s~ ! (Fig. 6). Cultures grown at 0.1
wmol quanta m~2 s~ exhibited a different light dependence of
photosynthetic CO,-fixation and showed detectable photosyn-
thetic activity at 0.015 wmol quanta m 2 s~ ' (7.5% of the
maximum rate) (Fig. 6B). However, the radiocarbon method
was not suited to determine even lower rates of CO,- incor-
poration. The green sulfur bacterium from the Black Sea che-
mocline reached light saturation of photosynthesis at 1 wmol
quanta m 2 s~'. In contrast, Chlorobium phaeovibrioides
DSMZ 269" showed only marginal (4% of the maximum pho-
tosynthetic rate) photosynthetic CO, incorporation at the low
light intensities tested in the present study and reached only
20.7% of the maximum photosynthetic rate at 1 umol quanta
m 2 s~ . Photosynthesis of this strain was light saturated at
3 umol quanta m 2 s~ ' (Fig. 6C). The light-saturated specific

1

257! (experiment 2).

photosynthetic rates of the Black Sea bacterium were markedly
lower than those of the reference strain DSMZ 269" (Fig. 6C).
At the same time, the fraction of growing cells in cultures of
the Black Sea bacterium was unusually low (most probable
numbers ~0.1% of total cell counts; U. Henssge and J. Over-
mann unpublished) compared to cultures of other green sulfur
bacteria. Therefore, the low values for light-saturated photo-
synthetic rates most likely are due to a large number of pho-
tosynthetically inactive cells in the culture.

DISCUSSION

A single phylotype of green sulfur bacteria persists in the
Black Sea chemocline. The biomass of phototrophic sulfur
bacteria in the Black Sea (=0.8 mg BChl e m™?) is orders of
magnitude lower than in any other environment studied so far
(25 to 2,000 mg BChl e m~?) (54). In a previous study, 16S
rRNA genes of green sulfur bacteria could not be detected in
clone libraries established after PCR amplification with eubac-
terial primers (57). Obviously, the limited number of clones
tested and the low frequency of green sulfur bacteria prevented
their detection by nonspecific molecular methods. The group-
specific PCR protocol employed in the present work permits
the highly specific amplification of 16S rRNA genes from =200
target cells (17) thereby providing the required sensitivity.
Only a single green sulfur bacterial phylotype was detected.
Comparison of the 16S rRNA gene sequence with all known
sequences in the databases revealed that the Black Sea bacte-
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rium so far is unique and has not been discovered in any other
system.

Based on 16S rRNA gene and ITS sequence comparison, the
green sulfur bacterium BS-1 is identical to a green sulfur bac-
terium enriched 13 years earlier from chemocline samples of
the Black Sea (34). The same bacterium was detected again in
chemocline samples obtained in May 2004 (R/V Marion Duf-
resne; A. K. Manske, unpublished). Also, no physiological dif-
ferences were detected between strains MN1 and BS-1. These
data indicate that a single phylotype of green sulfur bacteria
continuously persisted in the chemocline of the Black Sea over
a time period of at least 16 years. Both the monospecific
assemblage and persistence indicate a particular adaptation of
BS-1 to the extreme low-light conditions.

Low-light adaptation of BS-1. The light intensity in the
Black Sea chemocline corresponds to that available at a dis-
tance of 50 m from a little candle in otherwise total darkness.
Compared to other environments (54), phylotype BS-1 thus
experiences by far the most severe light limitation ever re-
corded for any phototrophic organism.

Theoretically, phylotype BS-1 could have acquired an alter-
native, chemoorganoheterotrophic mode of growth. However,
growth of phylotype BS-1 was never observed in cultures in-
cubated in the dark. All known green sulfur bacteria are obli-
gate photolithoautotrophs which use the reverse citric acid
cycle for CO, fixation (48) resulting in green sulfur bacterial
biomass which is depleted by 2.5 to 12%o in '>C relative to CO,
(53). Balancing this depletion, membrane lipids and photosyn-
thetic pigments are enriched in *C by 1 to 15%o relative to
green sulfur bacterial biomass (16, 53). Based on our HPLC
analyses, farnesol represents the dominant lipid biomarker of
green sulfur bacteria in the Black Sea chemocline.

The 8'*C values of farnesol and dissolved CO, measured in
the present study are nearly identical, suggesting that green
sulfur bacteria in the Black Sea chemocline indeed fix CO, via
the reverse citric acid cycle. In conclusion, our data suggest
that phylotype BS-1 grows photolithoautrophically in situ. The-
oretically, farnesol could also originate from Archaea which
have been detected based on their 16S rRNA gene sequences
in the chemocline (57). No information on the abundance of
archaeal cells in the chemocline is presently available. How-
ever, only few archaea and only species which are phylogeneti-
cally distant to those occurring in the chemocline of the Black
Sea (57) contain very small traces of farnesol (51). It is there-
fore unlikely that archaeal farnesol contributed to the isotopic
signal.

Previous studies indicated that low-light adaptation of the
green sulfur bacterium from the Black Sea chemocline in-
cludes an increase in the specific BChl e content (15, 34). So
far, only cells incubated at =0.25 wmol quanta m~* s~ had been
studied and reached a specific pigment content of ~220 png BChl
e (mg protein)~!. In the present study, similar values were
determined for cells grown at lower light intensities. This spe-
cific pigment content of strain BS-1 surpasses that of other
green sulfur bacteria (34). The cellular pigment content in our
cultures grown at 0.1 umol quantam ™ %s™ ' was 3.1 X 107> ng
BChl e cell ™. This value is comparable to in situ values of 1.7
to 3.5 X 107 ng cell ! as derived from the pigment concen-
trations and the numbers of green sulfur bacteria determined
by quantitative PCR in the Black Sea chemocline. Thus, the
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cellular pigment content is not increased further under the
severe light limitation in the chemocline, and hence represents
the maximum pigment content the cells can attain.

Compared to the results reported for the year 1988 (4, 43),
the maximum concentrations of Bchl e determined by us 13
years later were decreased by a factor of 14 (68 ng liter !
versus 940 ng liter ). In 1988, green sulfur bacteria amounted
to 10% of the total bacterial cell numbers (4), whereas a
quantification of the cell number of phylotype BS-1 by real-
time PCR indicated that this bacterium constituted only 0.5 to
1% of the total cell number in the chemocline in 2001 (E.
Marschall and J. Overmann, unpublished). Both lines of evi-
dence indicate a significant decrease in the population density
of the green sulfur bacteria over the last decade, concomitant
to the vertical displacement of their biomass maximum from 74
to 100 m. At the northwestern continental slope, the chemo-
cline was located at a depth of 140 m and only traces of BChl
e were detected. This pronounced dependence of green sulfur
bacterial biomass on the vertical position of the chemocline
implies that phylotype BS-1 reaches its lower limits for pho-
totrophic growth between 100 and 140 m in the Black Sea.

Its ability to exploit minute light intensities renders phylo-
type BS-1 a valuable model system for the study of the molec-
ular basis of low-light adaptation. Based on our data, this
adaptation involves changes in pigment composition. Green
sulfur bacteria use chlorosomes as light-harvesting structures.
The latter contain rod-shaped aggregates of antenna bacterio-
chlorophylls. Similar to phylotype BS-1, a loss of [E,M]-Bchl e
with a concomitant increase in [I,E]-Bchl e upon transfer to
light limiting conditions has previously been documented for
Chlorobium phaeobacteroides strain Dagow III (18) and may
represent an adaptative trait to increase the photosynthetic
efficiency. The alkyl side chain of porphyrin ring III is directly
involved in the aggregation of BChl molecules (56). A high
degree of alkylation therefore leads to a red shift of the O,
absorption maximum by 7 to 11 nm (5), which has been hy-
pothesized to facilitate the channeling of excitation energy
towards the reaction center, thereby causing an increase in
energy transfer efficiency of the chlorosomes (5).

A conspicuous feature of the low-light adaptation of phylo-
type BS-1 is the presence of geranyl homologs of BChl e which
have never been described for any isolate of the green sulfur
bacteria (5, 8, 18). The cellular concentrations of the geranyl
ester homologs ([E,E]-BChl eg and [P,E]-BChl eg) were de-
creased in cells grown at 0.1 wmol quanta m s~ ' and absent
in the severely light-limited chemocline population. Within the
aggregates, bacteriochlorophylls seem to be arranged in a bi-
layer with the alcohol tails of bacteriochlorophylls in the inner
layer oriented towards the central cavity of the rod (50). Be-
cause of spatial constraints, the structure of esterifying alcohols
may therefore influence the stability of the rod structure and
the function of the chlorosome as a whole (18).

Biogeochemical significance of anoxygenic photosynthesis
in the Black Sea. Based on our data, CO, fixation rates of
green sulfur bacteria in the chemocline can be estimated. For
the calculation of the daily rate of anoxygenic photosynthesis,
global irradiance and average day length in the Black Sea region
at summer and winter solstice were taken from the Solar Ir-
radiance Data Utility (http://sunbird.jrc.it/pvgis/sunraddayframe
.php). In situ light intensities were then calculated using our light
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Lake (7, 37); 4, Big Soda Lake (11); 5, Knaack Lake (38); 6, Mirror Lake (7, 37); 7, Rose Lake (7, 37); 8, Lake Cis6 (20); 9, Lake Vilar (20); and

10, Mahoney Lake (35). The line depicts a linear regression of all data.

transmission data for the Black Sea water column. Experimen-
tally, photosynthetic CO, fixation rates could only be deter-
mined at =0.015 pmol quanta m~ 2 s~ !. Therefore, rates of
anoxygenic photosynthesis were calculated for each depth by
linear interpolation of laboratory data to in situ light intensi-
ties, and considering the biomass of green sulfur bacteria
present at each depth. This yielded an integrated anoxygenic
photosynthetic rate of 211 ng C m~ 2 day ' (corresponding
doubling time = 26 years) for a clear December day, and a
maximum value of 1,760 ng C m 2 day ™' (doubling time = 3.1
years) during summer solstice. These values are at least a
thousandfold lower than the productivity of anoxygenic pho-
totrophic bacteria in any other stratified environment investi-
gated to date (Fig. 7).

By comparison, the phytoplankton primary production in
the center of the Western basin amounts to 575 mg m ™ day '
(25). Similar to laboratory enrichments, the cultivation success
for green sulfur bacterial cells from natural samples was very
low, indicating a low fraction of photosynthetically active cells
in the chemocline. Even if this fraction was significantly higher
in the chemocline than in the cultures used for the determi-
nation of photosynthetic activity, integrated anoxygenic pho-
tosynthesis would still contribute far less than 1% of total
photosynthesis in the Black Sea.

It has been discussed previously (24) that the suboxic zone
may be the result of sulfide oxidation by anoxygenic photosyn-
thetic bacteria. Our data can be used to infer the significance
of anoxygenic photosynthesis for sulfide turnover in the Black
Sea. From the integrated anoxygenic photosynthetic rate, a
sulfide oxidation rate of 8.8 to 293.3 nmol H,S m~2 day ' can
be deduced, depending on the oxidation product formed (sul-
fate or elemental sulfur). By comparison, the sulfide flux from
below into the green sulfur bacterial layer is 370 to 530 pmol

sulfide m~2 day ' based on the vertical concentration profiles
and the coefficient for turbulent diffusivity (27). Hence, green
sulfur bacteria account for =0.1% of total sulfide oxidation in
the Black Sea chemocline.

The results of modeling the upward fluxes of sulfide suggest
that sulfide is actually consumed within the anoxic zone be-
tween the chemocline and 150 m depth, but not within the
chemocline (27). Most likely molecular oxygen enters the an-
oxic zone by massive lateral injections of oxygen-enriched
Mediterranean waters through the Bosporus plume, and leads
to the formation and sedimentation of particulate MnO, in the
chemocline, which in turn serves as the oxidant of ~70% of the
sulfide diffusing upwards (26). Together with molecular diffu-
sion of O, from upper water layers (accounting for ~10% of
the sulfide oxidation) (27), the fluxes of molecular oxygen thus
are sufficient to explain most of the sulfide oxidation in the
Black Sea.

In conclusion, the monospecific assemblage of green sulfur
bacteria in the Black Sea represents the most extremely low-
light-adapted population of phototrophic organisms docu-
mented to date. Although not of significance for the carbon
and sulfur cycles in the Black Sea, its specific adaptation ren-
ders phylotype BS-1 an indicator of marine low light habitats.
Based on our results, the ITS sequence of BS-1 is the most
promising biomarker which can be used to detect extreme light
limitation during photic zone anoxia.
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