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collected from the dark part of the water column had
the same expression level of key enzymes involved in
carbon metabolism and photosynthetic light harvesting. However, most proteins participating in nitrogen
and sulfur metabolism were twofold less abundant in
the dark. From the proteome analysis we were able to
show that Chl. clathratiforme in the photic zone contains enzymes for fixation of N2 and the complete
oxidation of sulfide to sulfate while these processes
are probably not active in the dark. Instead we
propose that Chl. clathratiforme cells in the dark part
of the water column obtain energy for maintenance
from the fermentation of polyglucose. Based on the
observed protein compositions we have constructed
possible pathways for C, N and S metabolism in Chl.
clathratiforme.

Summary

Introduction

Primary production in the meromictic Lake Cadagno,
Switzerland, is dominated by anoxygenic photosynthesis. The green sulfur bacterium Chlorobium clathratiforme is the dominant phototrophic organism in
the lake, comprising more than half of the bacterial
population, and its biomass increases 3.8-fold over
the summer. Cells from four positions in the water
column were used for comparative analysis of the
Chl. clathratiforme proteome in order to investigate
changes in protein composition in response to the
chemical and physical gradient in their environment,
with special focus on how the bacteria survive in the
dark. Although metagenomic data are not available
for Lake Cadagno, proteome analysis was possible
based on the completely sequenced genome of an
isolated strain of Chl. clathratiforme. Using LC-MS/MS
we identified 1321 Chl. clathratiforme proteins in Lake
Cadagno and quantitatively compared 621 of these in
the four samples. Our results showed that compared
with cells obtained from the photic zone, cells

Although proteome analysis of bacteria is well established, there have only been a few studies in which proteomics has been applied to microbial populations in
their natural environment (Ram et al., 2005; Lo et al.,
2007; Markert et al., 2007; Wilkins et al., 2009). The proteome approach is particularly valuable as it shows
directly the metabolic apparatus expressed in the organism and thus indicates the processes that are active
under environmental conditions. The main challenge in a
mixed population is identification of proteins belonging to
a specific organism among the high number of different
proteins derived from other organisms present. A successful proteome analysis of an organism in a natural
environment is therefore dependent on background
information on the community, including investigations
of diversity using 16S rRNA sequences and genome
sequences for the organism of interest (Keller and
Hettich, 2009). The anoxic water column of meromictic
Lake Cadagno in the Swiss Alps is well suited for a
study of community proteomics since the microbial
population is dominated by the green sulfur bacterium
Chlorobium clathratiforme (e.g. Tonolla et al., 2003;
2005; Gregersen et al., 2009). Furthermore, the genome
sequences of Chl. clathratiforme (strain BU-1,
DSM5477) and Chlorobium phaeobacteroides (DSM
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266), close relatives of witch are found in Lake
Cadagno, are available in the NCBI database.
Green sulfur bacteria (GSB) are of general interest
because they play an important role in anoxic photic environments like meromictic lakes and microbial mats (Van
Gemerden and Mas, 1995). They are also believed to
have been important for the carbon fixation and chemical
development of the anoxic Precambrian ocean, where
they may have contributed to the genesis of banded iron
formations and the stabilization of the sulphide-rich ocean
during the mid-Proterozoic period (Brocks et al., 2005;
Crowe et al., 2008; Johnston et al., 2009). GSB are furthermore known to be the phototrophic organisms that
require the lowest light intensity for growth (Manske et al.,
2005).
In Lake Cadagno 16S rRNA sequence data and fluorescence in situ hybridization studies show that the GSB
are represented by Chl. clathratiforme with a minor contribution from Chl. phaeobacteroides whereas the most
common purple sulfur bacteria (PSB) are Chromatium
okenii, Thiosystis sp. and Lamprocystis sp. (Tonolla et al.,
2005). Chlorobium clathratiforme accounted for 50–70%
of the total cell counts after DAPI staining with abundances of about 107 cells ml-1 compared with about 105
cells ml-1 for Chl. phaeobacteroides. The purple sulfur
bacteria account for 2–3% of the DAPI counts. High cell
counts of Chl. clathratiforme were observed throughout
the water column, although the light intensity at the
bottom was far too low to allow phototrophic growth.
Clone library sequence analysis of the small-subunit
(SSU) rRNA locus showed that 99.5% of the GSB
sequences were identical to Chl. clathratiforme strain
BU-1 (DSM 5477) (Gregersen et al., 2009). Additionally,
clone libraries for other loci conserved in GSB, the fmoA
gene encoding the light-harvesting Fenna–Matthews–
Olson (FMO) protein and the csmCA operon encoding the
two most important chlorosome proteins CsmC and CsmA
and the intergenic spacer, showed that 25 of 26 the fmoA
sequences and all 39 csmCA sequences from the lake
were identical to the corresponding sequences from Chl.
clathratiforme DSM 5477 whereas only one environmental fmoA sequence was identical to the corresponding
sequence from Chl. phaeobacteroides DSM 266. These
data show that the majority of the GSB in Lake Cadagno
belong to a clonal population similar to Chl. clathratiforme
DSM 5477 (Gregersen et al., 2009). This strain was isolated from a German lake and the genome sequence is
available.
The dominance of a clonal population in Lake Cadagno
provides a convenient platform for a proteome analysis of
these bacteria in their natural environment. We performed
a comparative study of the proteome of Chl. clathratiforme
at different depths in the lake and related the results to a
biogeochemical data. The main aim of the study was to

explore the physiological response of the bacteria to
physical and chemical conditions at the different depths
with special focus on how this phototrophic bacterium
survives in the dark part of the water column.
Results
All samples for this study were collected in August 2008
except the samples for FISH and micro-autoradiography
counts that were sampled in June and September 2006.
The samples from September 2006 were collected as the
same time as the samples described by Gregersen and
colleagues (2009).
Chemical and microbiological analysis
In August 2008 the oxic–sulfidic boundary layer in Lake
Cadagno was located at 11.25 m in agreement with previous observations, confirming the high stability of the
chemocline (e.g. Tonolla et al., 2005; Musat et al., 2008).
Nutrient concentrations in the mixolimnion were low
(nitrate < 0.5 mM, ammonium < 5.2 mM, phosphate
< 0.3 mM), while ammonium and phosphate concentrations increased through the hypolimnion to 50 mM and
2.3 mM, respectively, and the sulfide concentration
increased to a maximum of 250 mM (Fig. 1).
Pigment profiles
Chlorophyll (Chl) a concentrations in the mixolimnion,
where light intensities are high, was less than 2 mg l-1
(Fig. 1). A maximum Chl a concentration of 10.9 mg l-1 was
found in the photic chemocline at 10.75 m. The distribution of PSB showed a sharp maximum at 12 m depth as
indicated by a maximum bacteriochlorophyll (BChl) a concentration of 41 mg l-1 at 12 m, whereas the highest concentration of BChl e from the brown GSB was 231 mg l-1 at
12.25 m just below the PSB maximum. The maximum
concentration of BChl e was 5.6 times larger than for BChl
a, which together with the cell counts (Table S1) confirms
previous observations that GSB are by far the most abundant phototrophic organisms in Lake Cadagno (Tonolla
et al., 2005; Gregersen et al., 2009). The pigment profiles
showed that whereas PSB are concentrated at the
chemocline, GSB are not restricted to the photic zone
near the chemocline but persisted far down in the dark
part of the water column (Fig. 1). This is remarkable as
GSB are considered to be obligate phototrophs (Sirevåg,
1995; Overmann, 2006).
Carbon fixation rates measured in situ over 24 h had a
maximum value of 2.3 mmol C m-3 day-1 at 3 m although
phytoplankton numbers were low, and a second peak of
similar magnitude was located in the chemocline at
12.5 m, coinciding with the peak of phototophic sulfur
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Fig. 1. Water chemistry in Lake Cadagno in August 2008.
A. Oxygen and sulfide.
B. CO2, phosphate and ammonium.
C. Light intensity (note log scale) and Chl a, BChl a and BChl e.
D. Carbon fixation rate measured over 24 h in light and dark bottles. Proteomic studies were made using water samples collected at the four
depths indicated (*).

bacteria (Fig. 1). In contrast, our results showed that
dark fixation mainly occurred below the chemocline.
The integrated daily carbon fixation rate was
23.3 mmol C m-2 day-1 and the total dark fixation was
4.6 mmol C m-2 day-1, with the anoxic part of the water
column contributing 39% and 83% to these rates
respectively.
Micro-autoradiography (MAR) analysis
Micro-autoradiography showed a large spatial heterogeneity in the uptake of 14CO2 and 3H-acetate by GSB
(Fig. 2). In the photic zone (11 m and 13 m) 20–55% of
the Chl. clathratiforme cells incorporated CO2 in the light
and 20% did so in the dark. The percentage of acetateincorporating cells increased with water depth and below
the photic zone at 15 m about 40% of Chl. clathratiforme
cells took up acetate while only 10% took up CO2. Out of
all DAPI-stained cells at 11 and 13 m, 18–34% incorporated CO2 in the light and 11–19% in the dark. Only about
6% of the cells incorporated CO2 at 15 m depth.
Biomass accumulation of the phototrophic sulfur bacteria was calculated from cell counts. The GSB biomass
increased from 3.0 g C m-2 in June 2006 to 11.3 g C m-2
in September 2006 whereas PSB only increased from

4.0 g C m-2 to 6.7 g C m-2 (Table 1). In contrast, the phytoplankton population decreased by 2.4 g C m-2 over the
same period. High numbers of GSB below the photic zone
in September particularly contributed the increase in
biomass (Table S2).
Proteomics of Chl. clathratiforme
Total identified proteins. From the 12 m sample (where
GSB were most abundant) we were able to identify 1321
proteins from Chl. clathratiforme based on 39 336
LC-MS/MS spectra after OFFGEL separation (12-step
LC-MS/MS analysis). This corresponds to 45% of the
protein-coding genes predicted from the genome
sequence of Chl. clathratiforme BU-1 (previously Pelodictyon phaeoclathratiforme). A search against all Chlorobii
genomes resulted in the identification of 42 additional
proteins related to Chl. phaeobacteroides (strain DSM
266) and 308 proteins related to other GSB species not
previously detected in the lake, including Chlorobaculum
tepidum (80 proteins) and Chlorobium chlorochromatii (49
proteins). Comparing the peptide sequences to the whole
UniProt protein database yielded a further 120 proteins
related to PSB (40 proteins), sulfate-reducing bacteria (50
proteins) and methylotrophic bacteria (30 proteins), of
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Fig. 2. A. MAR-positive cells as percentage of total DAPI-stained cells or of GSB cells identified by light microscopy. Water samples from
11 m, 13 m and 15 m were incubated with 14CO2 or 3H-acetate + 1 mM unlabelled acetate. Samples were collected in June 2006 (acetate
incubations) and September 2006 (CO2 incubations).
B. The photomicrograph shows MAR-positive Chl. clathratiforme cells with silver grains around the cell in a sample from 15 m depth incubated
with 3H-acetate. Note that the sulfate-reducing bacterium Desulfomonile sp. did not take up acetate.

which at least the PSB and sulfate-reducing bacteria are
known to occur in the lake (Tonolla et al., 2003).
Comparatives proteomics. At four different water depths
(11.5 m, 12 m, 13 m and 17 m) we identified by using a
one-step LC-MS/MS run in total between 598 and 621
Chl. clathratiforme proteins based on between 6600 and
10 400 LC-MS/MS spectra for each depth. In Lake
Cadagno Chl. clathratiforme is found in a biogeochemical
gradient where the photic chemocline (11.5 m, 12 m,
13 m) is a more favourable environment to sustain growth
than the dark part of the water column (17 m). In spite of
this we found that when comparing the 11.5 m sample
Table 1. Total biomass of phytoplankton, purple sulfur bacteria (PSB)
and green sulfur bacteria (GSB) in Lake Cadagno during June and
September 2006.

Total biomass

June
g C m-2

September
g C m-2

Phytoplankton
PSB
GSB

4.5
4.0
3.0

2.1
6.7
11.3

Data are based on FISH cell counts (Table S1) and chlorophyll a
concentrations.

with the 17 m samples, 52% of the normalized protein
intensities (the cumulative peptide peak heights in the MS
run normalized to the total ion signal of the run) did not
change by more than 25%, whereas 31% were less abundant and 17% were more abundant (Table 2). The total
numbers of identified Chl. clathratiforme proteins at the
four depths were also remarkably constant (mean value of
613, see Table S3). This suggests that proteins detected
in the 17 m sample are likely to be derived from intact Chl.
clathratiforme cells and not from degraded cells from
which we expect a much lower chance of successful
protein identification.
Many of the proteins with unchanged abundance
belong to the category ‘Translation, Ribosomal Structure
and Biogenesis’, for example ribosomal proteins, and
those related to ATP production (Table 2). In contrast the
proteins showing the greatest changes are those involved
in the uptake of inorganic compounds, like phosphate,
with more than 78% of 18 proteins being less abundant at
17 m compared to 11.5 m (Table 2).
With respect to proteins related to the most important
metabolic processes, 73% of 15 detected proteins
related to sulfide oxidation decreased in abundance with
depth, suggesting that sulfide oxidation is most active at
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Table 2. Chlorobium clathratiforme proteins observed by proteome analysis organized according to metabolic processes and KEGG ontological
groups (http://www.genome.jp/kegg).

Numbers of
proteins

Lower
abundances
(%)

No
changes
(%)

Higher
abundances
(%)

S cycle
P uptake
N fixation
N uptake
Glycolysis
Fotosynthesis
rTCA

15
9
5
8
9
11
16

73
67
60
13
11
9
9

27
11
11
75
78
55
66

0
22
22
13
11
36
25

P – Inorganic ion transport and metabolism
S – Function unknown
T – Signal transduction mechanisms
R – General function prediction only
G – Carbohydrate transport and metabolism
F – Nucleotide transport and metabolism
C – Energy production and conversion
H – Coenzyme metabolism
I – Lipid metabolism
L – DNA replication, recombination and repair
E – Amino acid transport and metabolism
Q – Secondary metabolites biosynthesis, transport and catabolism
O – Posttranslational modification, protein turnover, chaperones
K – Transcription
U – Intracellular trafficking and secretion
M – Cell envelope biogenesis, outer membrane
J – Translation, ribosomal structure and biogenesis

18
6
5
21
21
13
51
20
10
8
24
4
22
8
10
13
52

78
67
60
43
38
38
31
30
30
25
25
25
14
13
10
8
0

17
17
20
43
57
38
53
65
70
38
63
75
68
63
50
77
71

6
17
20
14
5
23
16
5
0
38
13
0
18
25
40
15
29

The results show the number of proteins identified by proteome analysis in each category and the percentages of proteins at 17 m that were of
lower abundance (relative intensity < 0.75) or higher abundance (relative intensity > 1.5) compared with the sample from 11.5 m. The data set
includes only proteins found at all four depths.

the chemocline (Tables 2 and 3, Fig. S2). In contrast,
91% of the proteins related to the light-harvesting chlorosome (16 proteins) and 94% of the proteins related to
the reverse TCA cycle involved in CO2 fixation (11 proteins) were unchanged or increased with depth. A high
proportion (89%) of the proteins involved in glycolysis
(nine proteins) and 86% of the proteins involved in fermentation (14 proteins) did not decrease with depth
(Tables 2 and 3, Fig. S2).
The genome of Chl. clathratiforme contains the nitrogenase genes required for N2 fixation. We detected five
proteins related to N2 fixation which indicate that Chl.
clathratiforme fixes N2 in Lake Cadagno. The abundance
of three of these was less in the deeper samples,
suggesting that N2 fixation is mainly active in the
chemocline where ammonium concentration is low
(Table 3). Enzymes involved in ammonium uptake,
glutamine and glutamate synthase, were unchanged
with depth (Table 2).
Abundances of different proteins. The number of
LC-MS/MS spectra found for each protein compared with
the molecular weight was used as an approximate estimate of protein concentrations. The chlorosome protein
CsmA (Ppha_2572) was the most abundant protein at all
four depths (Fig. S1). Other proteins involved in light

harvesting such as CsmB (Ppha_2753, Ppha_2468,
Ppha_2759, Ppha_1683) and the FMO protein
(Ppha_1059) were also among the most common proteins at all four depths showing that the light-harvesting
proteins are among the most important proteins in GSB
cells both from the photic zone and also in cells derived
from the dark part of the water column.
The most common metabolic proteins detected were
those involved in dissimilatory sulfur oxidation (adenylsulfate reductase, Ppha_0040; Ppha_0039 and Ppha_2322),
in nitrogen fixation (NifH, Ppha_1949, NifK, Ppha 1953), in
glycolysis (glyceraldehyde-3-phosphate dehydrogenase,
Ppha_1091) and in carbon dioxide fixation (succinyl-CoA
synthetase, Ppha_0776). At 17 m we found high numbers
of ribosomal proteins (16 different proteins in the top 50)
and proteins related to ATP production (ATP synthase,
Ppha_0048 and Ppha_2705) suggesting that GSB at 17 m
are potentially capable of protein synthesis and an active
energy metabolism. We also found relatively high levels of
the DsrE and DsrC proteins, which is insightful as these
proteins are important for the total oxidation of sulfide to
sulfate (Table 3, Fig. S1, Fig. 3B). Furthermore all the
other proteins required for the complete dissimilatory
oxidation of sulfide to sulfate are present together with
proteins involved in dissimilatory thiosulfate oxidation
(Fig. 3B).
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Table 3. Changes in abundance with depth of Chl. clathratiforme proteins related to photosynthesis (11 proteins), fermentation (14 proteins),
reverse TCA cycle (16 proteins), sulfur oxidation (15 proteins) and N2 fixation (five proteins) extracted from four different water depths in Lake
Cadagno.
Ppha

Protein descriptions

11.5 m

12 m

13 m

17 m

0466
0467
0684
1059
1683
2157
2468
2572
2693
2753
2759

Photosynthesis
PetC
Pet B
PscC
FmoA
CsmB
PscD
CsmB
CsmA
PscA
CsmB
CsmB

1
1
1
1
1
1
1
1
1
1
1

1.33
0.60
0.67
0.77
1.97
0.99
0.97
1.40
0.48
1.96
3.98

1.52
0.72
0.67
1.13
1.94
0.90
0.69
0.83
0.66
1.41
2.13

1.76
0.96
0.88
0.89
2.46
1.15
0.64
1.38
0.75
1.74
3.71

Fermentation and carbon fixation
0050
Phosphoenolpyruvate carboxykinase (GTP)
1
1.10
1.11
1.26
0629
Pyruvate, phosphate dikinase
1
1.12
1.08
1.07
0664
Acetate/CoA ligase
1
0.70
0.77
0.71
0695
Pyruvate flavodoxin/ferredoxin oxidoreductase
1
0.82
0.93
1.19
1728
Ferredoxin
1
1.45
1.14
1.07
1861
Hydrogenase
1
0.83
0.89
0.97
2149
Ferredoxin
1
1.43
1.78
1.88
2670
Pyruvate flavodoxin/ferredoxin oxidoreductase
1
1.14
1.03
1.03
-----------------------------------------------------------------------------------------------------------------------1029
Malate dehydrogenase, NAD-dependent
1
0.98
1.11
1.06
1569
Hydro-lyase, Fe–S type, tartrate/fumarate
1
1.25
1.07
1.10
2716
Succinate dehydrogenase and fumarate reductase
1
1.35
0.81
0.84
2717
Succinate dehydrogenase or fumarate reductase
1
0.91
1.38
1.00
2852
Succinate dehydrogenase or fumarate reductase
1
0.67
0.65
0.63
-----------------------------------------------------------------------------------------------------------------------0776
Succinyl-CoA synthetase, beta subunit
1
0.80
0.83
0.80
0851
Aconitate hydratase 2
1
1.35
1.34
1.27
1392
ATP-grasp domain protein
1
1.32
1.13
1.36
1393
ATP-citrate lyase/succinyl-CoA ligase
1
1.12
1.23
1.44
2213
Isocitrate dehydrogenase, NADP-dependent
1
1.34
1.33
1.62
2417
Citrate synthase I
1
1.05
0.97
1.79
2671
Thiamine pyrophosphate, TPP-binding
1
1.81
1.53
1.78
0012
0035
0039
0040
0041
0813
0814
1347
2315
2317
2319
2320
2321
2322
2692

Sulfur oxidation
Flavocytochrome c
Heterodisulfide reductase
Adenylylsulfate reductase, alpha subunit
Adenylylsulfate reductase, beta subunit
Sulfate adenylyltransferase
SoxZ
SoxA
Sulfide-quinone reductase
DsrH
DsrE
4Fe–4S ferredoxin
Sulfite reductase, dissimilatory-type beta subunit
Sulfite reductase, dissimilatory-type alpha subunit
DsrC
4Fe–4S ferredoxin

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.69
0.55
0.71
1.19
0.69
1.06
1.72
0.77
0.70
0.60
0.72
0.99
0.93
1.39
0.59

0.81
0.78
0.73
0.72
0.33
1.07
1.06
0.78
1.03
0.43
0.96
0.73
0.74
0.80
0.87

0.71
0.73
0.73
1.11
0.46
0.61
1.45
0.95
0.75
0.48
0.40
0.44
0.67
0.51
0.43

0366
1949
1952
1953
2358

Nitrogen fixation
NifU
NifH
NifD
NifK
Nitrogen-fixing NifU domain protein

1
1
1
1
1

1.25
1.15
0.88
0.66
1.50

0.97
0.51
0.59
0.59
0.72

1.42
0.23
0.40
0.54
0.93

Numbers show the relative intensity compared with the intensity at 11.5 m. Proteins with lower abundances (relative intensity < 0.75) are
highlighted in green and proteins with higher abundances (relative intensity > 1.5) are highlighted in red, whereas the stable proteins are shown
in yellow. Proteins found between the dashed lines are involved in both fermentation and carbon fixation. Protein intensity for each protein is shown
in Fig. S2.
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A

B

Fig. 3. Proposed metabolic pathways based on the expressed proteins from Chl. clathratiforme.
A. Fermentation and carbon fixation.
B. Phototrophic oxidation of sulfide and thiosulfate (redrawn from Frigaard and Bryant, 2008, and Dahl et al., 2005).
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different cellular proteins in samples from different positions in the water column are small with differences rarely
greater than twofold.

Discussion
GSB biomass
The phototrophic sulfur bacteria in Lake Cadagno are
responsible for a major fraction of the organic matter
produced in the lake as about 40% of the total primary
production takes place in the anoxic part of the water
column (Fig. 1). In a recent study it was shown that,
although the purple sulfur bacteria Chromatium okenii and
Lamproprocystis purpurea were less abundant than GSB,
they were the most important carbon-assimilating bacteria
in Lake Cadagno assimilating up to five times more
carbon per cell volume than Chl. clathratiforme (Musat
et al., 2008). Nonetheless, we found that the GSB
biomass increased 3.8 times over the summer to a total of
11.6 g C m-2 compared with a total PSB biomass of
6.3 g C m-2 (Table 1). Together these findings suggest
that although the GSB have a much lower carbon fixation
rate than the PSB, the GSB dominate the biomass in the
anoxic part of the lake due to lower mortality. Mortality
may be due to starvation, viral lysis and grazing by zooplankton. A high GSB biomass was found far below the
photic zone and our data from micro-autoradiography and
proteome analysis show that some cells in the dark
bottom waters are metabolically active.
Using micro-autoradiography, we found that about
50% of Chl. clathratiforme cells incorporated 14CO2 in
the light (Fig. 2). This reflects a large heterogeneity in
the CO2 uptake rate between single cells of the same
species, probably because the cells are found in different physiological stages or some cells are not alive
(Musat et al., 2008). At 13 m most of Chl. clathratiforme
cells fixed CO2 during light in contrast to 15 m were the
cells mainly take up acetate. The prominent uptake of
acetate and CO2 at 15 m indicates that at least some
cells are alive and actively metabolizing in the dark.
However, as chemoautotrophic growth of GSB has not
been reported, it is likely that the energy for maintaining
the cells in the dark is coming from fermentation of
organic compounds stored in the cell. In the following we
will discuss the expression of metabolically important
proteins and how this might explain the distribution of
Chl. clathratiforme in the lake.
Expression of metabolically important proteins
Our results show that it is possible to use a proteomic
approach to identify a high proportion of the proteins
present in a natural sample. It is noteworthy that our
analysis does not depend on prior metagenomic data
from Lake Cadagno but only on the availability of a
sequenced genome from a closely related strain of Chl.
clathratiforme isolated from a different lake. In general,
however, the changes in comparative abundances of the

S oxidation
Phototrophic carbon fixation by Chl. clathratiforme is
closely linked to sulfide oxidation. Proteins related to
phototrophic sulfide oxidation were more abundant in the
photic zone whereas 73% of the proteins related to the
dissimilatory sulfur cycle were less abundant at 17 m
compared with 11.5 m (Table 3). From the expression of
the proteins sulfide:quinone reductase (Ppha_1347) and
flavocytochrome c (Ppha_0810, Ppha_0012) it seems
that these proteins are responsible for sulfide oxidation
to elemental sulfur (Frigaard and Bryant, 2008). The
high abundance of DsrC and DsrEFH proteins is particularly interesting. These proteins were recently shown
to play a central role during oxidation of elemental sulfur
to sulfate in the purple sulfur bacterium Allochromatium
vinosum through the dissimilatory sulfite reductase (dsr)
pathway. A similar physiological function is suggested in
Chl. clathratiforme as both DsrEFH and DsrC are
encoded in the immediate vicinity of the dissimilatory
sulfite reductase (dsrAB) gene (Dahl et al., 2008). The
role of DsrEFH and DsrC is to transfer sulfur from
elemental sulfur to sulfite reductase (Dahl et al., 2005;
2008; Oliveira et al., 2008) – see Fig. 3B. In addition to
DsrEFH, DsrC and sulfite reductase we found all the
other proteins necessary to oxidize elemental sulfur to
sulfate, including sulfate adenylyl-transferase, DsrMKJOP and quinone oxidoreductase (Fig. 3B). To what
extent sulfide is completely oxidized to sulfate under
natural conditions is not known. However as the proteins
responsible for the complete oxidation of sulfur to sulfate
are among the most common we infer that the complete
oxidation of elemental sulfur to sulfate is an important
process in Chl. clathratiforme in the chemocline of Lake
Cadagno.
In the chemocline Chl. clathratiforme also has the
potential for oxidizing thiosulfate, as we are able to find
the Sox proteins (SoxXYZA) that are needed for thiosulfate oxidation (Frigaard and Bryant, 2008). The ability to
utilize thiosulfate has been suggested to give a competitive advantage to Chl. clathratiforme (Gregersen et al.,
2009). Especially in the chemocline where sulfide concentrations are low and where GSB have to compete with the
PSB for sulfide, it could be an advantage to use thiosulfate as electron donor. The ability to use thiosulfate might
also explain why Chl. clathratiforme can outcompete Chl.
phaeobacteroides in Lake Cadagno as Chl. phaeobacteroides lacks the ability to oxidize thiosulfate
(Gregersen et al., 2009).
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N uptake
Most GSB can fix N2 using nitrogenase (Madigan, 1995).
However the ability for Chl. clathratiforme to fix N2 has been
unclear as a culture of this organism did not fix N2 (Overmann and Pfennig, 1989; Madigan, 1995; Halm et al.,
2009). On the other hand, genomic information shows that
Chl. clathratiforme has the potential for N fixation. Here we
can show for the first time that Chl. clathratiforme
expresses several genes involved in N2 fixation including
all the proteins in the Nif locus (NifH, Ppha_1949; nitrogenregulating protein II, Ppha_1950, 1951; NifD, Ppha_1952;
NifK, Ppha_1953; NifE, Ppha_1954; nitrogenase,
Ppha_1955; NifB, Ppha_1956). It is therefore likely that
Chl. clathratiforme fixes N2 in Lake Cadagno. Proteins
related to N2 fixation were mainly expressed in the
chemocline where light intensities are relatively high and
ammonium concentrations low (Table 3).
In Lake Cadagno nitrogen fixation rates ranging
between 30 and 45 pM N h-1 in the light and between 1.8
and 5.5 pM N h-1 in the dark have been measured in the
chemocline, and the expression the nifH gene of Chlorobium (Group LC IIIa) was detected using quantitative PCR
(Halm et al., 2009). Halm and colleagues (2009) obtained
98 nifH sequences in the GSB group LCIIIa of which 82
are 100% identical with the sequence from the genome of
Chl. clathratiforme BU-1 and a further eight sequences
are 99% identical. Based on these gen data together with
our proteomic data we conclude that a major part of
nitrogenase activity due to GSB in Lake Cadagno is associated with Chl. clathratiforme. Chlorobium clathratiforme
also takes up ammonium using glutamine synthase and
glutamate synthase. The abundance of these proteins
was unchanged throughout the water column (Table 2). It
is therefore likely that ammonium is the preferred nitrogen
source when available.

Dark carbon metabolism
The abundances of proteins related to both photosynthesis and carbon metabolism were unchanged with depth
which suggests that these proteins may be important for
the organism both in the chemocline and when living in
the dark part of the lake. GSB are known to be able to
grow under extremely low light intensities. Light harvesting in GSB occurs in unique structures, chlorosomes,
containing more than 100 000 bacteriochlorophyll molecules (Overmann, 2006). The ability of GSB to adapt to
these extreme low-light regimes has been related to the
high pigment density in the chlorosomes. Our proteome
analysis shows that the chlorosome proteins (CsmA and
CsmB) were some of the most abundant proteins
detected. The lowest known light intensity where GSB
have been shown to be photosynthetically active is at

ⱖ 0.015 mmol quanta m-2 s-1 (Manske et al., 2005). It has
however been suggested that GSB might be active at
even lower light intensities in the Black Sea where a peak
of BChl e was measured at 68–98 m water depths at
between 0.0022 and 0.00075 mmol quanta m-2 s-1
(Manske et al., 2005). In Lake Cadgano these intensities
were reached at 13.8–14.2 m. Substantial amounts of
BChl e were, however, found down to 17 m, where the
light intensity, as estimated by extrapolation, was not
more than about 2.8 ¥ 10-7 mmol quanta m-2 s-1 because
of the high light absorption by the bacterial plate in the
chemocline (see light profile in Fig. 1).
In a recent paper, Marschall and colleagues (2010)
suggested that GSB only are able to produce biomass at
light intensities above about 0.015 mmol quanta m-2 s-1
whereas the cells living below this threshold are in a
non-growing state. Energy obtained at light intensities
between about 0.015 and 0.0014 mmol quanta m-2 s-1 can
however support a stable ATP for months (Marschall
et al., 2010). This will mean that in Lake Cadagno GSB
biomass is only produced at water levels above about
13 m whereas photosynthesis might not take place at
water depths below 14 m.
Instead it appears likely that any ATP required for the
maintenance of cellular integrity of Chl. clathratiforme
cells in the dark part of the water column comes from
fermentation of organic compounds. The substrate for
fermentation might be glycogen. It is known that glycogen
is produced in the light in presence of an excess of carbon
substrates and then consumed in the dark with the excretion of products like acetate and succinate (Overmann,
2006). In Lake Cadagno glycogen might be produced in
the Chl. clathratiforme cells in the photic zone and used
for energy production as the cells sink into the dark part of
the water column. The pathway of fermentation of glycogen in GSB is uncertain (Sirevåg, 1995; Overmann,
2006). However the proteins detected in our proteome
analysis are compatible with a mixed acid fermentation
leading to the production of succinate, acetate and H2
(Buckel, 1999) (Fig. 3A).

C 6H12O6 → C 4H 6O4 + C 2H 4O2 + H 2 + 2ATP
hexose
succinate acetate
During a mixed acid fermentation phosphoenol pyruvate
(PEP) produced in glycolysis is partly converted to
oxaloacetate by PEP carboxylase (Ppha_0683). Oxaloacetate can then be converted to succinate using the
TCA cycle (Fig. 3A). The remaining PEP is converted to
pyruvate using pyruvate kinase (Ppha_0629). Pyruvate
can then be converted to H2 and acetate using pyruvate
ferredoxin oxidoreductase (Ppha_0695), ferredoxin,
hydrogenase (Ppha_1860–1862) and acetate/CoA ligase
(Ppha_0664). The total process generates two ATP per
hexose. From the expressed proteins detected at 17 m,
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we here for the first time show a possible fermentation
pathway for GSB explaining how cells could gain energy
in the dark.
Our Micro-autoradiography data showed that Chl. clathratiforme incorporates labelled acetate in the dark (Fig. 2).
In Chl. clathratiforme acetate is likely to be activated by
acetyl-CoA ligase to form acetyl-CoA which can be converted to oxaloacetate and enter the reverse TCA cycle or
be directly converted to fatty acids through acetyl-CoA
carboxylase (Sirevåg, 1995; Fig. 3A). However, there is
no known energy source which can give rise to net carbon
incorporation in the dark so it is possible that the observed
results represent a balance between the production of
acetate by fermentation and its reincorporation.
In conclusion, this study shows that comparative proteomic analysis combined with chemical and biological
information can give a detailed insight in the ecophysiology of an organism under natural conditions. In this
study we were particularly interested in understanding
how Chl. clathratiforme can survive at the deep dark part
of the water column. The comparative proteomic results
suggest that Chl. clathratiforme most probably does not
gain energy by oxidizing sulfide in the dark, but instead
might ferment organic compounds. Furthermore, our
results suggest that Chl. clathratiforme may fix N2 at
water depths with low nitrogen concentrations and
assimilate ammonium where this is present at higher
concentrations.

(Gregersen et al., 2009). Concentrations of Chl a, BChl a and
BChl e were measured as previously described (Gregersen
et al., 2009) (SD ⫾ 0.5 mg l-1). Carbon fixation rates were
measured using 14CO2 added to water samples collected at
different depths in transparent and dark bottles. Incubation
over a 24 h cycle was performed at the same depth the water
was collected from to receive the natural light intensity over a
whole day. Incubation was stopped by adding glutaraldehyde
to the samples. Before filtration, 0.5 ml of subsamples were
drawn from all incubations and placed into scintillation vials
containing 0.5 ml of ethanolamine to quantify the amount of
added 14CO2. Samples were then filtered onto polycarbonate
membrane filters (0.2 mm pore size; Whatman), exposed to
HCl fumes for 1 day, mixed with scintillation cocktail (UltimaGold XR, Packard), and counted in a liquid scintillation
counter (Perkin Elmer; SD ⫾ 0.2 mmol m-3 day-1). Samples
for MAR analysis were incubated in a similar way under
natural light conditions after adding 14CO2 or 3H-acetate and
unlabelled acetate to a final concentration of 1.0 mM. After
incubation the water samples were fixed and stored as
described by Tonolla and colleagues (2005). Visualization of
isotope uptake by individual cells was performed on fixed
samples using a liquid film emulsion (LM-1 from AmershamPharmacia Biotech) exposed for up to 40 days (Lee et al.,
1999). More than 1200 cells were counted, and cells surrounded by three or more silver grains were defined as MAR
positive indicating an uptake of radioactively labelled substrate. GSB were identified by their morphology.
Total DAPI-stained cells, FISH counts and biomass determent of the sulfur bacteria were done as described by Tonolla
and colleagues (2005). The biomass of the phytoplankton
population was estimated from the Chl a profile using a Chl
a : carbon ratio of 31 (Nielsen and Hansen, 1995)

Experimental procedures
Physiochemical measurements
Lake Cadagno (46°33′N, 8°43′E) is situated at 1923 m
above sea level in Ticino, Switzerland (Tonolla and Peduzzi,
2006). Temperature, conductivity, dissolved oxygen and turbidity were measured at the deepest part of the lake (21 m)
using a submersible probe (YSI 6000, YSI Hydrodata, UK).
Light intensity was measured using a spherical LI-193
detector (LI-COR, Lincoln, NE; detection limits 0.1 mmol
quanta m-1 s-1) sensitive to wavelengths between 400 and
700 nm. Sulfide concentration was analysed spectrophotometrically according to Cline (1969) (SD ⫾ 1 mM), ammonium was analysed using the salicylate method described
by Bower and Holm-Hansen (1980) (SD ⫾ 0.5 mM) and
soluble phosphorus was measured spectrophotometrically
after reaction with molybdate as described by Hansen and
Koroleff (1999) (SD ⫾ 0.1 mM). Concentrations of SCO2
were analysed by flow-injection/diffusion cell analysis
with conductivity detection (Hall and Aller, 1992) with
SD ⫾ 0.06 mM.

Pigments, carbon fixation rate and
micro-autoradiography
Water samples were collected in August 2008 using a double
conical sampler connected to a battery-driven pump

Proteome analysis
Cells for proteome analysis were collected at four different
water depths as indicated in Fig. 1. About 10 l of lake water
was reduced using a tangential-flow filtration system (Millipore) to a volume of about 750 ml. The cells were then
harvested by centrifugation at 150 000 g. BChl e concentration and DAPI counts of concentrated cell material showed
that the final samples were concentrated by a factor of 800–
4000 compared with the original samples. In all four samples
proteins were extracted from similar amounts of cells based
on the BChl e concentration. Cells were lysed in a SDS
sample buffer including a complete protease inhibitor cocktail
(Roche) and cleared by centrifugation. Prior to digestion proteins were reduced with dithiothreitol and alkylated with
iodacetamide (IAA). Peptides for LC-MS/MS analysis were
obtained by trypsin digestion of proteins using filter-aided
sample preparation (FASP) (Wisniewski et al., 2009). Briefly,
triplicate protein samples were loaded onto a 10 kDa filter
device (Microcon YM-10, Millipore) that acts as a reactor for
detergent removal, buffer exchange, chemical modification
and trypsin digestion. The proteins on the filter were treated
with an urea solution that removes compounds below
10 kDa. Peptides are eluted from the filter after digestion with
trypsin whereas high-molecular-weight substances are
retained. Peptides were further purified and enriched using
C18 StageTips prior to LC-MS/MS analysis (Rappsilber et al.,
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2007). The peptide solution after a FASP preparation is very
pure allowing single-run analysis for natural samples (Wisniewski et al., 2009).
Besides the single-run LC-MS/MS analysis a 12-run analysis was performed on the peptides from the 12 m water
sample. The FASP purified peptides were additionally run on
an Agilent 3100 OFFGEL fractionator (Agilent, G3100AA)
that separates the peptides into 12 subsamples based on
their pI value (Hubner et al., 2008). Before the LC-MS/MS
analysis each of the 12 subsamples were purified and
enriched using Stage-Tips as described above. The OFFGEL
separation reduces the complexity of each sample, resulting
in a much better protein identification than the single-step
method. The single-step analysis is, however, much less time
consuming allowing triplicate LC-MS/MS analysis of each
sample.
In the LC-MS/MS analysis peptide mixtures were separated by nanoLC using a Agilent 1200 nanoflow system connected to an LTQ Orbitrap mass spectrometer (Thermo
Electron, Bremen, Germany) equipped with a nanoelectrospray ion source (Proxeon Biosystem, Odense, Denmark).
Chromatographic separation of the peptides took place in an
in-house packed 20 cm capillary emitter column (75 mm inner
diameters with reverse-phase ReproSil-Pur C18-AQ 3 mm
resin (Dr Maisch GmbH, Ammerbuch-Entringen, Germany).
Peptides were injected onto the column with a flow rate of
500 nl min-1 and eluted with a flow of 250 nl min-1 with a
gradient from 5% to 40% acetonitrile in 0.5% acetic acid
over 2 h.
A ‘Top 6’ acquisition method was set up on the mass
spectrometer, utilizing the high mass accuracy of the Orbitrap for intact peptides and the speed and sensitivity of the
LTQ (ion trap) for fragment spectra. The initial scan event
was the intact peptide mass spectrum in the Orbitrap with
range m/z 300–1800 and resolution R = 60 000 at m/z 400.
Then CID fragmentation spectra were collected in the ion
trap MS (AGC target 5000, maximum injection time 150 ms)
for the six most intense ions from the Orbitrap scan.
Dynamic exclusion was enabled (2.5 min) as well as charge
state screening requiring charge 2+ or greater. The raw
MS/MS files were processed using the Quant module of
MaxQuant. Peptide identifications are based on MS/MS
spectra using Mascot (Perkins et al., 1999) and related to
the UniProt protein database (http://www.uniprot.org), where
proteins from Chl. clathratiforme are found under its former
name Pelodictyon phaeoclathratiforme, using the following
criteria for the MS/MS ion search: a maximum of two missed
cleavages for trypsin, peptide mass tolerance ⫾ 7 ppm,
fragment mass tolerance ⫾ 0.6 Da. Variable modifications
were oxidation of methionine, N-terminal acetylation, methylation of aspartate and glutamate; the fixed modification was
carbamidomethyl on cysteine. MaxQuant was used to filter
the Mascot search to allow 1% false positive and two unique
peptides required for each protein (i.e. no matches against
any other protein).
The comparative protein analysis is based on total protein
intensities extracted from the recorded LC-MS runs using the
label-free mode from MaxQuant (Cox et al., 2008; Cox and
Mann, 2008). The MaxQuant platform was kindly supplied
by J. Cox, Max Planck Institute for Biochemistry, Munich,
Germany and is a further developed version of the MaxQuant

platform described by Cox and Mann (2008). Briefly, for each
identified unique peptide the integrated intensity of the three
dimensional isotope envelope (m/z, time and intensity dimensions) was added to the protein intensity. Protein intensities
were normalized according to the total ion signal off all the
identified Chl. clathratiforme proteins in each run to get comparable values from which ratios were calculated (Cox et al.,
2008; Cox and Mann, 2008). The average standard deviation
of the protein intensity was 34% for triplicate samples
(Fig. S2).
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Supporting information
Additional Supporting Information may be found in the online
version of this article:
Fig. S1. Ranking of the 50 most common proteins (out of
621) in Chl. clathratiforme collected at 11.5 m and 17 m in
Lake Cadagno. The ranking is based on number of spectra
identified for each protein (numbers of spectra/mole weight).
Fig. S2. Protein quantification based on normalized protein
intensity (the cumulative peptide peak heights in the MS run
normalized to the total ion signal of the run). Data show
proteins related to photosynthesis, carbon metabolism, sulfur
oxidation and nitrogen fixation. The numbers were used to
receive the data found in Table 3. Data are based on triplicate
measurements.

Table S1. Integrated cell counts of purple and green sulfur
Bacteria collected in Lake Cadagno in June and September
2006.
Table S2. Biomass of green sulfur bacteria (GSB) in Lake
Cadagno found in the photic chemocline (10–13 m) and in
the dark part of the lake (13–20 m) in June and September
2006.
Table S3. Numbers of Chl. clathratiforme unique peptides
and proteins identified at four different depths in Lake
Cadagno.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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