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Stable isotope probing (SIP) is an emerging tool for inves-
tigating metabolic key players in microbial communities and 
their interaction mechanisms [1]. In brief, substrates are 
labeled with heavy isotopes, such as 13C, 15N or 36S, which are 
then incorporated into biomolecules by the metabolic activi-
ty of the cells [2-4]. In addition to the application of SIP with 
nucleic acids, the use of proteins in SIP has recently been 
established [2, 3, 5, 6]. As proteins closely re6ect the cell ac-
tivity at any time point, this approach enables concomitant 
functional analysis of microbial communities.  

In protein-SIP, the incorporation of heavy isotopes can be 
detected as a mass shi7 of peptides derived from the ana-

lyzed proteins which can be measured by mass spectrometric 
analysis. From a peptide mass spectrum, the quanti;cation 
of the fraction of heavy isotopes of a speci;c element, e.g. 
13C, referred to as relative isotope abundance (RIA), is possi-
ble either in a sequence-dependent or sequence-independent 
approach, with the latter using the half decimal place rule [7-
9]. For the sequence-dependent approach, an accuracy of ± 
0.1% 13C RIA using at least 20 peptides has been claimed 
[10] . 

Besides the RIA data, the intensity ratio between labeled 
and unlabeled peptide forms is also of interest, especially in 
time-series experiments. Ais ‘labeling ratio’ (lr) was recently 
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Abstract 

1. Introduction 

Although many examples of syntrophic cultures are known, details of carbon utilization and carbon transfers within them o7en remain elu-
sive due to limitations in methods used to detect carbon 6ux. We have applied the recently developed method of protein-based stable isotope 
probing (protein-SIP) to track carbon 6ow in a mixed culture of acidophilic bacteria. Ae heterotroph Acidiphilium cryptum was grown in 
the presence of 13C-labeled galactose, together with the iron- and sulfur-oxidizing autotroph Acidithiobacillus ferrooxidans. Cultures were 
harvested at ;ve time points, proteins extracted and separated by 1-dimensional SDS gel electrophoresis, peptides obtained by tryptic digest 
of gel slices and analyzed by UPLC Orbitrap MS/MS measurements. Syntrophic interactions were con;rmed by analysis of the time-
dependent incorporation of 13C into peptides, and quanti;ed by calculation of relative isotope abundance (RIA) and labeling ratio (lr) from 
mass spectral isotope patterns. 13CO2 formed by catabolism of galactose by A. cryptum, was found to be assimilated by At. ferrooxidans which 
used tetrathionate as electron donor. Mass spectral data indicated that 13C-labeled organic substances, mostly peptides, secreted by the 
chemoautotroph were assimilated by the heterotroph. Ae data provided unequivocal evidence for two-way transfer of carbon in mixed cul-
tures of autotrophic and heterotrophic acidophilic bacteria. 

Keywords: Mass spectrometry; protein-SIP; acidophiles; carbon 6ux. 
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used to detect induction of speci;c proteins a7er a substrate 
shi7 based on di\erences in protein synthesis rates [8]. Ae 
potential of protein-SIP to detect metabolic activities in de-
;ned communities as well as in enrichment cultures was also 
proven in recent studies [2, 11, 12], though a demonstration 
of the applicability of protein-SIP to detect the carbon 6ux 
between di\erent species has not previously been reported. 

Acidithiobacillus (At.) ferrooxidans was the ;rst aci-
dophilic bacterium shown to oxidize ferrous iron as well as 
reduced sulfur and has subsequently been shown to oxidize 
hydrogen and formic acid. Ae pH range of the type strain is 
1.5 to >4.0 with an optimum for growth of about 2.0 [13-16]. 
Ae genus Acidithiobacillus currently comprises four recog-
nized species, two of which (At. ferrooxidans and the psy-
chrotolerant species At. ferrivorans) are iron oxidizers [17, 
18] and all of which are autotrophs. Ae physiological diver-
sity and versatility of iron-oxidizing metabolic activity may 
be the reason for the wide distribution of this genus in a va-
riety of acid mine drainage sites [19].  

Acidiphilium spp. are obligately heterotrophic acidophiles 
(with the exception of Acidiphilum (A.) acidophilum, which 
is a facultative autotroph) that are widely distributed in met-
al-rich, acidic environments [20]. Aey can grow on a wide 
range of monosaccharides, dicarboxylic acids and tricarbox-
ylic acids [21]. Ae type species of the genus Acidiphilium 
cryptum is o7en found in close association with acidophilic 
chemoautotrophs such as At. ferrooxidans. Ae syntrophic 
relationship of the acidophilic species involves organic sub-
stances that derive from the autotroph (as exudates or cell 
lysates) being used as carbon and energy sources by Acidip-
hilium spp., and other heterotrophic acidophiles [21, 22]. 
Ferric iron generated by iron-oxidizing acidithiobacilli can 
be used by Acidiphilium as an alternative electron acceptor 
to oxygen in oxygen-limited environments [19]. In addition, 
carbon dioxide generated by heterotrophic bacteria has been 
postulated to be used by autotrophic iron- and sulfur-
oxidizing acidophiles [23], though this has not hitherto been 
proven. 

Commonly carbon uptake and exchange within microbial 
consortia is detected by nucleotide-, fatty acid-SIP or by 
tracing 14C-carbon [24, 25]. In addition, methods such as 
Raman spectroscopy, microautoradiography, and nanoSIMS 
have been used to analyze the 12C/13C carbon composition of 
cell compartments revealing a high resolution of single cells 
within complex communities [26, 27]. Besides the utmost 
level of sensitivity, a direct combination of isotope detection 
and phylogenetic origin is only possible by the concomitant 
use of phylogenetic probes and microscopy (FISH).  

In this study, we used protein-SIP for tracking the carbon 
6ux in a mixed culture of At. ferrooxidans and A. cryptum. A 
time-series experiment was set up using 13C-labeled galactose 
as substrate for A. cryptum. At. ferrooxidans is a strict 
chemoautotroph [21] and is not able to catabolize galactose 
or other monosaccharides. In a hypothetical model, a release 
of 13CO2 by the heterotrophic species is assumed, which then 
is assimilated by the autotrophic species. In the course of the 

metabolic activity, 13C-labeled organic exudates are formed 
which might be used again by the heterotroph. Ae quanti;-
cation of time-dependent 13C incorporation into the proteins 
of At. ferrooxidans and A. cryptum was measured by mass 
spectrometric analysis. Ae results from this study of a sim-
ple microbial community can be used to estimate the generic 
applicability of the protein-SIP method for carbon 6ux anal-
ysis. 

2. Materials and methods 

2.1 Bacterial strains and growth conditions 

A. cryptumT (DSM-2389) and At. ferrooxidansT (DSM-
14882) obtained from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ; Braunschweig, Germa-
ny) were used in the experimental work. A. cryptum was 
grown in a medium containing basal salts and trace elements 
(pH 3.0) [28] supplemented with 10 mM galactose, at 30°C 
and with continuous shaking (130 rpm). At. ferrooxidans 
was pre-cultured under the same growth conditions but the 
growth medium was supplemented with 2.5 mM potassium 
tetrathionate instead of galactose. 

2.2 Experimental set up and sampling 

Pure cultures of At. ferrooxidans and A. cryptum, grown as 
described above, were harvested in early stationary growth 
phase by centrifugation (11,000 x g, 30 min, 4°C) in an 
AvantiTM J-30I centrifuge (Beckman Coulter, Fullerton / 
USA). Cell pellets were washed several times with basal salts 
(pH 3.0) to remove any remaining traces of galactose or 
tetrathionate. Pellets were resuspended in basal salts pH 3.0 
and cell numbers were determined using a Aoma counting 
chamber.  

For the main experiment, 15 identical cultures were set up 
in 250 ml shake 6asks, each containing 60 ml of growth me-
dium (basal salts/trace elements, supplemented with 2.5 mM 
potassium tetrathionate and 1 mM 13C galactose (Campro 
Scienti;c, Ae Netherlands) at pH 3.0). Five additional shake 
6asks containing unlabeled galactose (and tetrathionate) 
were set up as controls. Cells from the pre-cultures of At. 
ferrooxidans and A. cryptum were inoculated into fresh me-
dia, giving a ;nal cell number of 2*103 cells/ml of each bacte-
rium. Ae shake 6asks were closed air-tight using screw-tops 
with central rubber septa, to allow sampling of the gas and 
liquid phases. Ae 6asks were incubated in a rotary shaker 
(130 rpm) at 30°C. Control 6asks were sampled on a daily 
basis to determine concentrations of galactose and tetrathi-
onate and to measure pH. At di\erent points in the culture 
growth cycles, triplicate 6asks containing 13C galactose and 
one control 6ask were removed. Eight milliliters of the gas 
phase were removed from each 6ask using a syringe, and 
stored in 10 ml headspace vials (previously 6ushed with ni-
trogen). Next, the 6asks were opened and 5 ml aliquots of 
the liquid phase were withdrawn for FISH analysis 
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(described below) and the cells in the remaining liquid phase 
were concentrated by centrifugation (11,000 x g, 30 mins, 4°
C). Ae supernatant and the cell pellet were stored separately 
at -20°C for further analysis. A small volume of the superna-
tant was also used for ;nal determination of pH and concen-
trations of galactose and tetrathionate. 

2.3 Physicochemical analysis 

Ae pH in the liquid phase was determined using a com-
bined Sentix20 pH electrode (WTW, Germany) coupled to a 
Calimatic 766 pH meter (Knick, Germany). Tetrathionate 
was assayed by cyanolysis as described by Kelly et al. [29]. 
Galactose was determined as previously described [10]. 

2.4 Fluorescent in situ hybridization (FISH) 

Five milliliters of each sample were concentrated by cen-
trifugation for 15 min at 11,000 × g and 4°C. Cell pellets 
were suspended in 100 μl of the residual 6uid and ;xed by 
adding three volumes of a paraformaldehyde solution (4% 
(w/v) in phosphate-bu\ered saline (PBS)). A7er ;xation for 
3 h at 4°C, cells were washed in 1×PBS and stored in etha-
nol:1×PBS (1:1) at −20°C until analyzed [30, 31]. To deter-
mine total cell numbers, cells present in the samples were 
stained with 4-,6-diamidino-2-phenylindole (DAPI) and 
visualized by epi6uorescence microscopy. Enumeration of 
the DAPI-stained cells was performed on Te6on-coated 
glass by using 2 μl of the ;xed cell suspension. For hybridiza-
tion of At. ferrooxidans cells the oligonucleotide probe used 
was TF539 (5'- CAG ACC TAA CGT ACC GCC -3') labeled 
with 6uorescein at the 5’-end, according to [32], while for A. 
cryptum the probe used was Acdp821 (5'- AGC ACC CCA 
ACA TCC AGC ACA CAT -3') Cy3-labeled at the 5’ end, as 
described in [33]. 

To adjust the probe speci;city, the hybridization bu\er for 
TF539 was supplemented with 20% (v/v) formamide and for 
Acdp821 with 25% (v/v) formamide. Hybridization was per-
formed at 46°C and washing at 48°C for both probes. Wash-
ing solutions were prepared as described previously [34]. 

2.5 Protein extraction 

Cell pellets were suspended in 200 µl of urea bu\er (8 M 
urea, 40 mM Tris-HCl pH 7.5, 4 mM DTT, 1 mM PMSF, 1 
µl/ml benzonase) and subsequently disrupted by three cycles 
of ultrasonic treatment under continuous cooling on ice 
(ultrasonic processor UP50H equipped with ultrasonic 
probe MS1, Hielscher ultrasonics, Teltow, Germany). A7er 
incubation for 1.5 h at room temperature, cell debris were 
separated by centrifugation at 16,000 x g for 20 min and 4°C 
(Laboratory Centrifuge 3K30, Sigma, Osterode, Germany). 
Ae supernatant was kept at 4°C and immediately subjected 
to further processing steps. 

2.6 Protein separation and mass spectrometric analysis 

Protein concentration was determined using the Bradford 
assay [35].{Marion M, 1976 #972} For 1-dimensional gel 
electrophoresis (1-DE), 50 μg of protein were precipitated 
with ;ve-fold volume of ice-cold acetone and separated us-
ing a 12% acrylamide separating gel and the Laemmli-bu\er 
system. A7er electrophoresis, protein bands were stained by 
colloidal Coomassie Brilliant Blue G-250 (Roth, Kassel, Ger-
many). One protein band in the mass range of 55 – 65 kDa 
was cut and subsequently in-gel tryptic digestion was per-
formed [3]. Tryptic peptides of each band were desalted by 
C18 ZipTip columns before MS-analysis. 

Peptides were analyzed by UPLC-LTQ Orbitrap-MS/MS 
as described in Bastida et al. [11]. Ae peptides of the 12C 
sample and the ;rst 13C replicate were eluted over 16 min 
with 2–80% solvent B (acetonitrile + 0.1% formic acid) gra-
dient using a nanoAcquity UPLC column (C18, 
75 mmx15 cm, 1.75 mm, Waters). Continuous scanning of 
eluted peptide ions was carried out between 400-2,000 m/z, 
automatically switching to MS/MS CID mode on ions ex-
ceeding an intensity of 3000. Raw data were processed for 
database search using Aermo® Proteome Discoverer so7-
ware (v1.0 build 43, Aermo Fisher Scienti;c). Search was 
performed by tandem mass spectrometry ion search algo-
rithms from the Mascot house server (v2.2.1). Ae following 
parameters were selected: TaxID 524 (A. cryptum) and 920 
(At. ferrooxidans) of NCBInr (National Center for Biotech-
nology Information, Rockville Pike, USA, version August 
2010 and later) as criterion for taxonomy, tryptic cleavage, 
maximal two missed cleavage sites. A peptide tolerance 
threshold of ±10 ppm and an MS/MS tolerance threshold of 
±0.2 Da were chosen. Carbamidomethylation at cysteines 
was given as static and oxidation of methionines as variable 
modi;cation. Only proteins with at least 2 identi;ed pep-
tides with a false-positive probability less than 0.05 (ion 
score threshold >40) were considered for further analysis.  

2.7 Calculation of relative isotope abundance (RIA) and label-
ing ratio (lr) 

Mass spectra were analyzed as described previously [8, 10]. 
In brief, the spectra were analyzed manually using 
QualBrowser v2.0.7 (Xcalibur®, Aermo Fisher Scienti;c 
Inc., Waltham MA, USA). Ae percentage of incorporated 
13C atoms in relation to the total number of carbon atoms in 
a peptide (RIA) was calculated by a widely applied method 
based on comparison of theoretical and experimental spec-
tral data. For semi-automatic calculation of the RIA, an Ex-
cel spreadsheet was used as described in Taubert et al. [8] 
(downloadable from the Helmholtz Centre for Environmen-
tal Research – UFZ, Department of Proteomics: http://
www.ufz.de/index.php?en=20647). 

Ae labeling ratio de;ned by Taubert et al. [8] as the pro-
portion of a peptide’s heavy isotope-labeled isotopologues of 
all isotopologues of that peptide, thereby having a range be-
tween 0 (only unlabeled peptide) and 1 (only labeled pep-
tide), was calculated to compare the labeled and unlabeled 
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peptide abundances in any one sample.  
Ae work6ow for the calculation was similar to that de-

scribed by Taubert et al. [8]: (i) a mass range covering the 
masses of heavy and light isotopologues of a peptide was 
selected and (ii) the peak intensities of both light and heavy 
isotopologues were compared within a sample using a time-
frame adjusted to the elution time of the peptide to calculate 
the labeling ratio. 

If more than one incorporation pattern was detected, la-
beling ratios had to be calculated for all patterns individual-
ly. For calculation of the labeling ratios on protein level, data 
of at least three peptides were averaged. 

3. Results and discussion 

3.1 Cultivation  

At. ferrooxidans and A. cryptum were grown as a mixed 
culture containing both 13C-labeled galactose and non-
labeled tetrathionate, together with control cultures contain-
ing non-labeled galactose and tetrathionate. Microbial 
growth was monitored by measurement of pH, tetrathionate 
and galactose (Figure 1A). Tetrathionate originally present 
in the culture medium (2.3 mM) was completely oxidized 
(by At. ferrooxidans) a7er 10 days of incubation. Additional 
tetrathionate (2.3 mM) was added on day 16, which was oxi-
dized within two days due to greater numbers of At. ferrooxi-
dans being present by this time. Ae metabolic activity of A. 
cryptum was con;rmed by the fact that all of the galactose in 
the medium had been removed by day 8. Although recent 
genome analysis of the type strain of At. ferrooxidans has 
identi;ed a galactose proton symporter-like gene, this has 
been suggested to be involved in molecular signaling [36]. 
Cultivation experiments of At. ferrooxidans showed that the 
species does not catabolize galactose. Ae pH of the medium 
changed from 3.0 to 1.87 during the incubation period, due 
to oxidation of tetrathionate to sulfuric acid. 

Growth of the two acidophiles was con;rmed by cell 
counts using FISH probes speci;c for each of the two spe-
cies. Cell numbers of A. cryptum (Figure 1B) increased from 
~ 2.0*103 to 1.0*107 cells/ml, and those of At. ferrooxidans 
(Figure 1C) from ~ 1.5*103 to 2.5*107 cells/ml over the time 
course (18 days) of the experiment. Time-related changes in 
cell numbers were uneven, though this was a consequence of 
the experimental design which did not track individual cul-
tures but instead involved the harvesting of entire liquid 
cultures at each time point. Ae apparent discrepancies were 
due to these cultures not being perfectly synchronized.  

3.2 Protein identi)cation 

Protein extracts from each time point and replicate were 

separated via 1-DE, and a gel band covering the protein mass 
of 55 – 65 kDa was typically digested and further analyzed by 
mass spectrometry. A total of 104 proteins were identi;ed in 
the combined searches from all non-labeled substrate cul-
tures (see Table S1). Ais relatively low number can be ex-
plained by the measurement of the de;ned mass range and 

Figure 1. Time course of growth parameters during 12C and 13C 
cultivations. Ae upper plot (A) shows galactose concentration of 
12C (∆) and 13C cultures (▲), tetrathionate concentration of 12C 
() and 13C cultures (�), pH of 12C (�) and 13C cultures (�). 
Values for 13C cultures are given as means of three replicates and 
corresponding standard deviations. Middle and bottom plots 
display changes in cell numbers of (B) A. cryptum and (C) At. 
ferrooxidans during the experiment. Each plot shows cell numbers 
in the 12C culture () and in three replicates of 13C cultures 
(replicate one (▲), two (▼), three (�) and average over all 
replicates (�). Additional tetrathionate (2.3 mM) was added on 
day 16. 
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cell numbers being quite low, especially for the ;rst time 
points. 

3.3 Incorporation of 13C in proteins of A. cryptum 

Ae RIAs and the lr of peptides from three proteins of the 
heterotroph A. cryptum (chaperonin GroEL, dihydroxy-acid 
dehydratase and 30S ribosomal protein S1; Table 1) were 
calculated using the semi-automatic script described by 
Taubert et al. [8]. Ae peptides were found to show two dis-
tinct incorporation patterns caused by di\erential incorpo-
ration of 13C. As an example, the mass spectral incorporation 
patterns for peptide AGGLPAVIGELIR of dihydroxy-acid 
dehydratase at all time points are shown in Figure 2A. An 
overview of the averaged values from all peptides is given in 
Figure 3. Ae pattern showed a rapid appearance of the 13C 

isotopologues at time point one (within 5 hours of incuba-
tion), exceeding the intensity of the 12C isotopologues at day 
8. Ae ;rst pattern, with an average RIA of around 25% 13C, 
decreased in relative intensity over time, from a lr of 0.19 ± 
0.03 a7er 5 h of incubation to a ;nal lr of 0.07 ± 0.06 at day 
18. Due to the low intensity and the associated dinculties in 
detection of the pattern in the spectra, both RIA and lr val-

Figure 2. Changes of peptide ion mass distributions during 
cultivation of A. cryptum and At. ferrooxidans in mixed culture. 
Representative mass spectra showing the peptide ion mass 
distribution of (A) peptide AGGLPAVIGELIR of dihydroxy-acid 
dehydratase (A. cryptum, gi148259108) and (B) peptide 
AFDGSSIAGWK of glutamine synthetase, type I (At. ferrooxidans, 
gi198282766). Intensity values are given as relative intensity of 
highest peak in the section depicted. 

Figure 3. Development of relative isotope abundance (RIA) and 
labeling ratio (lr) over time in proteins of A. cryptum (le7 side) and 
At. ferrooxidans (right side). In the upper section the time courses 
of the RIA for (A) A. cryptum and (D) At. ferrooxidans are shown. 
In both cases a higher (●) and a lower RIA (○) was detected. Plots 
are shown as mean values of three replicates, and are based on 
three proteins in the case of A. cryptum (chaperonin GroEL, 
gi148261486, dihydroxy-acid dehydratase, gi148259108, 30S 
ribosomal protein, gi148259766) and two proteins in the case of 
At. ferrooxidans (glutamine synthetase type I, gi198282766, 
chaperonin GroEL, gi198282835). RIA calculations are based on at 
least three peptides per protein, time point and replicate.  
Ae middle and lower section shows the development of the lr over 
time in proteins of A. cryptum (B and C) and At. ferrooxidans (E 
and F). Bars represent the distribution of the labeling ratios of 12C 
peak (white), lower 13C RIA peak (grey) and higher 13C RIA peak 
(black) at each time point of cultivation. A. cryptum proteins 
shown are (B) 30S ribosomal protein S1, gi148259766 and (C) 
dihydroxy-acid dehydratase, gi148259108. At. ferrooxidans 
proteins shown are (E) glutamine synthetase type I, gi198282766 
and (F) chaperonin GroEL, gi198282835. Calculations of lr are 
based on at least three peptides per protein, time point and 
replicate. Bars are averaged over three replicates. 
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ues for the later time points showed considerable variations. 
Ae second pattern, with a RIA of 67.4 ± 2.0% 13C a7er 5 

hours and 91.8 ± 1.0 % 13C at day 18, showed a strong in-
crease of the lr from 0.45 ± 0.07 to 0.94 ± 0.06, with the high-
est increase in intensity between day 4 and 8 (Figure 2A). 
Ais represents a high synthesis rate of proteins from a high-
ly 13C-labeled carbon source, and thus a rapid increase in 
microbial growth [8], which was also apparent from increas-
ing cell numbers (Figure 1B). Within the present experi-
mental setup, this was clearly a result of the metabolism of 
13C-galactose. Ae deviation between the galactose RIA of 
>=98% and the peptide RIA of 67 to 92% can be explained 
by the assimilation of unlabeled carbon sources, internal 
carbon reserves or secreted metabolites of At. ferrooxidans. 
As the ;rst pattern at lower RIA did not show any increase 
over time, it can be assumed that it was a result of metabolic 
processes proceeding prior to the ;rst sampling time. 

3.4 Incorporation of 13C in proteins of At. ferrooxidans 

For the autotroph At. ferrooxidans, values for RIA and lr 
of peptides from two proteins (glutamine synthetase, type I 
and chaperonin GroEL; table 1) were calculated. As an ex-
ample, the mass spectral incorporation patterns for peptide 
AFDGSSIAGWK of glutamine synthetase, type I at all time 
points are shown in Figure 2B. An overview of the averaged 
values from all peptides is given in Figure 3. As with A. cryp-
tum, the 13C isotopologues pattern appeared immediately but 
the 12C isotopologues showed a low intensity compared to 
the 13C pattern. An incorporation pattern of around 20% 
RIA was visible at early time points (Figure 2B). Ais pattern 
is increasing in intensity up to day 4, and also a slight in-
crease of the RIA to around 37% can be seen. From this time 
point on, no further increase in intensity was detected. Ais 
development of the pattern can be explained by an oxidation 
of galactose by A. cryptum, and the resulting 13CO2 being 
assimilated by the autotroph At. ferrooxidans. Until day 4 the 
predominant RIA pattern showed rather low 13C-
incorporation at a simultaneously high lr indicating the use 
of 13C-labeled and non-labeled CO2 (Figure 2B). In addition, 
another pattern at higher RIA of ~77% appeared at the same 
time (day 4), which increased to ~ 89% on day 18, also 
strongly increasing in intensity. Ais increase of the RIA 
correlated with the highest metabolic activity of A. cryptum 
as illustrated by the strongly increasing lr between day 4 and 
8 (Figure 2). Ae RIA in the CO2 fraction would have been 
expected to increase signi;cantly between day 4 and day 8, 
due to the oxidation of 13C galactose to 13CO2 by A. cryptum. 
Consequently, the shi7 of the incorporation pattern in At. 
ferrooxidans peptides can be explained by autotrophic CO2 
;xation and the increase of 13CO2 produced by A. cryptum.  

3.5 Carbon ,ux analysis 

As the syntrophic interaction between A. cryptum and At. 
ferrooxidans under the present experimental conditions was 

based on the oxidation of 13C-galactose to 13CO2 and the sub-
sequent uptake of labeled CO2, an increase of the labeling 
ratio of peptides from A. cryptum should correlate with an 
increase of the RIA of peptides from At. ferrooxidans. A7er a 
certain time, while a suncient amount of 13CO2 is produced 
by the heterotroph and assimilated by the autotroph, a simi-
lar RIA value should also have been detected in peptides of 
the autotroph. With the data obtained, both e\ects were ob-
served. A7er an initial lag phase, A. cryptum displayed maxi-
mal protein biosynthesis rate (growth) between day 4 and 
day 8, as illustrated by both signi;cantly increasing lr and 
cell numbers. Besides the use of 13C-labeled galactose, the 
RIA development of A. cryptum can be caused by the addi-
tional uptake of organic exudates and lysates from At. fer-
rooxidans, and the use of internal 12C carbon reserves which 
are depleted a7er day 4. In addition, the increased value of 
the RIA at the last two time points could be explained by 
increased 13C-incorporation in organic exudates and lysates 
as a result of increasing uptake of 13CO2 by At. ferrooxidans. 
13CO2 formation was detected by GC-C-IRMS measurements 
(data not shown). Ae overall syntrophic interaction be-
tween both species is shown in Figure 4. 

Heterotrophic acidophilic microorganisms such as Acidip-
hilium spp. have o7en been found living in association with 
acidophilic chemolithoautotrophs such as At. ferrooxidans 
[37]. Ais partnership has been reported for several microbi-
al communities in natural acidic habitats (e.g. the Tinto riv-
er), acid mine drainage and “biomining” environments [22, 
38]. Ae heterotrophs are capable of using at least some of 
the organic compounds secreted by the autotrophs and, by 
removing these, help to maintain conditions that are condu-
cive to the growth of the autotrophs. Ais is particularly im-
portant in closed environments (e.g. stirred tanks used for 
mineral bioprocessing) where concentrations of some solu-
ble carbon exudates might otherwise inhibit the growth and 
activities of chemoautotrophic bacteria [23]. Liu et al. re-
cently found that in an arti;cial mixed culture of A. acidoph-

Figure 4. Carbon 6ow within the syntrophic interaction of A. 
cryptum and At. ferrooxidans. Ae heterotroph catabolized 13C 
labeled galactose and released 13CO2 which was taken up and 
assimilated by the autotroph. In course of its metabolism the 
autotroph secreted dissolved organic compounds (DOC) which in 
turn were metabolized by the heterotroph. 
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ilum and At. ferrooxidans growth of the autotroph was pro-
moted by the heterotrophic partner by activating genes relat-
ed to iron oxidation and CO2 ;xation [39]. Ae ability of 
heterotrophic acidophiles to remove inhibitory organic com-
pounds and thereby facilitate the growth of iron- and sulfur-
oxidizing acidophiles is also the basis of the “overlay” plate 
technique for cultivating the latter on solid media, though 
here the organic materials are thought mostly to derive from 
the acid hydrolysis of the gelling agent (agar and derivatives) 
[40]. Ae “feedback” mechanism where carbon dioxide re-
leased by the heterotrophs is used by the autotrophs has pre-
viously been alluded to [23] but had not been proven. Data 
from the current work has con;rmed that this does indeed 
occur. 

4. Concluding remarks 

Ae applicability of protein-SIP to track carbon transfers 
in a de;ned mixed culture of autotrophic and heterotrophic 
bacteria was successfully demonstrated. Two-way transfer of 
carbon was con;rmed by changes of mass spectral patterns. 
Protein-SIP is therefore a potential technique for examining 
more complex microbial communities where metabolic ac-
tivities of microbial key players can be detected and quanti-
tatively described. In addition, secondary consumers using 
metabolites from the primary species and putative scaven-
gers are detectable by protein-SIP, allowing the construction 
of a carbon-based food web of a microbial community. Be-
sides the relatively high amount of biomass needed and the 
dependency of appropriate genomic data, Protein-SIP has 
some major advantages compared to other SIP approaches: 
i) DNA/RNA-SIP has a 100 fold lower accuracy and sensitiv-
ity, and no conclusion of a direct or indirect metabolisation 
of the carbon source can be achieved; ii) PLFA-SIP has a low 
phylogenetic resolution and a concomitant detection of 
di\erentially labeled phospholipid fatty acids is not possible. 
Ae progress in bioinformatics tools allowing an automatic 
analysis will increase the potential of protein-SIP for com-
plex studies. 

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/85/0 
 
Supplementary material includes Fig. S1 showing the pic-

tures of the 1-dimensional (1-DE) SDS gels of the samples. 
Table S1 includes all proteins identi;ed in the 12C samples.  
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