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Abstract

Growth substrates that maximize energy yield are widely thought to be utilized preferentially by 

microorganisms. However, observed distributions of microorganisms and their activities often 

deviate from predictions based solely on thermodynamic considerations of substrate energy 

supply. Here we present observations of the bioenergetics and growth yields of a metabolically 

flexible, thermophilic strain of the archaeon Acidianus when grown autotrophically on minimal 

medium with hydrogen (H2) or elemental sulfur (S°) as an electron donor, and S° or ferric iron 

(Fe3+) as an electron acceptor. Thermodynamic calculations indicate that S°/Fe3+ and H2/Fe3+ 

yield three- and four-fold more energy per mol electron transferred, respectively, than the H2/S° 

couple. However, biomass yields in Acidianus cultures provided with H2/S° were eight-fold 

greater than when provided S°/Fe3+ or H2/Fe3+, indicating the H2/S° redox couple is preferred. 

Indeed, cells provided with all three growth substrates (H2, Fe3+, and S°) grew preferentially by 

reduction of S° with H2. We conclude that substrate preference is dictated by differences in the 

energy demand of electron transfer reactions in Acidianus when grown with different substrates, 

rather than substrate energy supply.

Microorganisms and their activities drive global biogeochemical cycles and interconnect 

ecosystem processes affecting plant, animal, and human health 1, 2. Consequently, a central 

goal in microbial ecology is to predict the distributions and activities of microorganisms in 
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natural environments 3. The application of thermodynamic calculations to geochemical data 

makes it possible to predict and infer the variety and abundance of chemical energy available 

to microbial populations 4, 5. Such approaches have been widely used to rationalize the 

observed distribution of microbial populations and their activities in a variety of 

environments 6, 7, 8.

Thermodynamic-based approaches rank assemblages of redox reactions according to the 

amount of energy that can be dissipated, with the distribution of microorganisms and their 

activities presumed to follow this sequence of reactions due to competition for energy-rich 

substrates 6, 7, 9, 10. However, thermodynamic-based predictions often fall short of accurately 

describing the distribution of microorganisms and metabolic processes in natural 11, 12, 13, 14 

and engineered systems 15. To provide insight into why these predictions often fail to play 

out in natural systems and to improve our ability to accurately predict patterns of substrate 

usage and their effects on biogeochemical cycles, we aimed to quantify the bioenergetics 

and biomass yields of a metabolically versatile organism. To limit the influence of 

confounding variables in our determination of the efficiency of biomass synthesis, we sought 

to identify an autotrophic strain with the ability to grow on defined mineral medium with 

minimal biosynthetic deficiencies (minimal auxotrophy) and that exhibits versatility in its 

energy metabolism.

The thermoacidophilic strain Acidianus DS80, within the crenarchaeal order Sulfolobales, 

was isolated under autotrophic conditions on defined mineral medium (supplemented with 

vitamins) from Dragon Spring (pH 3.1, 78°C), Yellowstone National Park, Wyoming, 

U.S.A. Strain DS80 displays versatility in lithotrophic energy metabolism involving 

hydrogen (H2) or elemental sulfur (S°) as electron donors and S° or ferric iron (Fe3+) as 

electron acceptors (Supp. Fig. 1) when grown at pH 3.0 and 80°C. Moreover, the ability of 

strain DS80 to couple the iron, sulfur, and hydrogen cycles in overlapping ways, in addition 

to the broader metabolic flexibility and global distribution of Acidianus in thermal 

environments16, 17, 18, makes strain DS80 a good model system to examine factors that 

influence substrate preference.

Growth yields and substrate transformation kinetics.

Generation times (Tn) of autotrophically grown DS80 cells provided with the redox couples 

H2/S°, S°/Fe3+, or H2/Fe3+ were statistically indistinguishable (Table 1), indicating that 

measurements of Tn are not sensitive to processes that dictate substrate preference. The 

amount of CO2 assimilated per cell (Table 1, Supp. Table 1–2) when cultures were provided 

with H2/S° or S°/Fe3+ was also statistically indistinguishable (P = 0.59). This is consistent 

with similar cellular morphologies (Fig. 1; Supp. Fig. 2) and cell sizes (1038 ± 68 nm and 

1128 ± 38 nm in diameter, respectively) when grown under these conditions (Table 1). In 

contrast, the amount of carbon assimilated from CO2 per cell when grown with H2/Fe3+ was 

2-fold lower than when cells were grown with H2/S° or S°/Fe3+ (Table 1), which was 

reflected by the smaller size (826 ± 55 nm diameter) and the 2-fold smaller calculated 

volume of cells grown with H2/Fe3+. Since the amount of CO2 assimilated per unit cell 

volume (Table 1) was not significantly different (P > 0.33 for all pairwise comparisons) 

among cells grown under these three conditions, these observations suggest that the 
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differences in the electron transfer pathways attending utilization of the substrates involved 

in the cells energy metabolism and their thermodynamic efficiencies (energy conserved as 

chemical bonds or ionic gradients as opposed to energy lost as heat) 19 lead to an observed 

phenotype at the morphological level.

To further explore this possibility, measured rates of substrate transformation were used to 

calculate the amount of energy released during log phase growth assuming stoichiometric 

conversion of reactants to products as depicted by reactions listed in Table 1. The amount of 

CO2 assimilated per μJ of energy released in log phase cells grown with H2/S° was ~ 8-fold 

greater than in cells grown with S°/Fe3+ or H2/Fe3+ (Table 1). This indicates that the 

electron transfer pathways used to conserve energy in cells growing with H2/S° are more 

efficient than those operating in cells grown under iron reducing conditions, allowing for 

greater biomass synthesis. Furthermore, a plot of the change in the overall Gibbs free energy 

per mol of electron transfer as a function of culture incubation time (Fig. 2a) revealed 

different slopes among the three growth conditions. The growth condition with the 

shallowest slope was H2/S° which is consistent with a lower energy demand for biomass 

synthesis in cells respiring S° than those respiring Fe3+ (Fig. 2b).

The energy demand for biomass synthesis in cells respiring S° is likely lower than that 

reported here. This is due to the observation that S° reducing thermoacidophilic Archaea 

reduce nanoparticulate S° that is generated when hydrogen sulfide (H2S; from respiration of 

S°) reacts with bulk S° to form polysulfides (Sx
2−) 20. Under acidic conditions (pH <6.0), 

Sx
2− rapidly disproportionate to yield H2S and nanoparticulate S°, the latter of which is 

thought to be the electron acceptor in thermoacidophiles reducing S° 20. However, the 

involvement of other intermediates in the reduction of S° by thermoacidophiles cannot be 

excluded. The activity of nanoparticulate S° in previous growth experiments 20 and in the 

growth experiments reported here is not known, but is likely to be far lower than the activity 

of 1.0 specified for bulk S° in thermodynamic calculations considering previously 

determined low concentrations of S° (478 nM at 80°C in equilibrium with excess S° solid 

phase) in abiotic aqueous solutions under controlled experimental conditions 21. 

Furthermore, in the case of Fe3+ reduction, the chemical equilibrium models that were used 

took aqueous Fe3+ complexes into account and thus thermodynamic calculations were based 

on the concentration of free Fe3+ only, which was quite low (0.19 mM) when compared to 

total Fe3+ (17.2 mM). Taken together, these observations suggest that cells grown in the 

presence of H2/S°/Fe3+ will preferentially utilize the H2/S° couple, despite this couple being 

energetically less favorable per mol e- transferred than the H2/Fe3+ and S°/Fe3+ couples (Fig. 

2).

Preferential use of redox couples.

We tested the hypothesis that DS80 will preferentially utilize the H2/S° couple by growing 

cells in the presence of all three growth substrates (H2/S°/Fe3+), simultaneously. 

Concentrations of soluble Fe3+, Fe2+, SO4
2-, and H2S were determined to track the use of 

available electron donors and acceptors (Supp. Table 4). In addition, the number of cells 

produced, the amount of CO2 assimilated per cell, and cell size were quantified. Gibbs free 

energies for each of the three individual redox couples (H2/S°, S°/Fe3+, H2/Fe3+) at the start 
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of the competition experiment varied by < 1% of the Gibbs free energies computed at the 

onset of growth experiments prepared with only a single possible redox couple. During 

growth in the presence of all three growth substrates the concentration of SO4
2- in biological 

controls never exceeded that of abiological controls. Since oxidation products of S° (i.e., 

thiosulfate and sulfite) are instable in aqueous solutions with pH <4.0, in particular in the 

presence of Fe3+ 22, and ultimately degrade to SO4
2- in acid solutions 23, this observation 

indicates that cells were not oxidizing S° and thus not growing with the S°/Fe3+ couple (i.e., 

oxidizing S°).

Within the first day of growth the concentration of Fe2+ increased with a near stoichiometric 

decrease in the concentration of soluble Fe3+ (Fig. 3a). This differed from cells grown with 

H2/Fe3+ only, where detectable Fe2+ was not observed until 6 days of growth (Supp. Fig. 1). 

This suggests that the Fe2+ produced in the H2/S°/Fe3+ cultivation was due to abiological 

reduction of Fe3+ by H2S produced from the biological reduction of S°. Indeed, following 

depletion of soluble Fe3+ after 48 hrs, the concentration of H2S increased rapidly as did 

concentrations of cells and amounts of CO2 assimilated, consistent with growth with the 

H2/S° couple. These observations are independent of whether cells used as inoculum were 

grown with H2/S°, S°/Fe3+ or H2/Fe3+ (Supp. Fig. 3) indicating that preference for H2/S° is 

not due to a “priming effect” or a difference in the need to acclimate to new cultivation 

conditions. Further evidence that DS80 cells prefer to utilize H2/S° when provided with 

H2/S°/Fe3+ comes from the size of cells in cultures, which were statistically 

indistinguishable (P = 0.47) from those provided with H2/S° but which were significantly 

larger (P < 0.01) than cells grown with H2/Fe3+. Likewise, the amount of CO2 assimilated 

per cell in cultures provided with H2/S°/Fe3+ was statistically indistinguishable (P = 0.62) 

from measurements made on cells provided with H2/S° and the lag phase corresponded with 

cultures grown with H2/S° (Table 1).

To assess whether Fe3+ reduction observed early in cultures provided with H2/S°/Fe3+ was 

due to abiological reduction by H2S, sterile medium containing H2/S°/Fe3+ was titrated with 

H2S (Fig. 3b) at rates that corresponded with those determined in cultures grown with H2/S° 

only (Supp. Fig. 1). Production of Fe2+ and consumption of soluble Fe3+ were observed at 

similar rates and over similar time frames in these abiotic experiments (Fig. 3b) when 

compared to biotic assays (Fig. 3a). The amount of soluble Fe2+ detected could not account 

for the amount of Fe3+ reduction that had taken place. Evidence that this was due to 

formation of insoluble iron sulfides comes from depletion in the concentration of soluble 

Fe2+ in both abiotic and biotic assays (Fig. 3) concomitant with the formation of black 

precipitates in cultures (Supp. Fig. 4), which are likely iron mono- or di-sulfides 24.

Energy demand of redox reactions dictates substrate preference.

The results of these experiments raise questions about why the energy demands differ in 

cells supported by these reactions, and where and how electron transfer takes place in cells 

that grow preferentially with H2/S° over S°/Fe3+ or H2/Fe3+. Respiration of S° with H2 in 

Acidianus is mediated by a short electron transfer chain comprising a membrane-associated 

[NiFe]-hydrogenase and a membrane-associated sulfur reductase complex, linked by a 

quinone cycle, with S reduction thought to take place on the outer side of the membrane 25. 
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Respiration of Fe3+ with H2 or S° in crenarchaeotes, including Acidianus, is not well 

understood but in DS80 likely involves the same [NiFe]-hydrogenase, since there is a single 

hydrogenase encoded in its genome, and a sulfur-oxygenase reductase (SOR) complex 26 

which is also encoded in the draft genome (IMG submission identifier 92883; estimated to 

be 99% complete; data not shown). Despite the absence of a characterized Fe3+ reduction 

pathway, DS80 cells grown with Fe3+ as the electron acceptor had numerous hair-like 

protrusions extending from the plasma membrane (Fig. 1; Supp. Fig. 5) that resembled 

“nanowires” 27, 28. Such structures were observed when cells were grown with “soluble” 

Fe3+ [i.e., Fe2(SO4)3] (Figs. 1e & 1f) or insoluble ferric oxyhydroxides such as ferrihydrite 

or hematite (Supp. Fig. 6) but not with S° as oxidant (Fig. 1d), suggesting that this is a 

generalized physiological response to growth via Fe3+ reduction. Intriguingly, these 

structures were often observed in association with mineral precipitates of unknown 

composition in Fe3+ grown cultures (Figs. 1; Supp. Figs. 5a & 5b). Such structures were not 

observed when cells were provided with H2/S°/Fe3+ (data not shown), which is consistent 

with these cells growing preferentially via the H2/S° redox couple under this condition.

C-type multiheme cytochromes (cMHC) have been suggested to be involved in iron 

reduction in both Bacteria 29, 30 and Archaea 31, 32, and have been suggested to be the 

electrically conductive component of nanowires in Shewanella 33. However, many iron 

reducers, including a number of archaea from the Sulfolobales and Thermoproteales 31, 34, 

lack detectable c-type cytochromes 35 or the genes encoding for c-type cytochromes. 

Consistent with this observation, BLASTp searches failed to detect conventional (CXXCH) 
36, 37 and unconventional heme binding motifs (CXXXH and CXXXXH) 37 in the DS80 and 

the closely related Acidianus copahuensis genome 16, suggesting that they also do not 

encode for cMHCs. Collectively, these observations point to a different mechanism of Fe3+ 

reduction in members of the Sulfolobales that is independent of c-type cytochromes.

Although the physical properties conferring conductivity to microbial nanowires has been 

controversial, it has been recently suggested that overlap of the pi-pi orbitals of aromatic 

amino acids in the structural pilin protein PilA in Geobacter imparts metallic-like 

conductivity to the structures, independent of the presence of cMHC 38, 39. The primary 

structural components of nanowires (type IV pili) include an assembly ATPase, a 

transmembrane protein, a pilin protein, and a prepilin peptidase 40, 41. BLASTp analyses of 

proteins encoded in the DS80 genome revealed the presence of the ATPase, a 

transmembrane protein, and a prepilin peptidase in an apparent operon while screens for 

proteins with class III signal peptides thought to be specific for type IV pili using the 

FlaFind (ver. 1.2) server 42, 43 revealed several type IV pilin-like proteins in the DS80 

genome. Pilin proteins that have been shown to be involved in electron transfer are enriched 

in aromatic amino acids, with the more conductive pilins averaging an aromatic density 

(number of aromatic rings in amino acids divided by the total number of amino acids) of 

0.15 44. Intriguingly, one of the pilin proteins encoded in the DS80 genome is predicted to 

have an aromatic density of 0.12, which may point to its potential involvement in Fe3+ 

reduction.

While the role of pili-like structures in Fe3+ reduction in strain DS80 is not clear, their 

synthesis would involve an additional energetic cost to cells grown with Fe3+ but not with S
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°. In addition, if these structures were involved in Fe3+ reduction, it is possible that energy is 

lost as heat during successive electron transfers along the array of electrically conductive 

components (e.g., aromatic amino acids) leading to a lower thermodynamic efficiency per 

electron transported. Energy loss through either of these mechanisms would represent 

additional energetic costs to cells, which could otherwise contribute to biomass synthesis 

and more efficient cellular yields. The longer lag times associated with growth via Fe3+ 

reduction when compared to S° reduction (Table 1; Supp. Fig. 1) may point to the influence 

of these mechanisms on the inefficiency of converting energy captured to biomass synthesis. 

Alternatively, the short lag associated with the H2/S° versus the H2/Fe3+ and S°/Fe3+ couples 

may suggest that the biochemical machinery necessary to process the H2/S° couple is the 

energetically less costly to assemble when compared to the machinery necessary to process 

the other two redox couples.

Collectively, these observations indicate that the preferential use of electron donors and 

acceptors in metabolically versatile strains, such as DS80, cannot be understood in terms of 

energetic supplies based on thermodynamic analysis or on measurements of Tn alone. 

Rather, these data show that combining thermodynamic calculations with measurements of 

biomass yields provides a metric to describe the physiology of cells in a way that more 

accurately captures the physiological nuances experienced by cells and that dictate 

differences in energy demands attending substrate utilization. We suggest that a combined 

approach, as outlined above, could be used to develop more accurate models for describing 

the distribution of microorganisms and their activities in natural and engineered 

environments.

Online-Only Methods Section

METHODS

Data Availability.—The data that support the findings of this study are available from the 

corresponding author upon request. The draft genome sequence obtained for strain DS80 has 

been deposited in the Joint Genome Institute IMG database, IMG submission identifier 

92883, genome ID 2690315630.

Sample collection and enrichment of Acidianus strain DS80.—Samples for 

enrichment and isolation of a chemolithotrophic strain capable of metabolizing substrates 

that can be easily tracked were collected from the source of ‘Dragon Spring’, an acidic hot 

spring (78°C; pH 3.1; determined with a YSI combination pH and temperature probe) 

located in the Hundred Springs Plain area of Norris Geyser Basin in YNP (44°43′55″ N, 

110°42′39″ W). The source of ‘Dragon Spring’ has clear depositional zones of sulfur and 

iron oxides and samples were collected from this area (see images in 45, 46). Detailed reports 

describing the aqueous- and solid-phase chemistry of ‘Dragon Spring’ have been published 

previously 45, 46 and thus only basic chemical measurements will be reported here. Ferrous 

iron (Fe2+) and total sulfide (S2-
total) were quantified using Hach ferrozine pillows and Hach 

sulfide reagents 1 and 2, respectively, and a Hach DR/890 spectrophotometer (Hach 

Company, Loveland, CO). The concentration of Fe2+ in source water was 55 μM and the 

concentration of S2-
total was 46 μM.
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Flocculent elemental sulfur (S°) precipitate and spring water were sampled aseptically using 

a sterile syringe and this precipitate slurry was immediately injected into a sterile, N2-purged 

serum bottle. The serum bottle was placed in an insulated thermos bottle containing spring 

water to keep the samples at ambient spring temperature during the 120-min. transit to the 

lab where they were immediately used to inoculate enrichments. Roughly 250 μL (~100 mg 

of dry solids) of the S° precipitate slurry was used to inoculate a base salts medium 

containing NH4Cl (0.33 g L−1), KCl (0.33 g L−1), CaCl2 • 2H2O (0.33 g L−1), MgCl2 • 

6H2O (0.33 g L−1), and KH2PO4 (0.33 g L−1) 47. The pH of the base salts medium was 

adjusted to 3.0 with concentrated hydrochloric acid. Eighteen mL of base salts medium were 

dispensed into 70 mL serum bottles and bottles and their contents were subjected to 

autoclave sterilization. Following autoclave sterilization, filter-sterilized Wolfe’s vitamins (1 

mL L−1 final concentration), filter sterilized SL-10 trace metals (1 mL L−1 final 

concentration), and S° (sulfur precipitated powder, EMD Millipore, USA; 5 g L−1 final 

concentration; sterilized by baking at 100°C for 24 h) were added, and the bottles and 

contents were deoxygenated by purging with sterile nitrogen gas passed over heated (210°C) 

and hydrogen reduced copper shavings. The serum bottles were sealed with butyl rubber 

stoppers and heated to 80°C prior to the replacement of the headspace with H2 and CO2 

(80%:20%) or N2 and CO2 (80%:20%). The serum bottles were then inoculated with the 

sulfur precipitates slurry recovered from the source of ‘Dragon Spring’ and were incubated 

at 80°C.

Progress of enrichments was monitored by filtering cells onto 0.22 μm black polycarbonate 

filters (Millipore, Billerica, MA), staining cells with SYBR Gold Nucleic Acid Gel Stain 

(Life Technologies, Inc., Grand Island, NY) at a final concentration of 1/4000 (vol/vol), 

followed by epifluorescence microscopy using an Axioskop 2 Plus microscope (Zeiss, 

Thornwood, NY). Following 4 rounds of dilution to extinction, a single morphotype was 

observed, which was designated as strain DS80. The purity of the culture was further 

confirmed by PCR. Briefly, PCR amplification of 16S rRNA gene was performed according 

to previously described protocols 48, 49 using archaeal primers 344F (5’-

ACGGGGYGCAGCAGGCGCGA-3’) and 915R (5’-GTGCTCCCCCGCCAATTCCT-3’) 

and bacterial primers 1100F (5’-YAACGAGCGCAACCC-3’) and 1492R (5’-

GGTTACCTTGTTACGACTT-3’). Bacterial 16S rRNA gene amplicons were not detected. 

Archaeal 16S rRNA gene amplicons were purified, cloned, sequenced, assembled, and 

analyzed using previously published protocols 47. A single 16S rRNA gene phylotype was 

recovered and this was 100% identical to the 16S rRNA gene from Acidianus hospitalis. 

Nucleotide sequence of the 16S rRNA gene of strain DS80 have been deposited in the 

GenBank database under the accession number KX608545. Genomic DNA was subjected to 

Illumina MiSeq sequencing, assembly, and annotation as described previously 50. The 

assembled genome (IMG submission identifier 92883), which is estimated to be 99% 

complete (data not shown).

Physiological characterization.—The temperature range for growth of strain DS80 was 

tested between 40 to 100°C, at pH 3.0. The pH range for growth was tested between 1.0 and 

6.0, at 80°C. Optimal growth was observed at 80°C and pH 3.0 and thus all experiments 

were conducted under these conditions. The ability of strain DS80 to utilize H2 or S° as 
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electron donors and Fe3+ or S° as electron acceptors was tested in anoxic base salts medium 

amended with trace elements and vitamins as previously described 47. Medium was 

supplemented with S° (5 g L−1) or Fe2(SO4)3 (3.7 g liter −1). Fe2(SO4)3 was prepared at a 

pH 1.9 (fully dissolved) and was added to medium with a pH of 7.5 (final pH when mixed 

was 3.0). A headspace gas mixture of 80%:20% N2-CO2 was used when S° was the electron 

donor and Fe3+ the electron acceptor. A headspace gas mixture of 80%:20% H2-CO2 was 

used when S° or Fe3+ were supplied as the electron acceptor. All cultures were incubated at 

80°C. Cultures were prepared in triplicate for both biological and abiological (un-

inoculated) assays as described above.

Preferential substrate use determination.—Cells of strain DS80 were grown in the 

presence of H2, S°, and Fe2(SO4)3 • H2O to test for the preferential use of H2/S°, H2/Fe3+, S

°/Fe3+ as a redox couple. Anoxic base salts medium amended with trace elements and 

vitamins was used, as previously described 47. Medium was supplemented with S° (5 g L−1) 

and Fe2(SO4)3 • H2O (3.7 g liter −1), using a headspace gas mixture of 80%:20% H2-CO2. 

Cultures grown with H2/S°, S°/Fe3+ or H2/Fe3+ were separately used as inoculum to rule out 

any “priming effect” or carryover effect from previous growth experiments. Abiotic 

experiments were performed by titration of sterile medium containing H2/S°/Fe3+ with Na2S 

at rates that corresponded with those determined in cultures grown with H2/S°. Cultures 

were prepared in triplicate for both biological and abiological (un-inoculated) assays and 

incubated at 80°C as described above.

Evaluation of growth and activity.—Growth of strain DS80 with different electron 

donors and acceptors was quantified in terms of cell density, dissolved inorganic carbon 

(DIC) assimilation (described below), sulfur or iron reduction activity, or sulfur oxidation 

activity. Cell density was determined by staining with SYBR Gold and enumeration via 

epifluorescence microscopy, as described above. A subsample (0.9 mL) of culture was 

briefly centrifuged (14,000 x g, 1 min.) to remove particulate iron before activity 

measurements. Dissolved sulfide concentrations were determined with the methylene blue 

reduction method 51. Total sulfide production (dissolved and gaseous) was calculated using 

standard gas-phase equilibrium calculations as described previously 47. The concentration of 

total and ferrous iron was determined using the Ferrozine method; the concentration of ferric 

iron was calculated as the difference between total (obtained after reduction of all iron with 

hydroxylamine hydrochloride) and ferrous iron measurements 52. The concentration of 

sulfate was determined after precipitation with barium chloride, as previously described 53. 

The addition of Fe2(SO4)3 • H2O was considered in the measurement of sulfate production.

Carbon assimilation.—The amount of CO2 assimilated into cellular biomass in cultures 

of DS80 was determined using a radioisotope tracer method as described previously 50. 

Briefly, a 160 mL serum bottle containing 55 mL of base salts medium (described above) 

with a 20% CO2 (V/V) headspace (balance was H2 or N2, depending on experimental 

condition) was amended with 14C-labeled sodium bicarbonate (American Radiolabeled 

Chemical) to a final concentration of 27.5 μCi. Given that the pKa for bicarbonate/CO2(aq) at 

80°C is ~6.4 54, we assumed that the added bicarbonate completely dissociated to CO2 when 

added to medium (pH 3.0) and equilibrated equally among the unlabeled DIC pools. The 
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amount of 14C assimilated into cellular biomass was quantified by removal of 2 mL 

subsamples of culture from each serum bottle (followed by replacement of the gas phase) 

with sterile gas. Concentrated hydrochloric acid was added to subsamples to achieve a final 

pH of less than 2.0 in order to volatilize unreacted DIC. Following 2 hrs of equilibration and 

degassing, subsamples were filtered onto 0.22 μm white polycarbonate membranes, washed 

with sterile base salts medium, and dried at 80°C for 24 hrs. Dried filters were transferred to 

20 mL liquid scintillation vials containing 10 mL CytoScint ES™ liquid scintillation fluid 

(MP Biomedicals, USA) and radioactivity associated with filtered biomass was measured on 

a Beckman LS 6500 liquid scintillation counter (LSC) (Beckman Coulter, Inc., Indianapolis, 

IN). Rates of CO2 assimilation were calculated from LSC counts using previously described 

methods 50. The amount of C assimilated per cell (fmol/cell) during autotrophic growth was 

calculated by dividing the total amount of C assimilated from CO2 during exponential 

growth by the number of new cells produced over this time.

Energetics.—The total amount of energy that can be obtained by an organism catalyzing a 

redox reaction in a non-standard state displaced from equilibrium is given by equation 1:

ΔG = ΔG° + 2.303 RT logQ (1)

where ΔG represents the Gibbs free energy of reaction, ΔG° represents the standard Gibbs 

free energy of reaction (J mol−1), R designates the ideal gas constant (~8.314 J mol−1 K−1), 

T is the temperature in Kelvin (K), and Q is the activity product. The activity (α) of each 

reactant and product can be calculated from its aqueous concentration and the ionic strength 

of the aqueous solution in which the reaction proceeds using the extended Debye-Hückel 

equation 55.

As was previously described by Urschel et al. 50, the activities of reactant and product at 

each time point during growth of strain DS80 on H2/S°, S°/Fe3+ and H2/Fe3+ were 

calculated based on the ionic strength and composition of the base salts medium, as well as 

the measured or estimated concentration of each reactant and product, using the freeware 

chemical equilibrium modeling application Visual MINTEQ 3.0. Since we did not quantify 

differences in H2 concentration during the growth of strain DS80, we assumed a constant 

aqueous H2 concentration equal to the saturation concentration of H2 in H2O at 80°C and 1 

atmosphere of partial pressure (~768 μM). Reactant and product activities were then used to 

calculate logQ based on the following chemical reactions (number in parenthesis indicates 

equation number):

H2 g + S s H2S aq (2)

S s + 6Fe3 + aq + 4H2O aq 6Fe2 + aq + HSO4
− aq + 7H+ (3)
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H2 g + 2Fe3 + aq 2Fe2 + aq + 2H+ (4)

ΔG° of the different reactions was calculated using the SUPCRT online program provided 

by the “Group Exploring Organic Processes in Geochemistry” from Arizona State 

University.

Calculated log Q and ΔG° values at each time point during exponential phase were then used 

to calculate ΔG with equation (1) above, and the resulting ΔG value was divided by the total 

number of electrons transferred per mol substrate transformed to determine the energy 

available per mol electron transferred kJ (mol e-)−1 at each time point during exponential 

phase. Because of the differences in the stoichiometry of the chemical reactions 2, 3 and 4, 

the biomass yield per μJ of energy was calculated in order to be able to directly compare the 

efficiency of coupling energy conservation to biomass synthesis under these three growth 

conditions. The difference in the amount of C assimilated between two sampling points 

during exponential growth was then divided by the difference in total energy dissipated (Fig. 

2, Supp. Tables 1–3) between these time points to compute the amount of C assimilated per 

unit of energy dissipated (fmol CO2 μJ−1). These calculations were conducted using 

measurements made during exponential phase growth (Supp. Fig. 1).

Transmission electron microscopy.—Cells were fixed on ice with 2% 

paraformaldehyde and 1.25% glutaraldehyde and washed with Hepes buffer as previously 

described 56. Cells were negatively stained with sodium phosphotungstate and imaged on a 

Leo912AB transmission electron microscope (TEM) equipped with a 2K X 2K CCD 

camera, operated at 100-kV accelerating voltage. The diameters of negative stained cells 

were measured from the TEM micrographs. Cells from all growth conditions were prepared 

for TEM analysis using the same protocol in order to account for modification of cell size 

associated with the preparation technique.

Field emission scanning electron microscopy.—Cells were fixed with 2% 

paraformaldehyde and 1.25% glutaraldehyde overnight at room temperature. Cells were 

washed four times with distilled water. Washed cells were subjected to a series of 

dehydration steps with 25% ethanol for 20 min, 50% ethanol for 20 min, 75% ethanol for 20 

min, 95% ethanol for 30 min. and three final dehydrations using 100% ethanol for 60 min 

each. Dehydrated cells were then subjected to critical point drying using a Tousimis 

Samdri®−795 critical point dryer. Dried cells were coated with iridium and imaged on a 

Zeiss SUPRA 55VP Field Emission Scanning Electron Microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Electron micrographs of DS80 cells grown with different electron donor/acceptor pairs 
reveal differences in morphology.
Field emission scanning electron micrographs (FE SEMs) of H2/S° (a), S°/Fe3+ (b), and 

H2/Fe3+ (c) grown cells with arrows denoting pili-like structures where present. Globules 

outside cells in panel a correspond to nanoparticles of S° 20. FE SEM scale bars represent 

1000 nm. Thin section transmission electron micrographs (TEMs) of cells grown with H2/S° 

(d), S°/Fe3+ (e), and H2/Fe3+ (f) with arrows denoting pilin-like structures where present. 
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Insoluble precipitates of unknown composition are visible in panel e and f. TEM scale bars 

represent 200 nm.
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Fig. 2. Available Gibbs free energy (ΔG) per mol e- transferred in DS80 cultures provided with 
H2/S°, S°/Fe3+, and H2/Fe3+.
Trends in the data are illustrated with the least-squares best-fit regressions. The standard 

deviations of the slope of the regression for H2/S°, S°/Fe3+, and H2/Fe3+ grown cultures are 

0.002, 0.010, 0.004, respectively. Empty circles represent logarithmic growth and are the 

points where generation times and growth yields were calculated (a). Carbon assimilated 

(fmol) divided by the negative value of (ΔG) per mol e- transferred in cultures of DS80 

provided with H2/S°, S°/Fe3+, and H2/Fe3+ as a function of incubation time (b).
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Fig. 3. Growth and activities of DS80.
Cells were provided with H2/S°/Fe3+ with CO2 as the sole carbon source when a culture 

growing on H2/S° was used as inoculum (a). Cultures innoculated with S°/Fe3+ or H2/Fe3+ 

grown cells (Supp. Fig. 3), exhibited indistinguishable growth kinetics and activities when 

compared to those presented. Titration of anoxic and sterile cultivation medium containing 

H2/S°/Fe3+ with H2S (b) reveals a similar activity profile when compared to the biological 

control (a). Depletion in the concentration of soluble Fe2+ in both abiotic and biotic assays 

was due to formation of insoluble iron sulfides (Supp. Fig. 4).
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