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Hydrogenase Activity of Mineral-Associated and Suspended
Populations of Desulfovibrio desulfuricans Essex 6

C. L. Reardon & T. S. Magnuson & E. S. Boyd &
W. D. Leavitt & D. W. Reed & G. G. Geesey

Abstract The interactions between sulfate-reducing microorganisms and iron oxides influence a 
number of important redox-sensitive biogeochemical processes including the formation of iron sulfides. 
Enzymes, such as hydrogenase which catalyze the reversible oxidation of molecular hydrogen, are known to 
mediate electron transfer to metals and may contribute to the formation and speciation of ferrous sulfides 
formed at the cell–mineral interface. In the present study, we compared the whole cell hydrogenase activity of 
Desulfovibrio desulfuricans strain Essex 6 growing as biofilms on hematite (hematite-associated) or as 
suspended populations using different metabolic pathways. Hematite-associated cells exhibited 
significantly greater hydrogenase activity than suspended populations during sulfate respiration but not 
during pyruvate fermentation. The enhanced activity of the hematite-associated, sulfate-grown cells 
appears to be dependent on iron availability rather than a general response to surface attachment since 
the activity of glass-associated cells did not differ from that of suspended populations. Hydrogenase 
activity of pyruvate-fermenting cells was stimulated by addition of iron as soluble Fe(II)Cl2 and, in the 
absence of added iron, both sulfate-reducing and pyruvate-fermenting cells displayed similar rates of 
hydrogenase activity. These data suggest that iron exerts a stronger influence on whole cell hydrogenase 
activity than either metabolic pathway or mode of growth. The location of hydrogenase to the cell 
envelope and the enhanced activity at the hematite surface in sulfate-reducing cells may influence the 
redox conditions that control the species of iron sulfides on the mineral surface.

Introduction

Microbes play an important role in the transformation of minerals. Sulfate-reducing bacteria (SRB) are known 
mediators of mineral transformations based on their ability to produce sulfide [1–3]. Sulfide affects the 
speciation and solubility of several redox-active, mineral-containing elements including iron (Fe) [4]. The speciation 
and stability of Fe-containing mineral phases are influenced by several factors including sulfide concentration, 
aqueous phase Fe concentration [5], redox potential, and pH [4], all of which can be affected by microbial 
activity. As such, it is not surprising that cultivation conditions for SRB influence the speciation and stability of ferrous 
sulfides (FeS). For example, the FeS species mackinawite and/or greigite are formed during growth of suspended 
populations of SRB in the presence of soluble iron [6–8] whereas pyrrhotite is formed during growth of SRB as a 
biofilm on solid phase iron [5, 9].
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The formation of pyrrhotite by hematite-associated SRB
was hypothesized to result from the establishment of
conditions at the cell–mineral interface that differed from
those of the bulk aqueous phase since the formation of this
mineral (i.e., stability field) was not favored by the latter
conditions [5]. The differing conditions may have arisen as a
result of variability in cell activity depending on the mode of
cell growth (suspended vs. attached) [10–12], or alternatively,
if the metabolic products of growth (e.g., H+, S2−) were
concentrated at the cell–mineral interface rather than
distributed throughout the liquid culture. Despite evidence
that suggests that SRB commonly grow in association with
solid phases in nature [13–15], characterization of their
metabolic activities has been conducted primarily on suspended
populations [16–21].

Hydrogenase enzymes are critical components of microbial
electron transport chain. Hydrogenases catalyze the reversible
reaction H2 ↔ 2H+ + 2e− (reviewed in [22]) and are reported
to transport electrons directly to metals including iron
[23–25]. Two phylogenetically distinct types of hydrogenase
are encoded by Desulfovibrio spp., the [FeFe] hydrogenase
(referred here on as the [Fe] hydrogenase), and [NiFe]
hydrogenase which also includes the [NiFeSe] hydrogenase
[22, 26]. The [NiFe] and [Fe] hydrogenases are localized to
the periplasm as either membrane-associated or soluble
proteins [26–28] and have reportedly different functions.
The [NiFe] hydrogenase tends to be involved in H2

consumption whereas the [Fe] hydrogenase tends to be
involved in H2 evolution [22] although the reverse has been
observed for both enzymes [17, 29].

Hydrogenase activity of Desulfovibrio sp. is affected by
several factors including the availability of Fe(II) [21] and
types of electron donor and terminal electron acceptors
[20]. Although growth conditions exert strong control on
hydrogenase activity, most studies have been conducted in
suspended populations respiring sulfate [16–21] and few
have focused on cells growing on mineral surfaces [5]. The
activity of hydrogenase enzymes (H2 generation, proton
production, and/or direct metal reduction) in conjunction
with the periplasmic location supports the notion that
hydrogenase may influence the extracellular conditions
immediately adjacent to the cell. This study compared the
hydrogenase activity of hematite-associated and suspended
cells of Desulfovibrio desulfuricans Essex 6 using two
metabolic pathways in an effort to address why the FeS
species formed during growth of SRB are different for
suspended and iron oxide mineral-associated populations
[5–9]. The results indicate that hematite-associated growth
significantly enhanced hydrogenase activity during sulfate
respiration but not pyruvate fermentation. The enhanced
activity is attributed to an increased availability of Fe(II)
formed from the reduction of hematite Fe(III) rather than a
surface effect.

Materials and Methods

Cultivation of Organism D. desulfuricans strain Essex 6
(NCIB 8307, ATCC 29577), referred to hereafter as Essex 6,
was routinely cultured at 30 °C in Postgate medium C [15, 30]
modified to support growth through sulfate respiration or
pyruvate fermentation. Sulfate medium (referred to as SO4)
contained 0.06 g CaCl2·2H2O, 0.5 g KH2PO4, 1.0 g NH4Cl,
4.5 g Na2SO4, 2.0 g MgSO4·7H2O, and 5.6 g Na-lactate (60 %
syrup) in 1 L of deionized water. Pyruvate medium (referred to
as PYR) contained 0.06 g CaCl2·2H2O, 0.5 g KH2PO4, 1.0 g
NH4Cl, 1.6 g MgCl2·6H2O, and 3.5 g Na-pyruvate in 1 L of
deionized water. Both media were adjusted to pH 7.2 with
NaOH, dispensed in glass serum bottles, purged of O2 by
flushing with N2 gas, and the bottles sealed with butyl rubber
stoppers, and autoclaved. Each mediumwas supplemented with
1 mL of filter-sterilized deoxygenated amino acid and vitamin
solution to achieve final concentrations of 0.02 mg L−1 biotin
and folic acid, 0.1 mg L−1 riboflavin, p-aminobenzoic acid,
pantothenic acid, and cyanocobalamin, 0.2 mg L−1 thiamine
and niacin, 0.5 mg L−1 pyridoxine, and 0.02 g L−1 L-arginine,
L-serine, and L-glutamic acid [31]. Culture medium
supplemented with 50–100 mg of glass beads or 200 mg of 1–
2 mm size-sieved jewelry-grade hematite particles (α-Fe2O3)
was prepared as 5 mL volumes in 10 mL vials. Sulfate medium
containing hematite or glass beads is referred to as “Hem-SO4”
or “Glass-SO4,” respectively. Pyruvate medium containing
hematite is referred to as “Hem-PYR.”

Enzyme Assay Whole-cell hydrogenase activity was
determined spectrophotometrically using the methyl viologen
hydrogen consumption assay [32, 33]. The reactionmixture of
1 mM methyl viologen (MV) and 5 mM glucose in 20 mM
Tris buffer (pH 7.8) was contained in capped cuvettes and
purged with H2 for 20 min. Sodium dithionite (100 μM, final
conc.) was added as a reductant and the solution was purged
for an additional 10 min. Glucose oxidase (1U) was added to
scavenge any residual oxygen and the reactionmixture purged
for 10 min. Cuvettes were purged continuously with H2

during and briefly following sample addition and the caps
sealed with electrical tape prior to measurement. Two-week-
old cultures were used for enzyme activity determinations.
Suspended cells were harvested by syringe and assayed twice
from duplicate cultures. Attached populations were harvested
by transfer of the hematite or glass beads using forceps to the
assay cuvette. Hematite-associated cells were sampled once
from each duplicate culture and glass-associated cells twice
from duplicate cultures. Methyl viologen reduction was
continuously monitored at 604 nm (ε604=13.9 mM cm−1) in
which 1 U of hydrogenase activity resulted in the consumption
of 2 μmol ofMV per min [32, 33]. Assay controls were carried
out in the absence of cells with either sterile medium or
hematite particles.



Whole cell hydrogenase activity was expressed in terms of the
amount of DNA present in the volume of sampled liquid
culture or in terms of the amount of DNA associated with
the surfaces (hematite or glass) after the enzyme assay. The
use of conventional turbidometric or cell count methods to
compare cell densities was precluded due to the non-planar
surface properties of the hematite and glass beads. No effort
was made to determine the surface area of the hematite
particles or glass beads; therefore, it was not possible to
compare enzyme activity per unit area for surface attached
cells or to compare the area of colonized surface to the liquid
volume of the culture. DNA was quantified using the
PicoGreen dsDNA Quantification Assay and Qubit dsDNA
HS Assay (Invitrogen, Carlsbad, CA). Attached populations
were harvested by transfer of the hematite- or glass beads
directly from the hydrogenase assay cuvette to PCR tubes
containing 50 μL of nuclease-free water. For suspended
populations, 50 μL of culture was transferred to PCR tubes.
Cells were lysed by heating at 99 °C for 15 min in a
thermocycler and DNA assayed from the lysate according to
the manufacturer’s protocol.

The effect of Fe(II) on hydrogenase activity was assessed
in hematite-free PYR cultures since the added Fe(II) would
rapidly react with sulfide produced in sulfate-containing
medium. FeCl2 and Na2S stock solutions were prepared in
ultrapure H2O (18.2 MΩ-cm H2O, pH 5.6), purged with N2

and filter-sterilized. No precipitation was visible in either
stock solution. PYR medium was supplemented with final
concentrations of 0, 50, 100, and 150 μM FeCl2 in which no
precipitation was observed after addition of the FeCl2. Half of
the medium was transferred to a new sterile N2-purged bottle
and 1 mMNa2S (final concentration) was added to precipitate
the soluble Fe(II) from the medium.

The cellular location of hydrogenase was evaluated using
the CuCl2 inhibition method in which 1 mMN2-purged CuCl2
(pH 7.0) was added to suspended sulfate-reducing cultures
15 min prior to measurement of enzyme activity [34].

Fe Analysis Iron concentration in the inoculated and sterile
media was quantified using the ferrozine assay [35]. Briefly,
0.1 mL of medium was mixed with 1 mL of ferrozine reagent
(0.1 % ferrozine in 50 mM HEPES, pH 7.0) and the
absorbance read at 562 nm after a 5–15-min incubation. Since
suspended FeS precipitates formed during sulfate reduction
and/or suspended cells interfered with the absorbance
readings, these fractions were removed from the medium by
either filtering through a 0.2 μM filter immediately after
addition of the ferrozine reagent or by briefly centrifuging
the medium at 10,000×g before mixing ferrozine reagent with
the supernatant. Total Fe was assessed using the ferrozine assay
in which Fe(III) was initially reduced to Fe(II) by an overnight
reaction with 1 % hydroxylamine. Fe(II) concentrations
were determined by comparison of the absorbance values to

those of a standard curve of known concentrations of ferrous
ammonium sulfate.

Statistical Analysis The data were analyzed in SAS 9.2 (SAS
Institute, Cary, N.C.) by a PROC GLIMMIX procedure for
means separation and multiple comparisons with a Tukey–
Kramer adjustment tominimize Type I errors [36]. Correlation
between hydrogenase activity and Fe was assessed using the
PROC CORR procedure.

RNA Extraction RNA was extracted from suspended and
hematite-associated cells recovered from cultures in the
exponential phase of growth using the RNeasy-Mini kit
(Qiagen, Valencia, CA) in conjunction with the QiaShredder
(Qiagen) according to manufacturer’s protocol. Hematite-
associated cells were rinsed briefly with sterile anaerobic
medium, lysed and the cell fraction transferred to the
QiaShredder. RNA extracts were treated with RNase-free
DNase (0.1 U DNase per 1 μL RNA, Promega) for 30 min
and the DNase was heat-inactivated. RNA quality was
verified by denaturing agarose gel electrophoresis [37].

Reverse Transcription-PCR (RT-PCR) Transcripts of the
genes encoding the large subunits of the [NiFe] and [Fe]
hydrogenase were detected in RNA extracts using coupled
reverse transcription PCR (RT-PCR) (Access RT-PCR
System, Promega, Madison, WI). RT-PCR reactions
contained 1X AMV/Tfl 5X reaction buffer, 0.2 mM dNTP
mix, 1 mM MgSO4, 5 U AMV reverse transcriptase, 5 U Tfl
DNA polymerase, and 1 μM forward and reverse primers. A
440-bp fragment of the [NiFe] hydrogenase gene was
amplified using the primers Hyd1F (5′-CGC GAC GCC
CAG CAC TTC ACC CAG-3′) [38] and a truncated version
of Hyd5R (5′-GCA GGG CTT CCA GTA GTG GGC GGT
GGC GA-3′) [38]. The [Fe] hydrogenase was amplified using
primers Fe3F (5′-ACC TCG TGC TGC CCC GGC TGG-3′)
[39] and Fe8R (5′-GCA GGC CAT RAA CTC GAT GAA
RTG-3′) which was designed complementary to aligned
sequences of Desulfovibrio vulgaris , Desulfovibrio
fructosovorans , and Desulfovibrio alaskensis G20 to yield a
580-bp region of the gene. RT-PCR was performed by the
following thermal cycling protocol: reverse transcription at
45 °C (45 min), enzyme inactivation at 94 °C (2 min), and
40 cycles of amplification at 94 °C (1min), 60 °C (1min), and
68 °C (2 min) followed by a final extension step at 68 °C
(7 min). RNA extracts were analyzed by PCR to verify
complete digestion of DNA.

In Situ Reverse Transcription-PCR (IS RT-PCR) IS RT-PCR
of hematite-associated cells was performed according to
published protocols [40, 41]. Briefly, hematite particles were
transferred immediately from culture vials to microcentrifuge
tubes containing 4% paraformaldehyde and fixed overnight at



4 °C. Particles were washed by three gentle exchanges of 1×
nuclease-free phosphate buffered saline (PBS, pH 7.2) and the
cell membranes permeabilized for 30min at room temperature
with 500 μg mL−1 lysozyme. Following three additional PBS
exchanges, the particle-associated cells were treated with 20U
of RQ1 RNase-free DNase (Promega) at a final volume of
200μL and stored at −20 °C in nuclease-free H2O until further
analysis. Reverse-transcription PCR was carried out as above
with the inclusion of 1 μM IRIS-Fuchsia labeled dUTP
(Cyanine Technologies, Torino, Italy) to the PCR cycle for
direct visualization of cells containing transcript by
epifluorescence microscopy. Amplification product was
analyzed by agarose gel electrophoresis of the reaction
mixture. To ensure the labeling was specific for transcript-
containing cells and not genomic DNA contamination,
reactions were performed in the absence of reverse
transcriptase. Additionally, to verify that PCR product
released from transcript-containing cells did not re-associate
with neighboring non-transcript-containing cells, colonized
hematite particles that were treated with paraformaldehyde,
lysozyme, and DNase were incubated with IRIS-Fuchsia
labeled PCR product.

Microscopy Hematite particle-associated cells subjected to IS
RT-PCR were stained for nucleic acid with 10 μg mL−1 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) for 15min,
destained in fresh, nuclease-free H2O for 10 min, and air-dried
before viewing with an Olympus BX60 system microscope
equipped with 100 W Hg-vapor discharge lamp and 100× oil
immersion objective. MWU andMWIG filter cubes (Olympus
America Inc., Melville, NY) were used to visualize DAPI-
stained and IRIS-Fuchsia-labeled cells, respectively. Images
were captured by an ImagePoint monochrome, Peltier
cooled (+10 °C) CCD camera (Photometrics Ltd., Tuscon,
AZ) and Image-Pro Plus software (Media Cybernetics, Silver
Springs, MD).

Sequence Analysis DNAwas extracted from sulfate-reducing
cultures using the UltracleanMicrobial DNA Isolation kit (Mo
Bio Laboratories, Carlsbad, CA). The gene encoding the large
subunit of the [NiFe] hydrogenase was amplified using the
primers Hyd1F and Hyd7R (5′-CGC AGG CGA TGC ASG
GGT C-3′) [38] specific for a ∼1,400-bp region. PCR product
was purified and sequenced with primers Hyd1F, Hyd7R and
internal primers Hyd900R (5′-GGG AGC CTT GAG CCA
GGA ATA A-3′) and Hyd860F (5′-GCG AAA CCA AAC
CCT TCT TCA CCA-3′) to yield 2× coverage. The full
sequence of the [Fe] hydrogenase small and partial large
subunit was obtained by genome fractionation and cloning.
The restriction enzyme EcoRV was used to fragment genomic
DNA based on the results of an in silico digest of the [Fe]
hydrogenase cassette which identified the enzyme as a
potential non-cutter. The fragments were separated by gel

electrophoresis and size fractions were purified using the
PureLink Quick Gel Extraction kit (Invitrogen). The gel
fraction with the highest abundance of the [Fe] hydrogenase
gene as determined by PCR was cloned into the pJET1.2
vector using the CloneJET PCR Cloning Kit (Fermentas
Inc., Glen Burnie, Maryland) and propagated in E . coli
Top10 according to the manufacturer’s protocol. Sequencing
was performed by Beckman Coulter Genomics (Danvers,
MA) using an ABI 3730xl DNA Sequencer (Applied
Biosystems, Carlsbad, CA). Sequences were assembled and
edited in Bioedit software (ver. 7.0.5.3) [42]. Nucleotide
sequences were compared to previously deposited nucleotide
and amino acid sequences in the NCBI database using the
Blastn and Blastx tools (http://www.ncbi.nlm.nih.gov/blast/).
The [NiFe] and [Fe] hydrogenase sequences are accessible in
GenBank and EMBL under accession numbers HQ228172
and HQ228171, respectively.

Results

Whole Cell Hydrogenase Activity Whole cell hydrogenase
activity in hematite-associated (attached) Essex 6 populations
respiring sulfate was over fourfold higher (P <0.0001) than
that exhibited by suspended cells in the same culture (Fig. 1).
By contrast, there was no significant difference in enzyme
activity in attached and suspended populations when glass
beads were substituted for hematite as a substratum for
colonization in Glass-SO4 medium (P=0.782; Fig. 1).
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Fig. 1 Hydrogenase activity of suspended and attached populations of
D . desulfuricans Essex 6 cultivated in SO4 or PYR medium with
hematite (Hem), glass, or without added solid phase. Units of
hydrogenase activity are displayed as mM MV reduced min−1 μg−1

DNA and values indicate the mean±standard error (n=2). Bars with a
common letter above represent values that are not significantly different
at P=0.05



The metabolic pathway used by cells for energy production
influenced the extent to which cell attachment to hematite
stimulated whole cell hydrogenase activity. The activity of
hematite-associated cells cultured fermentatively on pyruvate
in Hem-PYR medium was not significantly different from the
activity of suspended cells of the same culture (P=0.919,
Fig. 1). Furthermore, both hematite-attached and suspended
cells demonstrated greater hydrogenase activity when
reducing sulfate in Hem-SO4 medium than when fermenting
pyruvate in Hem-PYR medium (P >0.0001 for attached
populations, P=0.017 for suspended populations). In the
absence of hematite, no significant difference was observed
between cells respiring sulfate (SO4 medium) and fermenting
pyruvate (PYR medium; P =1.000; Fig. 1). Measurable
activity and cell growth were not detected on glass beads in
the PYR medium (data not shown).

The metabolic pathway used by cells for energy production
influenced the soluble iron concentration in the culture
medium. In the Hem-PYR cultures, soluble Fe predominately
in the form of Fe(II) accumulated at concentrations ranging
from approximately 9 to 410 μM (Table 1, Fig. 2). Soluble
Fe(II) and total soluble Fe did not accumulate in the aqueous
phase of the Hem-SO4 medium (Table 1). The low
concentration of soluble iron in sulfate-respiring cultures
was likely due to iron sequestration and precipitation by
sulfide formed during sulfate reduction as evidenced by a fine
suspension of black precipitate in cultures with prolonged
incubation. The small amount of iron detected in sterile
hematite-containing media was likely due to chemically
mediated mineral dissolution or trace contamination of
chemicals, water and/or glassware (Table 1).

Effect of Soluble Iron Concentration on Hydrogenase Enzyme
Activity Although a high degree of variability in hydrogenase
activity was measured between the suspended cells of
individual Hem-PYR cultures (n =4, P <0.0001), the activity

was strongly correlated to the Fe(II) concentration (r =0.96,
P =0.0002; Fig. 2). To evaluate whether the enhanced
hydrogenase activity measured in the Hem-PYR cultures with
elevated Fe(II) concentration was due to stimulation by the Fe,
the enzyme activity was assessed in cells cultured in hematite-
free PYR medium amended with either FeCl2 or FeCl2 and
Na2S. Sulfide was added to the culture medium to precipitate
the Fe(II); however, the removal of Fe(II) was incomplete
(Fig. 3). The addition of sulfide did not have a significant effect
on the hydrogenase activity of cells cultured in the absence of
FeCl2 (P=0.204). When 150 μM FeCl2 (no sulfide) was added

Table 1 Quantification of iron released from hematite particles in sterile
HEM-SO4 and HEM-PYR medium and cultures of D . desulfuricans
Essex 6

Fe(II), μM Total Fe, μM

Hem-SO4, sterile
a 2.4 2.5

Hem-PYR, sterilea 1.1 3.8

Hem-SO4, culture BD 3.3±0.8

Hem-PYR, cultureb 9.8±2.0 9.1±5.1

Cultures were incubated approximately 2 weeks prior to analysis. Values
for cultures indicate mean±standard deviation (n =2)
a Single culture measurement
b Values presented are from cultures summarized in Fig. 1. Fe(II)
concentrations measured from repeated experiments ranged from 8.4 to
407 μM (Fig. 2)

Fig. 2 Hydrogenase activity of suspended populations of D .
desulfuricans Essex 6 cultured in Hem-PYR medium. The solid bars
indicate the mean±standard error of duplicate hydrogenase activity
measurements from individual cultures (left axis , mM MV reduced
min−1 μg−1 DNA). Hatched bars indicate the iron concentrations
measured in the individual cultures (right axis). Bars with a common
letter above represent values that are not significantly different at
P=0.05. The mean of Hem-PYR1 and Hem-PYR2 is shown in Fig. 1

Fig. 3 Hydrogenase activity of suspended populations of D .
desulfuricans Essex 6 cultured in PYR medium supplemented with
different concentrations of FeCl2 in the presence (+ Sulfide) or absence
(− Sulfide) of 1 mM Na2S. The solid bars indicate the mean±standard
error of hydrogenase activity (left axis , mM MV reduced min−1 μg−1

DNA), while the hatched bars show the soluble Fe(II) concentration
(right axis) measured at the time of hydrogenase activity (n=2). Bars
with a common letter above represent values that are not significantly
different at P=0.05 and letter case is reserved for comparisons among
activity (uppercase ) and Fe(II) concentration (lowercase ). “BD”
indicates the values were below detection



to the culture medium, the hydrogenase activity of cells
increased approximately 62 % compared to cells cultured in
the absence of FeCl2 (P=0.001). Similarly, hydrogenase activity
was stimulated in cells cultured in medium supplemented with
FeCl2 and Na2S in which the Fe(II) concentrations at the time of
the activity assay were reduced by nearly half of the starting
concentration. Hydrogenase activity of the cells supplemented
with Na2S increased 25 % by the addition of 50 μM FeCl2 and
66% by the addition of 100μMFeCl2 compared cells culture in
the absence of FeCl2 (Fig. 3).

Cellular Location of Hydrogenase Hydrogenase activity
mediated by enzymes located outside but not inside the
cytoplasmic membrane has been shown to be inhibited by
the addition of CuCl2 in whole cell assays [34]. Hydrogenase
activity was below detection level in SO4- and PYR-grown
cells pre-incubated with 1 mMCuCl2 (data not shown). These
results suggest that the whole cell activity measured in this
study was mediated by enzymes located outside the
cytoplasmic membrane in the cell envelope. In addition,
translation of the small subunit [Fe] hydrogenase gene
sequence revealed the presence of the twin-arginine
translocation signal peptide ([S/T]RRxFLK) [22, 43]. The
peptide sequence TRRGFLK was located 5 amino acids from
the N terminus of the protein and supports a periplasmic
location for the enzyme.

Gene Expression of Hydrogenase Transcripts of both [NiFe]
and [Fe] hydrogenase were detected in whole cell RNA extracts
of both suspended and hematite-associated populations in Hem-
SO4 media (data not shown). To determine whether a portion or
all of the cells attached to hematite expressed at least one of the
hydrogenase enzymes, cells on the mineral surface were
visualized using IS RT-PCR. The [NiFe] hydrogenase gene
was selected for analysis based on a report by Steger et al. [44]
which indicated that the enzyme was up-expressed in Essex 6
cells cultured in lactate-sulfate medium. Cells which stained
positive for nucleic acid (DAPI) were also labeled by IRIS-
Fuchsia indicating that essentially all cells attached to the
hematite surface expressed the [NiFe] hydrogenase gene
(Fig. 4, panel a). IRIS-Fuchsia labeling was specific for the gene
transcripts and not due to genomic DNA contamination since
none of the DAPI-stained cells was labeled in the absence of
reverse transcriptase (Fig. 4, panel b). While a sufficient quantity
of IS RT-PCR product was retained within the permeabilized
cells to allow for observation by epifluorescence microscopy,
PCR product of the same amplicon size was also recovered from
the solution phase of the reaction mixture suggesting that PCR
product leaked from the cells during or following thermocycling.
In order to ensure that false positive labeling did not occur from
re-association of extracellular PCR product to non-hydrogenase-
expressing cells, fixed, permeabilized, lysozyme and DNase-
treated particle-associated cells were incubated with IRIS-

Fuchsia-labeled PCR product and evaluated for fluorescence.
None of the DAPI-stained cells visible on the hematite surface
were labeled with IRIS-Fuchsia, indicating that only
hydrogenase gene-expressing cells exhibited IRIS-Fuchsia
fluorescence (Fig. 4, panel c).

Discussion

Numerous studies have reported that surface-associated
microbes exhibit increased activity and/or growth relative
to that of suspended populations; however, the enhanced
activity conferred by the solid surface has often been
indirectly attributed to changes in the medium (i.e., nutrient
availability, pH; reviewed in ref. [45]). In this study, we
demonstrated that enhanced hydrogenase activity of
hematite-associated populations of the sulfate-reducing
bacterium D. desulfuricans Essex 6 compared to suspended
populations was related to hematite iron availability rather
than a generalized surface effect. Although it is highly difficult
to predict the exact conditions at the mineral–microbe
interface, it is likely that the form and local concentration of
Fe differed in the hematite-containing cultures for cells
attached to the surface and those in suspension.

Dissolution and reduction of the hematite Fe(III) were
apparent in sulfate-reducing cultures with prolonged
incubation by the formation of a fine suspension of black
FeS precipitates in the medium. The abiotic reaction of sulfide
and Fe(II) occurs rapidly, with one study reporting an
immediate 83 % decrease in Fe(II) upon addition of SRB
inoculum containing dissolved H2S [21]. In a report by Neal
et al. [5], FeS formation in an SRB culture was limited to the
hematite surface suggesting that Fe released from the mineral
reacted rapidly with sulfide thus preventing diffusion of
soluble Fe(II) to the culture suspension. In the current study,
aqueous Fe(II) in the Hem-SO4 culture was reduced below
background (sterile media) indicating that soluble Fe released
from the hematite was likely concentrated near the mineral
surface compared to the bulk suspension albeit transiently
since any Fe(II) would have rapidly reacted with sulfide.
Therefore the suspended cell populations likely had access
to a lower concentration of hematite-derived soluble Fe(II)
than the cells attached to hematite.

Hydrogenase activity was stimulated by Fe supplied as
hematite for attached sulfate-reducing cells and FeCl2 for
suspended pyruvate-fermenting cells, respectively. In the case
of sulfate-reducing cells, the enhanced activity in the
hematite-associated population may be a result of the Fe(II)
concentration at the cell–mineral interface which would
presumably differ from the bulk phase [5]. Analysis of the
pyruvate-grown cells with hematite was challenged by high
variability in the activity measurements over replicated



experiments; however, when the two experiments were
combined, the correlation of increased activity and soluble
Fe(II) concentration was apparent. The variation in the amount
accumulated soluble Fe(II) in the cultures was likely influenced
by factors of culture density or available hematite surface area.

The influence of Fe(II) on hydrogenase of pyruvate-grown
cells was better addressed using FeCl2 which clearly identified
a stimulatory effect. Regulation of hydrogenase by Fe(II) has
been previously reported to function as a repression–
derepression response in which activity of D. vulgaris
(Hildenborough) was increased by addition of 90 μM
(5 ppm) Fe(II) and reduced in the presence of 1.8 mM
(100 ppm) Fe(II) under sulfate-reducing conditions [21]. In
the current study, Fe(II) was added during growth of the
pyruvate cultures both in the presence and absence of sulfide
to mimic the removal of Fe(II) as FeS similar to sulfate-
reducing cultures. The sulfide, which was added at 1 mM,
was inefficient in precipitating all soluble Fe(II) and the effects
of the residual Fe on the hydrogenase enzyme were observed
by an increase in activity. Added Fe(II) stimulated activity
regardless of whether cultures were grown or incubated 24 hrs
in the presence of FeCl2 (data not shown).

The cellular location of hydrogenase is critical to metabolic
function and the ability of the enzyme to influence the
extracellular environment. The hydrogen cycling model
proposes that protons produced from the oxidation of lactate
are reduced in the cytoplasm, diffuse into the periplasm, and
are re-oxidized to protons by periplasmic hydrogenase [46].
For mostDesulfovibrio sp., both [NiFe] and [Fe] hydrogenases
are located outside of the cytoplasmic membrane [26–28]
suggesting that enhanced activity may influence the pH and/
or redox conditions in proximity of the cell. The cellular
location of hydrogenase enzymes has commonly been
determined by the CuCl2 inhibition assay [27, 34, 47]. The

cupric ion is both inhibitory to hydrogenase and unable to
penetrate the cytoplasmic membrane so any decrease in whole
cell hydrogenase upon treatment with CuCl2 can be attributed
to enzymes located outside of the cytoplasmic membrane.
Based on this method, the hydrogenase of D . desulfuricans
Essex 6 was previously reported to reside in the cytoplasm
[47]. Under the conditions of the current study, complete
inhibition was achieved with 1 mM CuCl2, a fourfold increase
from the concentration employed by Fitz and Cypionka [47],
indicating that the enzyme(s) responsible for the measured
activity reside outside of the cytoplasmic membrane. The
detection of a signal peptide sequence in the gene encoding
the [Fe] hydrogenase of Essex 6 suggested a periplasmic
location for the enzyme. The signal peptide for the twin
arginine translocation pathway, which exports fully folded
proteins across the cytoplasmic membrane [43], was identified
at the N terminus of the hydrogenase small subunit. The
periplasmic location of hydrogenase inD . desulfuricans Essex
6 is consistent with the [Fe] and [NiFe] hydrogenase genes
from other Desulfovibrio isolates (reviewed in [22]).

Enzyme activity and gene product abundance are often
interrogated by analysis of gene expression, especially in
ecological studies. Gene expression often translates to differences
in gene product activity [48] and is typically reported at the
population level [49–51]. Since the conditions at the microbe–
mineral interface can differ from the culture suspension, variation
in expression may be masked by bulk analysis. Few enzyme
assays are capable of resolving specific activities of single cells
on surfaces [48]. Since many microbially mediated mineral
transformations are initiated at the single-cell or microcolony
level, it is important to be able to detect and measure specific,
surface-associated microbial activities at this resolution. IS RT-
PCR [40, 41] of hematite associated cells indicated that virtually
all of the cells expressed the [NiFe] hydrogenase which is known

Fig. 4 Microscopic analysis of
[NiFe] hydrogenase gene
expression of sulfate-reducing
cells colonizing a hematite
surface. a IS RT-PCR. b IS RT-
PCR in the absence of reverse
transcriptase. c Incubation with
labeled amplicons. DAPI-stained
cells are shown in the top panel
and cells labeled by IS RT-PCR
with IRIS-Fuchsia dUTP of the
same field are shown in the
bottom panel



to be important for sulfate reduction when lactate is provided as
an electron donor [44].

The cellular location, physiological role (H2 production and
consumption), and increased activity of hydrogenase in iron
oxide-associated cells may exert a significant influence on
mineral transformation. The formation of the iron sulfide
pyrrhotite is favored during sulfate reduction in the presence
of iron oxides [5, 9] whereas the formation of mackinawite and
greigite are favored when the Fe exists in a soluble state [7, 52].
Neal et al. [5] related the difference in FeS speciation between
the soluble and solid-phase iron sources to changes at the
hematite–microbe interface, namely an extremely reducing
environment, low sulfide concentrations from FeS precipitation
and potentially increased Fe(II) in addition to a lower pH [53].
The results of the current study demonstrate that hydrogenase
activity is significantly enhanced in hematite-associated
populations respiring sulfate and that the stimulation appears
to be due to Fe availability rather than a generalized surface
effect. Since the hydrogenase enzymes are located outside of
the cytoplasmic membrane, it is plausible that the increased
activity may influence the environment surrounding the cell.
This study did not seek to identify the specific role or
contribution of either hydrogenase enzyme; however, it is
likely that the overall increased activity observed on the
hematite surface could result in environmental conditions
more favorable to pyrrhotite formation, i.e. the production
of protons resulting in a slightly lower pH, the production
of H2 resulting in a more negative redox potential, or direct
or chemically mediated dissolution of the hematite surface
resulting in increased Fe concentration. Further studies are
necessitated to determine if and what role hydrogenase has
in biotransformation.
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