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Abstract
Hydrogen is one of the most common elements on Earth. The enzymes converting molecular hydrogen into protons and electrons
are the hydrogenases. Hydrogenases are ubiquitously distributed in all three domains of life where they play a central role in cell
metabolism. So far, the recovery of hydrogenases has been restricted to culture-dependent and sequence-based approaches. We
have recently developed the only activity-based screen for seeking H2-uptake enzymes from metagenomes without having to rely
on enrichment and isolation of hydrogen-oxidizing microorganisms or prior metagenomic sequencing. When screening 14,400
fosmid clones from three hydrothermal vent metagenomes using this solely activity-based approach, four clones with H2-uptake
activity were identified with specific activities of up to 258± 19 nmol H2/min/mg protein of partially purified membrane fractions.
The respective metagenomic fragments exhibited mostly very low or no similarities to sequences in the public databases. A search
with hidden Markov models for different hydrogenase groups showed no hits for three of the four metagenomic inserts, indicating
that they do not encode for classical hydrogenases. Our activity-based screen serves as a powerful tool for the discovery of (novel)
hydrogenases which would not have been identified by the currently available techniques. This screen can be ideally combined
with culture- and sequence-based approaches to investigate the tremendous hydrogen-converting potential in the environment.

Introduction

Hydrogen is one of the most abundant, ubiquitously dis-
tributed compounds on Earth [1]. In Bacteria, Archaea, and
lower eukaryotes, hydrogen plays a central role for metabolic
processes [2–5]: for example, hydrogen oxidation catalyzed
by membrane-bound hydrogen-converting enzymes essen-
tially drives the synthesis of ATP which can provide energy
for autotrophic carbon fixation. In contrast, enzymatic
hydrogen production can recycle reducing equivalents in
microbial fermentation. The enzymes catalyzing the inter-
conversion of molecular hydrogen to protons and electrons
(H2↔ 2 H++ 2e−) are the hydrogenases. Currently three

types of hydrogenases are known which are classified
according to their catalytic center: (i) [NiFe]-hydrogenases,
(ii) [FeFe]-hydrogenases, and (iii) [Fe]-hydrogenases [5].
[NiFe]-hydrogenases are usually associated with hydrogen
sensing and consumption, [FeFe]-hydrogenases are the so-
called hydrogen-evolving hydrogenases, and [Fe]-hydro-
genases are involved in methanogenesis [5, 6].

Hydrogenases have often been identified by culture-
dependent methods [7, 8]. However, since the majority of
microorganisms are currently not culturable (>99%) [9], the
use of culture-independent approaches has increased sig-
nificantly. Computational screening of metagenomic
sequence data sets or PCR-based DNA screens have iden-
tified conserved motifs of hydrogenase genes [10–12]. Yet,
no information on whether the genes encode functional
hydrogenases can be gained with this technique. Also,
sequence-based analyses cannot aid in discovering new
hydrogenases, since this method only identifies hydro-
genases if similar ones are already available in the public
databases. To date, function-based screening of metagen-
omes represents the only means for the discovery of truly
novel enzymes [13] from the tremendous potential hidden
among the microbial unculturables.
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Heterologous expression of hydrogenases in a surrogate
host often proves to be difficult due to the highly specific
maturation and assembly apparatus of hydrogenase
enzymes, requiring several additional proteins [14–16].
Despite this, the expression of recombinant hydrogenases
has been performed successfully in the past [17], also with
metagenomic DNA sequences (but where hydrogenases
were identified by sequence-based analyses first) [18].

In hydrothermal vent systems hydrogen can be highly
enriched in the emitted fluids because of serpentinization
processes (rock water interactions) or magma degassing [19,
20]. Here microbial hydrogen oxidation can be vital for
providing energy to fuel autotrophic carbon fixation [21,
22]. Since these types of habitats are commonly hallmarked
by steep thermal (4 °C to several 100 s °C) and chemical
(oxic to anoxic) gradients [12, 23], a broad repertoire of
hydrogen-oxidizing microorganisms producing enzymes
with distinct biochemical properties can be expected. Gen-
erally, a high diversity among membrane-bound H2-uptake
[NiFe]-hydrogenases can be observed in hydrothermal
fluids [12], but it has remained unresolved whether these
hydrogenases are indeed functional.

We recently developed the first solely activity-based screen
to seek H2-uptake enzymes from fosmid metagenomic libraries
[24]. This activity-based screen complements an [NiFe]-
hydrogenase deletion mutant of Shewanella oneidensis MR-1
(S. oneidensis ΔhyaB) with an H2-uptake active metagenomic
fosmid clone— restoring the original phenotype. It makes use
of S. oneidensis MR-1’s ability to couple hydrogen oxidation
(catalyzed by the [NiFe]-hydrogenase HyaA/HyaB) with the
reduction of Fe(III)citrate to Fe(II)citrate [25]. The Fe(III)
reduction reaction results in a color change (from yellow to
colorless) of FW medium, which is used for the chemolitho-
trophic growth of S. oneidensis. If the [NiFe]-hydrogenase is
deleted, as in the S. oneidensis mutant ΔhyaB, no hydrogen
can be converted, no electrons can be transferred to Fe(III),
and thus no color change in the medium is visible (for details
see ref. [24]). H2-uptake active metagenomic fosmid clones
should restore the wild-type phenotype so that a color change
can be observed again in the medium.

In the following we illustrate the feasibility of this
activity-based screen to produce a functional hydrogenase
from selected phylogenetically diverse isolates. We also
present data on new H2-uptake active enzymes discovered
from metagenomic fosmid libraries constructed with mate-
rial from three deep-sea hydrothermal vent habitats with
differing environmental parameters.

Materials and methods

An overview of the steps and procedures used in this work
are given in the Supplementary Figure S1: (i) testing the

screen’s ability to successfully recover H2-uptake active
enzymes from phylogenetically diverse hydrogen-oxidizing
bacterial isolates and (ii) applying the screen to metage-
nomic fosmid libraries for seeking recombinant H2-uptake
active enzymes.

Cultivation of tested strains and DNA extraction

Bacterial strains and plasmids used in this study are listed in
Supplementary Table S1. S. oneidensis was cultivated at
28 °C and Escherichia coli at 37 °C in liquid lysogeny broth
(LB) medium or on LB agar plates, solidified with 1.4%
(w/v) agar. If required, the medium was supplemented with
ampicillin (100 µg/l), gentamycin (10 µg/l), kanamycin (30
µg/l), and/or chloramphenicol (12.5 µg/l). S. oneidensis was
also cultivated in serum bottles with rubber stoppers anae-
robically with a modified mineral medium (FW) [26] con-
taining NaHCO3 (2.5 g/l), KCl (0.1 g/l), NH4Cl (1.5 g/l),
NaH2PO4·H2O (0.6 g/l), CaCl2·2H2O (0.1 g/l), Fe(III)citrate
(3.0 g/l), L-arginine (0.02 g/l), L-glutamine (0.02 g/l), L-ser-
ine (0.02 g/l), 10 ml/l vitamin solution [27], and 10 ml/l
trace element solution [28]. Oxygen was removed from the
FW medium by flushing the hot medium with N2 (5.0,
Westfalen AG, Münster, Germany) for 1 h. Serum bottles
with a volume of 120 ml were sparged with N2, filled with
50 ml FW medium, sealed with butyl-rubber stoppers, and
the headspace was replaced with H2/CO2 gas (80%/20%
(v/v), Westfalen AG). Desulfovibrio vulgaris Hildenbor-
ough was cultivated using Medium 63 from the DSMZ
(Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen, Braunschweig, Germany) in serum bottles sealed
with butyl-rubber stoppers at 37 °C. Thiobacillus deni-
trificans AB7 and Sulfurimonas denitrificans DSM1251
were grown anaerobically in liquid Medium 113 (DSMZ),
distributed in serum bottles sealed with butyl-rubber stop-
pers at 30 °C. Photobacterium leiognathi L1 was cultivated
in liquid Medium 514 (DSMZ) aerobically at 28 °C.
Cultures of Rhodobacter capsulatus SB1003 were grown in
RCV medium [29] at 25 °C. Serum bottles with a volume of
200 ml were filled with 200 ml of RCV medium, sealed
with butyl-rubber stoppers, and the headspace was replaced
by oxygen-free N2 gas (5.0, Westfalen AG). Phototrophic
growth was promoted by cultivation in the light. Wolinella
succinogenes DSM1740 was cultivated in basal medium
with fumarate [30] at 37 °C. Aliquots of 100 ml of the
oxygen-free medium were filled into serum bottles with a
volume of 200 ml. The bottles were sealed with butyl-
rubber stoppers and the headspace was replaced by H2/CO2

gas (80%/20% (v/v). Genomic DNA of E. coli K-12,
S. oneidensis MR-1, P. leiognathi L1, W. succinogenes
DSM1740, S. denitrificans DSM1251, R. capsulatus
SB1003, D. vulgaris Hildenborough, and T. denitrificans
AB7 was isolated from culture volumes ranging from 10 to
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200 ml using the UltraClean Microbial DNA Isolation Kit
(MO BIO Laboratories, Carlsbad, CA, USA). Genomic
DNA of Aquifex aeolicus VF5 was obtained from Dr. H.
Huber (University of Regensburg).

Cloning of [NiFe]-hydrogenase genes

[NiFe]-hydrogenase genes (large and small subunit) of R.
capsulatus, T. denitrificans, D. vulgaris, E. coli, Thiomi-
crospira sp. SP-41, P. leiognathi, W. succinogenes, and A.
aeolicus were amplified with Phusion Flash High-Fidelity
PCR-Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA)) using the Primers and PCR conditions listed in
Supplementary Table S2. Thiomicrospira’s hydrogenase
genes were amplified from clone S. oneidensis ΔhyaB::
pRS44_SP41_01H02, which contains the whole hydro-
genase gene cluster (Hansen and Perner, unpublished data)
and was also used for complementation experiments. Since
hynS and hynL of T. denitrificans AB7 are separated by
open reading frames encoding hypothetical proteins, hynS
and hynL genes were amplified individually, digested with
ScaI and ligated together with T4 DNA Ligase (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions — taking care that the respective genes are in frame.
The large subunit of the S. denitrificans [NiFe]-hydrogenase
was cut out of the vector construct pBBR1MCS-2::
Suden_1435 [31] via double digestion with SacI/SacII
(Thermo Fisher Scientific). As a negative control a meta-
genomic insert (84G4II) of 13 kbp without any hydrogenase
genes but a RubisCO gene cluster [32] was used. All
amplified (or restricted) [NiFe]-hydrogenase genes as well
as the 84G4II insert were end-repaired, ligated into pRS44
(for details see “Construction of (meta)genomic fosmid
libraries”) and the fosmids transferred into E. coli EPI300
T1R cells via heat-shock transformation [33]. Inserts were
checked by Colony PCR with the respective primers and/or
sequencing (Eurofins Genomics, Ebersberg, Germany) of
fosmid ends with pCC1/pEpIFOS forward and reverse
sequencing primers (Epicentre, Madison, WI, USA).

Sampling of hydrothermal environments and
isolation of metagenomic DNA

Samples of hydrothermal vent systems were taken during the
MAR-SUED V cruise in 2009 by means of the remotely
operated vehicle (ROV) KIEL6000. At the sulfide-rich,
basalt-hosted venting site Sisters Peak (4°48′S, 12°22′W), a
piece of the massive sulfide chimney (sample 274ROV1B)
was recovered and microbial DNA was isolated and ampli-
fied as described [23]. At the ultramafic, hydrogen-rich vent
field Nibelungen (8°18′S, 13°30′W) fluid samples
(314ROV7–9) were taken with the KIPS system [34] at the
interface of hot hydrothermal fluids and ambient seawater.

The detailed sample handling can be found elsewhere [21].
At the Lilliput venting site (9°33′S, 13°13′W), low-
temperature hydrothermal fluid samples were taken with the
KIPS system (for details concerning sample handling and
storage see refs. [21, 34, 35]). Microbial DNA from fluid
samples was isolated from polycarbonate filters (on which the
samples were concentrated) and all extracts were amplified
via multiple displacement amplification [32, 36, 37].

Construction of (meta)genomic fosmid libraries

Fosmid libraries were created using genomic DNA from E.
coli K-12, S. oneidensis MR-1, P. leiognathi L1, W. suc-
cinogenes DSM1740, S. denitrificans DSM1251, R. cap-
sulatus SB1003, D. vulgaris Hildenborough, and T.
denitrificans AB7 as well as metagenomic DNA from the
three vent environments. Repeated attempts to construct a
genomic library for A. aeolicus failed. For the construction
of the fosmid libraries, the broad host-range fosmid vector
pRS44 was used [38]. Prior to the construction of fosmid
libraries vector DNA was isolated, linearized, depho-
sphorylated, and purified as previously described [24].
(Meta)genomic DNA of sufficient concentration and purity
was end-repaired, ligated into pRS44, and subsequently
transduced into E. coli EPI300-T1R cells using the Copy
Control™ Fosmid Library Production Kit with pCC1FOS
(Epicentre, Madison, WI, USA) according to the manu-
facturer’s instructions with the modification of using the
broad host range fosmid vector pRS44 instead of pCC1FOS
[24]. For the genomic libraries constructed in this study
1152 clones each were picked and stored in 96-well
microtiter plates. Metagenomic libraries consisted of 4800
clones each. The quality of generated fosmid clones was
checked randomly by (i) insert size estimation via restric-
tion enzyme digests (EcoRI, HindIII, BamHI; Thermo
Fisher Scientific) and (ii) sequencing of fosmid ends with
pCC1/pEpIFOS forward and reverse sequencing primers
(Epicentre). Mean insert sizes of metagenomic libraries
were between 17 and 22 kbp. Random blast search [39]
from sequenced fosmid ends showed highest homologies to
microorganisms typically abundant in hydrothermal vent
habitats such as Thiomicrospira crunogena, Geobacillus
sp., Hydrogenivirga sp., or Aciduliprofundum sp. The
genomic fosmid libraries from the cultured organisms had
mean insert sizes of 32–43 kbp and sequencing related the
fosmid inserts to the respective initial microorganisms (cf.
Supplementary Fig. S2).

PCR-based identification of [NiFe]-hydrogenase
genes in (meta)genomic fosmid libraries

The genomic libraries were each screened for the presence
of the respective hydrogenase genes via polymerase chain
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reaction (PCR). As a template for PCR reactions DNA
crude extracts of the E. coli cells harboring genomic fos-
mids were used. Cell material of a densely grown copy of a
microtiter plate was pooled and 2 ml of the cell suspension
was harvested (14,000 g, 90 s, 4 °C). The pellet was resus-
pended in 100 µl of TEDNA buffer (10 mM Tris, 0.1 mM
Na2EDTA, pH 8.0) and boiled at 95 °C for 10 min. Cell
debris was collected by centrifugation (5600 g, 10 min,
4 °C) and the supernatant was stored at −20 °C until used
further in PCR.

For the fosmid clones from cultured organisms the same
[NiFe]-hydrogenase primer pairs and PCR conditions
were used as for the cloning of the respective genes (Sup-
plementary Table S2). Metagenomic fosmid libraries were
screened using primers targeting highly conserved regions
of genes encoding for the large subunit of [NiFe]-hydro-
genases (hynL): (i) hynL110F/hynL410R [40], (ii) hynLGr.I
322F (5′-GTD CAY TTY TAY CAT YTK CA-3′)/hynLGr.I
1068R (5′-ATA CCA WSH GTG NGT HAC ATC TTC-
3′), and (iii) hynLGr.II 322F (5′-GTK CAT TTY TAY CAR
TTG CA-3′)/hynLGr.II 1149R (5′-ACC RTC WAC ATA
WCC DGT ATA-3′). PCR conditions were as follows:
initial denaturation 95 °C for 5 min followed by 32 cycles of
denaturation for 45 s at 95 °C, 45 s annealing at 45 °C
(hynL110F/410R) or 48 °C (hynLGr.I and hynLGr.II), and
75 s elongation at 72 °C. In order to locate hydrogenase-
carrying fosmids among 96 clone pools, the described PCRs
were repeated for pooled material from rows and from
columns of positively tested microtiter plates. Hydrogenase-
carrying fosmids were isolated and fosmid ends were
sequenced as described above. Blast searches were used to
confirm the presence of [NiFe]-hydrogenase and maturation
genes. Fosmids harboring hydrogenase genes were trans-
ferred into S. oneidensis MR-1 ΔhyaB via triparental con-
jugation and the function-based hydrogenase screen was
applied to test their heterologous expression.

Function-based screen for H2-uptake active enzymes

The function-based screen is based on the complementation
of a [NiFe]-hydrogenase deletion mutant of S. oneidensis
MR-1 with an H2-uptake active fosmid clone. The deletion
mutant was constructed by site-directed mutagenesis of
hyaB (large subunit of the structural [NiFe]-hydrogenase
gene) with the insertion of a gentamycin resistance cassette
using the pNPTS138R6KT suicide vector [41] and standard
protocols [42]. (Meta)genomic fosmids, fosmids containing
[NiFe]-hydrogenase genes, and the negative control were
transferred into S. oneidensis ΔhyaB by triparental mating
as described [24]. Putative H2-uptake active clones were
detected by a color change (from yellow to colorless, related
to Fe(III)reduction) of the FW medium used for the che-
molithotrophic growth of S. oneidensis. For the evaluation

of the screening method single putative positive clones
([NiFe]-hydrogenase and genomic fosmid clones) were
tested among 23 negative clones, 47 negative clones, and 95
negative clones. The negative fosmid clones were the S.
oneidensis ΔhyaB clone 84G4II. The pool of 48 clones
provided the highest throughput combined with reliable
screening results and was therefore chosen for the screening
of metagenomic fosmid libraries. If a positive pool was
identified due to color change of the medium this pool (48
clones) was divided into two new pools each consisting of
24 clones and inoculated in FW medium. If the pool of 24
clones exhibited a color change it was further broken down
into pools of eight clones and subsequently single clones
until the clone responsible for the color change was iden-
tified. For this clone H2-uptake activity and hydrogen con-
sumption was measured and the metagenomic insert
sequenced. Due to partial difficulties with the growth of
frozen DMSO cultures with small sample volumes (loss of
insert) after storage for 6 to 8 weeks, conjugation steps had
to be repeated for the pools of eight clones and the single
clones. The fosmids of putative positive single clones were
isolated and fosmid ends were sequenced (Eurofins
Genomics) with pCC1/pEpIFOS forward and reverse
sequencing primers (Epicentre). The sequences were
compared to entries in the public NCBI databases using
blastx [39].

Preparation of crude cell extracts and partial
purification of recombinant H2-uptake active
enzymes

S. oneidensis MR-1 wild type, S. oneidensis ΔhyaB, and
S. oneidensis ΔhyaB complemented with (meta)genomic
genes encoding H2-uptake active enzymes were cultivated
anaerobically on a large scale. A total culture volume of
500–600 ml were grown in serum bottles containing 50 ml
FW each under an H2/CO2 atmosphere (80%/20% (v/v)) at
28 °C for up to 4 weeks. The hydrogenase deletion mutant
and the negative control (deletion mutant with a
hydrogenase-free metagenomic insert) were grown in FW
medium supplemented with pyruvate (15 mM) and
fumarate (7.5 mM) as electron donor and acceptor,
respectively. Cells were harvested by centrifugation
(6500 g, 4 °C, 1 h 30 min) and washed with 20 mM
sodium phosphate buffer (pH 7.0) containing 1 mM
dithithreitol (DTT). The partial purification of the
hydrogenases was performed as previously described [18]
with the following modifications: Cell disruption was
performed under anaerobic conditions in an anaerobic
chamber through sonication (Sonicator UP50H with
sonotrode MS2, Hielscher, Germany) at 70% amplitude
and cycle 0.5 (6× 30 s). Cell debris was removed by
centrifugation (14,000 g, 3 min) and the supernatant was
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ultra-centrifuged (100,000 g, 4 °C, 1 h) to separate the
membrane from the soluble fraction. The supernatant of
the ultracentrifugation step was saved as the soluble
fraction and the membrane fraction was resuspended in
300–700 µl of 20 mM sodium phosphate buffer (pH 7.0)
containing 1 mM DTT (depending on the pellet size).
Both fractions were tested for H2-uptake activity and the
protein concentrations were determined according to
Bradford [43].

H2-uptake enzyme activity assay

The hydrogenase activity assay was performed spectro-
photometrically using oxidized methylviologen as an arti-
ficial electron acceptor and hydrogen as an electron donor.
This assay was performed under strictly anaerobic condi-
tions as previously described [18, 44, 45] but with some
modifications. Glass cuvettes were filled with anoxic reac-
tion mixtures containing 20 mM sodium phosphate buffer
(pH 7.0), 1 mM DTT, and 20 mM oxidized methylviologen
and sealed with rubber stoppers. The cuvettes were flushed
with N2 for 5 min and then small amounts of 5 mM sodium
dithionite solution were added until the mixture turned blue
(indicating strictly anoxic conditions). The prepared
(membrane) protein fractions were added to the reaction
mixtures and the enzymatic reaction under N2 atmosphere
was observed spectrophotometrically at 602 nm (V-630 UV
VIS Spectrophotometer with EHCS-760 Peltier Cell
Holder, Jasco, Groß-Umstadt, Germany) as control.
Hydrogen oxidation was started by flushing the cuvettes
with 100% H2 gas (5.0, Westfalen AG) for 20 s and also
spectrophotometrically observed. The samples were incu-
bated at 25 °C (or 55 °C respectively) during the whole
measurement. The H2-uptake activity was calculated using
an extinction coefficient of 5.401M−1 cm−1 for 25 °C [31]
and 9.41M−1 cm−1 for 55 °C (Nicolas Rychlik, personal
communication).

H2-uptake activities were calculated as mean values from
three independent measurements and errors are given as the
respective standard deviation.

Hydrogen consumption measurements

In vivo H2-consumption measurements were performed
with the deletion mutant S. oneidensis ΔhyaB, S. onei-
densis ΔhyaB complemented with the four metagenomic
fosmids encoding H2-uptake active enzymes, the [NiFe]-
hydrogenase gene cluster of S. oneidensis (clone P5H2) as
well as the 13 kbp hydrogenase-free metagenomic frag-
ment (clone 84G4II). The respective cultures were grown
in serum bottles containing 50 ml of FW medium under an
H2/CO2 atmosphere (80%/20% (v/v) at 28 °C. The
hydrogen concentration in the headspace was determined

by gas chromatography using a ShinCarbon ST100/120
column (Restek Corporation, Bellefonte, PA, USA) in a
Trace GC ultra gas chromatograph (Thermo Fisher Sci-
entific Inc.) with a Pulse Discharge Detector (Vici Valco
Instruments, Houston, TX, USA) and helium 6.0 (West-
falen) as carrier gas. For the measurements 0.5 ml taken
from the headspace of the cultures was diluted in 1254 ml
of N2 gas 5.0 (Westfalen) and 2 ml of the mixture were
injected into the GC. Hydrogen was measured directly
after inoculation and after color change of the medium to
colorless (color change indicative of H2-uptake activity).
For the two negative controls (S. oneidensis ΔhyaB and S.
oneidensis ΔhyaB::pRS44_84G4II), which showed no
color change, weekly measurements were performed until
the end of the experiments. All clones were measured in
triplicates.

Sequencing and sequence analysis of the
metagenomic fragments

The metagenomic inserts of the hydrogen-converting
fosmid clones were sequenced using the PacBio RS II
technique (Pacific Biosciences of California Inc., Menlo
Park, CA, USA) and assembled according to PacBio’s
recommendations at GATC Biotech AG (Konstanz, Ger-
many) and Microsynth AG (Balgach, Switzerlnd). The
fosmids were isolated from the respective E. coli clones
using the Presto Plasmid Mini Kit (Geneaid, New Taipei
City, Taiwan) according to the manufacturer’s instruc-
tions. Two equimolar fosmid DNA pools (consisting of
two fosmids each) were sequenced with PacBio RS II. Orf
search was performed using prodigal with metagenomic
settings [46] and the detected orfs compared to entries in
the public NCBI databases using blastp [39]. Addition-
ally, a hidden Markov-model search was performed.
Protein sequences of [NiFe]-hydrogenases groups 1 to 4,
[FeFe]-hydrogenases groups A to C, as well as
[Fe]-hydrogenases (listed in refs. [5, 10]) were retrieved
from the public databases and aligned using t-coffee [47].
Hidden Markov models were created for each hydro-
genase type using HMMERs hmmbuild with default set-
tings and the metagenomic orfs were compared to them
using HMMERs hmmsearch with default settings that
were subsequently altered to a reduced bit score of 1.0 for
single domains [48].

Data availability

Sequences of the H2-uptake active metagenomic clones
were deposited in the National Center for Biotechnology
and can be found under Genbank accession numbers
MG456603–MG456606.
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Results and discussion

A novel activity-based screen for recovering H2-
uptake active enzymes from metagenomes

Before seeking recombinant H2-uptake enzymes from
metagenomic fosmid clones, we tested which [NiFe]-
hydrogenases from selected phylogenetically diverse iso-
lates could be expressed to produce a H2-uptake active
enzyme in our host-vector system (for hydrogenase phylo-
geny of tested isolates see Supplementary Fig. S3). Due to
the highly specific maturation apparatus of hydrogenases,
the heterologous expression of functional recombinant
hydrogenases often fails [15]. For each tested isolate we
expressed the hyaAB genes (in case of S. denitrificans only
hyaB was used) only or the entire hydrogenase gene cluster
to elucidate whether (i) functional hydrogenases could be
produced in our host and (ii) genes from the hydrogenase
gene cluster were needed for expressing a functional
structural hydrogenase. Our complementation experiments
demonstrated that the heterologous expression of different
proteobacterial [NiFe]-hydrogenases in a hyaB deletion
mutant of S. oneidensis is possible and can produce H2-

uptake active enzymes (Fig. 1; for more details see Sup-
plementary Material).

Seeking H2-uptake active enzymes from
hydrothermal vent metagenomes

The activity-based screen was applied to metagenomic
fosmid libraries constructed with DNA from three dif-
ferent hydrothermal vent environments. These were the
Sisters Peak chimney, hydrothermal fluids emanating
from a crater at Nibelungen and low-temperature fluids
from the Lilliput field along the southern Mid-Atlantic
Ridge. Each library consisted of 4800 fosmid clones. Of
the 14,400 screened clones, 4 clones exhibited H2-uptake
activity, which equals a hit rate of 1:3600 clones. The hit
rates of function-based screens targeting distinct enzyme
activities can vary considerably, depending on the target
enzyme distribution, heterologous gene expression, and
the sensitivity of the screening method (influenced by
host–vector systems and heterologous gene expression)
[49]. However, hit rates are usually rather low (1:10,000
clones or 1:2.7 Mbp to 1:3980 Mbp of screened DNA)
[50, 51]. Taking into account that our fosmids have an

Fig. 1 H2-uptake activities of S. oneidensis ΔhyaB complemented with
different bacterial hydrogenase genes. All activities of partially pur-
ified membrane fractions of different S. oneidensis ΔhyaB clones as
well as the S. oneidensis MR-1 wild type were measured at 25 °C. The
negative controls nc1 and nc2 are the deletion mutant S. oneidensis
ΔhyaB (nc1) and S. oneidensis ΔhyaB harboring a 13 kbp
hydrogenase-free metagenomic RubisCO gene cluster (84G4II) (nc2).
The S. oneidensis wild type (S. o. wt) and S. oneidensis ΔhyaB with
the S. oneidensis hydrogenase gene cluster (P5H2) are presented as

positive controls. The other activities shown are measured for S.
oneidensis ΔhyaB complemented with the large (S. denitrificans) or
large and small subunit structural genes of the [NiFe]-hydrogenases of
E. coli, Thiomicrospira sp., P. leiognathi, R. capsulatus, T. deni-
trificans, D. vulgaris, W. succinogenes, and A. aeolicus. The corre-
sponding genomic fosmid library clones containing the hydrogenase
gene clusters of the respective organisms (except for A. aeolicus) are
shown as shaded bars
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average insert size of 20 kbp, we had a rather good hit rate
of 1:72 Mbp for our H2-uptake screen.

H2-uptake activity and hydrogen consumption

From the four newly discovered H2-uptake active clones,
two clones were from Sisters Peak, one from Nibelungen,
and one from the Lilliput metagenomic libraries. The Sisters
Peak chimney is hallmarked by a steep thermal (400–4 °C)
and chemical gradient along its cross section, fluids have
1.6 mM hydrogen, and hydrogenases have been identified
[23]. Hot fluids at Nibelungen (120 °C) emanate from a
depression forming a crater structure and the sampled fluids
had 22 µM hydrogen related to ongoing serpentinization
reactions [21]. The Lilliput fluids are low-temperature
emissions from mussel patches where hydrogen con-
centrations are comparably low (<1 µM) [35] (for an
overview on some environmental characteristics see Sup-
plementary Table S3).

From the four fosmid clones the one derived from Lil-
liput (Lilli33G1) was the only one with significant H2-
uptake activity at 25 °C (66.4± 13.0 nmol H2/min/mg par-
tially purified protein) (Fig. 2a). All metagenomic fosmid
clones exhibited an H2-uptake activity at 55 °C (84.3 ± 3.0
to 257.6± 18.5 nmol H2/min/mg partially purified protein)
(Fig. 2a). This may be related to the temperatures of the
habitats the enzymes stem from, where Lilliput fluids have
relatively low temperatures (9 °C), while Sisters Peak and
Nibelungen emanate considerably hotter fluids (see Sup-
plementary Table S3). Enzymes from warmer environments
are usually optimized to function at elevated temperature as
can be seen for proteins derived from hydrothermal vent
inhabiting hyperthermophiles ([52] and references therein).
No H2-uptake activity was obtained from the respective
soluble fractions (data not shown). To our knowledge, the
only three previously reported H2-uptake activities deter-
mined from recombinant [NiFe]-hydrogenases displayed a
relatively wide range of activities, i.e. 3.75 nmol H2/min/mg
of total protein, 150 and 444 nmol H2/min/mg of partially
purified proteins [17, 18, 31]. Thus, our metagenomic
derived H2-uptake activities are in the upper range of the
available activities found in the literature. In some cases our
metagenome-derived activities even exceeded those mea-
sured for pure cultures [31, 53–56].

Hydrogen consumption was highest in the Nibelungen
(Nib22E5) clone with 14.4± 4.2% hydrogen consumption
of a 80:20 H2:CO2 gas mixture after 3 weeks (Fig. 2b). The
hydrogen that is consumed by clone Nib22E5 compares to
the amount of hydrogen used by clone P5H2 which is
complemented with S. oneidensis’ own hydrogenase gene
cluster (Fig. 2b). Generally, not much microbial hydrogen
consumption data are available from comparable experi-
ments. The Epsilonproteobacterium Sulfurimonas

denitrificans, for example, consumes 51 and 26% hydrogen
of the 80:20 H2:CO2 gas mix within 14 days of incubation
without or with added thiosulfate, respectively [31].

There are some discrepancies in the general trend found
for the H2-uptake activities and hydrogen consumption
measurements: H2-uptake activities related to the metage-
nomic fosmids are in most cases below detection limit at 25
°C, but when expressed in S. oneidensis ΔhyaB, consider-
able amounts of the available hydrogen are consumed at
comparable temperatures. Since our host S. oneidensis

Fig. 2 H2-uptake activities (a) and hydrogen consumption (b) of S.
oneidensis ΔhyaB metagenomic fosmid clones. a Activities of mem-
brane fractions from the clones of the three hydrothermal vent systems
Sisters Peak, Nibelungen, and Lilliput are measured at 25 and at 55 °C.
b Hydrogen consumption was measured at 28 °C. The negative con-
trols are the deletion mutant S. oneidensis ΔhyaB (nc1) and S. onei-
densis ΔhyaB harboring a 13 kbp hydrogenase-free metagenomic
RubisCO gene cluster (84G4II) (nc2). The positive control is P5H2 (S.
oneidensis ΔhyaB complemented with the hydrogenase gene cluster of
S. oneidensis). The remaining four fosmid clones carried metagenomic
DNA fragments from Sisters Peak (SP11A2 and SP11F2), Nibelungen
(Nib22E5), and Lilliput (Lilli33G1). The sequence information of the
metagenomic fosmid inserts is visualized in Fig. 3 and blastp results
are detailed in Supplementary Table S4
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cannot grow at elevated temperatures, no hydrogen con-
sumption measurements can be performed at 55 °C, thus
lacking comparison for H2-uptake activities at 55 °C. A
possible explanation for the thermal variability is that the H2

turnover rates of the respective enzymes at 25 °C are so
slow that they cannot be detected in the short time period of
the H2-uptake activity measurements. The long incubation
times until hydrogen consumption in the respective clones

Fig. 3 Visualization of the putative ORFs on the metagenomic DNA
fragments of the fosmid clones. Identified open reading frames of the
metagenomic fosmid inserts of the four H2-uptake active clones are
indicated as arrows in the direction of transcription. Arrows of the
same color indicate the same amino acid sequence (lengths can vary)

unless otherwise indicated by small letters. The corresponding blastp
hits with the highest identity are shown below the gene arrangements.
Details on the annotation of the open reading frames can be found in
Supplementary Table S4
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can be detected (up to 4 weeks compared to 2 to 3 days for
the positive control) add to this theory.

One may argue that a spontaneous reversion of the
mutant to its original hydrogen uptake phenotype falsely
interpreted as activity derived from fosmid gene expression
is the reason for the hydrogen conversion ability in the four
metagenomic fosmid clones. However, this is not feasible
for the following reasons: firstly, no hydrogen consumption
or H2-uptake activity was measured for any of the negative
controls, i.e. S. oneidensis ΔhyaB (nc1) and S. oneidensis
ΔhyaB::pRS44_84G4II (nc2) — other than minor
hydrogen-leakage from the serum bottles. Secondly, the
mutant was constructed by deleting 1013 base pairs of the
large subunit (including the motifs for the NiFe incorpora-
tion) of the structural gene of the [NiFe]-hydrogenase (total
gene size 1703 base pairs) and replacing them with a gen-
tamycin resistance cassette. In the activity-based screen all
fosmid clones are grown on gentamycin. If the resistance
gene is no longer present in the surrogate host (due to
excision), growth is impossible. In the event that the gen-
tamycin resistance gene jumped into another part of the host
genome, the hydrogenase mutant would still not be able to
use hydrogen as nearly two-third of the structural gene has
been deleted and thus its functionality is significantly
impaired.

Sequencing the metagenomic DNA fragments

PCR-based hydrogenase searches gave us only a single hit
when screening the three libraries for [NiFe]-hydrogenase
genes. The recovered sequence was identified in clone
Lilli33G1 and resembled the large subunit of the quinone
reactive [NiFe]-hydrogenase from Wolinella succinogenes
(99% AA identity) (for phylogeny see Supplementary
Fig. S3). The activity-based screen identified four H2-
uptake active S. oneidensis ΔhyaB fosmid clones, namely
SP11A2, SP11F2, Nib22E5, and Lilli33G1 (the latter was
also detected by sequence-based approach). PacBio
sequencing of these fosmids yielded four contigs. The
metagenomic fragments were similar to orfs from Gamma-,
Beta- and Epsilonproteobacteria, Firmicutes, Planctomy-
cetes, Actinobacteria, Aquificae, and viruses. Only the Lil-
li33G1 fosmid insert encoded a gene similar to a
hydrogenase in the database (99% similarity to the [NiFe]-
hydrogenase from W. succinogenes). According to blastp
the other orfs encoded on the metagenomic fragments had
generally very low identities to other known sequences:
SP11A2 — no significant hit or 34–56% AA similarity,
SP11F2 49–68% AA similarity, Nib22E5 no significant hit
or 27–38% AA similarity, and Lilli33G1 26–99% AA
similarity (see Fig. 3 and Supplementary Table S4). Hidden
Markov-model searches with thresholds set to bit scores of
1.0 for single domains could not identify any classical

hydrogenase motifs ([NiFe]-, [FeFe]-, and [Fe]-hydro-
genases were considered) in the orfs of the three metage-
nomic inserts from clones SP11A2, SP11F2, or Nib22E5.
This, however, is not unusual. Activity-based screens
applied to metagenomic fosmid, phagemid, or plasmid
clones have repeatedly retrieved enzymes with sought for
specific activities. Nevertheless, often the respective meta-
genomic inserts encode proteins which show no similarity
to any other known gene or subsequent sequence-based
searches fail to find significant similarities to known pro-
teins of the expected gene product class [57–60]. As a
consequence, several new enzyme classes for these
recombinant enzymes recovered through such activity-
based assays have been suggested [59, 61].

When sequencing the metagenomic fosmid inserts we
encountered several repeats. Today’s sequencing technol-
ogy cannot resolve such repeats if they occur in the natural
environment and possibly also not when sequencing gen-
omes, unless using sequence technologies that produce very
long reads. Therefore, we cannot exclude that these repeats
are real. However, we believe that the high number of
repeats in the metagenomic fragments is related to MDA,
which we had to apply to generate sufficient amounts of
DNA for fosmid library construction. MDA is known to
cause bias when amplifying metagenomic DNA [62], but
the bias is much smaller than that of other (PCR-based)
whole-genome amplification methods [63, 64], making it
the preferential method for the amplification of low biomass
environmental DNA. Nevertheless, even though the DNA
fragments may be manipulated through MDA, the screen
itself combined with metagenome amplified DNA still has
the potential to identify genes and respective enzymes with
hydrogen uptake ability. This approach may actually be
beneficial if searching for recombinant enzymes with high
H2-uptake ability, where the activity of the fragment matters
more (repeats of genes encoding hydrogen uptake enzymes
increase activity) than whether the sequence of genes is
altered compared to what is found in the environment. In
ecological studies, however, it will be vital to provide suf-
ficient amounts of clean, unaltered DNA for metagenomic
fosmid library construction and respective screening.

Conclusion

The knowledge of hydrogen-converting organisms and their
enzymes is limited by our ability to culture the micro-
organisms. The comparison of metagenomic and tran-
scriptomic sequences is restricted by the genes and
respective products that have been characterized and that
are thus available in the databases for comparison. Although
activity-based screens also have some drawbacks, related to
problems of expressing metagenomic DNA in a surrogate
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host, our screen can help fill the gap to identify and study
hydrogenases from uncultured organisms that would not
have been found otherwise by available sequence- or
culture-based techniques. Needless to say that not all bac-
terial and archaeal hydrogenases can be identified with the
host–vector system used here, indicating how imperative it
is to further develop this screen by using alternative hosts
for expressing the enzymes. Nevertheless, the good recov-
ery (rate) of H2-uptake enzymes, the relatively high levels
of enzymatic H2-uptake activity, and in vivo hydrogen
consumption of hydrogenase mutants containing fosmids
with metagenomic inserts as well as the limited similarity to
known hydrogenases indicate the large hydrogen-
converting potential that can be found among the uncul-
turables in deep-sea hydrothermal vent environments and
likely beyond. Although this screen is very laborious and it
takes roughly 4.5 weeks to screen 8–12 pools consisting
each of 48 fosmid clones (and another 3 months to break
H2-uptake active pools down to one individual positive
clone), it is, to our knowledge, currently the only way to
identify and recover novel enzymes capable of hydrogen
conversion from uncultured organisms.

Three of our four metagenomic inserts of the fosmid
clones conferring H2-uptake activity and hydrogen con-
sumption ability lacked sequence homology to known
hydrogenases. In fact, searches for several of the orfs failed
to find significant similarities to any of the known protein
families opting for a new type of hydrogen-converting
enzyme. [Fe]-hydrogenases are an example of an uncommon
hydrogenase—if [NiFe]- and [FeFe]-hydrogenases are con-
sidered a typical hydrogenase—since they lack iron–sulfur
clusters and do not contain redox-active transition metals—
although iron is required for enzyme activity [65]. In
hydrothermal vents (rare) metals can be readily available and
evolution may have produced an enzyme in such a system
that is different to the common and known types of hydro-
genases. Also, with a different redox-active center than that
found in the classic hydrogenases, where the organometallic
ligands are coordinated to the iron center, assembly of the
structural protein may be considerably less complex and
require less (if any) assembly and maturation proteins.
Conclusively, given the relatively high H2-uptake activities,
the hydrogen consumption and the lack of (significant)
homologies to known sequences, we postulate that alter-
native mechanisms for hydrogen conversion exist. Future
work should address the identification of the orfs from the
metagenomic fragments encoding hydrogen conversion
(subcloning, transposon mutagenesis) and description of the
protein structure (crystallization) to expand our under-
standing of hydrogen conversion in nature.
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