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Signature-tagged mutants of Desulfovibrio desulfuricans G20 were screened, and 97 genes crucial for sediment
fitness were identified. These genes belong to functional categories including signal transduction, binding and
transport, insertion elements, and others. Mutants with mutations in genes encoding proteins involved in
amino acid biosynthesis, hydrogenase activity, and DNA repair were further characterized.

Sulfate-reducing bacteria play important roles in a variety of
anaerobic environments and have the potential to be used for
bioremediation of metals and hydrocarbons (19, 29, 31). The
vast majority of past studies have focused on growth in labo-
ratory media. Yet with our current knowledge of the impor-
tance of changes in gene expression in response to environ-
mental factors (14) and recent developments demonstrating
the utility of in situ microbial studies (15, 26), the limitations of
studying microbial processes in the laboratory have become
evident. Sediments provide unique habitats for microorgan-
isms (12), and environmental bacteria must therefore contend
with nutrient limitation, competition, osmotic changes, varia-
tion in redox potential, and other factors. Bacteria growing in
sediments likely possess characteristics distinct from those
grown in the laboratory under pure culture conditions (2).
There have been limited efforts to prove that cellular functions
observed in the laboratory are important for microorganisms
growing in the natural environment. In order to address these
issues, a modified signature-tagged mutagenesis technique was
adopted and Desulfovibrio desulfuricans G20, a sulfate-reduc-
ing bacterium, and Shewanella oneidensis MR-1, an iron-reduc-
ing bacterium, were used as models for studying functions for
in situ growth (9). Using S. oneidensis MR-1, 47 genes were
identified that enhanced sediment fitness and it was further
demonstrated that antibiotic efflux was a required process for
bacteria in sediment (10). In this study, we identified D. des-
ulfuricans G20 genes apparently necessary for fitness in aquifer
sediments and further characterized several of them.

G20sediment (9), a G20 strain that had been adapted to sed-
iment conditions, was used as a parent strain for construction
of our tagged-transposon mutant library. Details on the gen-
eration of a mutant library were described in a previous study
(9). Sediment fitness mutants were defined as mutants that
were unable to grow in sediment or unable to compete with
native microorganisms and were originally selected based on
the fact that the oligonucleotide tag within the chromosome of
the mutant was not recovered from untreated sediments after

an 8-day incubation period. D. desulfuricans G20 increased in
number roughly fivefold while growing in sediment during the
8-day incubation period (data not shown). Fitness mutants
were retested and selected if cell numbers were less than 10%
of the inoculum concentration after the 8-day sediment incu-
bation. A total of 108 fitness mutants were identified. The
transposon-inserted regions were sequenced, and insertion-
deletion genes were identified. An overview of their recovery
rates from sediment and their homologs to other Deltapro-
teobacteria whose genomes have been sequenced is shown in
Table 1.

These mutants represent transposition events into 97 open
reading frames (ORFs) whose predicted products fall into a
wide variety of functional categories (Table 1). The positions
of ORFs with transposon insertions were identified, and their
locations on the chromosome were not biased, as indicated by
the gene locus number. It is noted that these genes were
distributed throughout the chromosome, and this result is con-
sistent with previous studies with pathogens for growth and
viability in vivo (22, 25). Nine genes were identified twice, and
one gene was identified three times by different tagged trans-
posons in different locations within the gene (Table 1). Bioin-
formatics analysis indicated that proteins from all of the func-
tional category groups (based on analyses of clusters of
orthologous groups [COG]) were identified, except for cell
division genes, which are likely to be essential not only for in
situ growth but for growth in general. Such mutants would not
be present in the library, as they would have been eliminated
during the initial selection on lactate-sulfate (LS) antibiotic
plates (17, 21).

All sediment fitness mutants were able to grow in LS me-
dium. The majority of mutants had growth rates identical to
strain G20sediment, with only four growing more slowly than
G20sediment (Table 1). During the pooled incubation in sedi-
ment, it is possible that these slow-growing mutants were un-
able to grow or compete with native bacteria or other mutants
in the sediment due to a lower level of inoculum (caused by
slower growth in the inoculum tubes). However, these mutants
were then grown and inoculated into sediment individually and
shown to be unable to survive, confirming that the functions of
these interrupted genes were also needed for sediment sur-
vival.
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TABLE 1. Attenuated D. desulfuricans G20 mutants identified by screening in sulfidogenic sediment

Function and mutant Locusa Predicted product % Sediment
recovery

% Similarity tob:

D. vulgaris
Hildenborough G. metallireducens G. sulfurreducens

PCA

Energy metabolism
G7(pH10) Dde_0043* Iron-sulfur cluster-binding

protein
0.3 75 46 52

G9(pC1) Dde_0044* Pyruvate flavodoxin/ferredoxin
oxidoreductase, thiamine
di-P-binding domain protein

3.5 77 57 53

G11(pH5) Dde_0410L Glycerol kinase 0 84 65 63
C10(pG11)c Dde_2134* Hydrogenase (NiFe) small

subunit (HydA)
0.5 77 37 38

A3(pH11) Dde_2334L Succinyl-CoA synthetase, alpha
subunit

0 65 46 49

D5(pB3) Dde_2334L Succinyl-CoA synthetase, alpha
subunit

1.1 65 46 49

C10(pB6)c Dde_3282* Formate C-acetyltransferase 0.3 35 28 33
A8(pF3) Dde_3709* Ferredoxin, 4Fe-4S, putative 7.2 81 24 23
C8(pE11)c Dde_0081* Fe-only hydrogenase 0.3 73 27 28

Amino acid biosynthesis
A2(pE11)c Dde_0079 Tryptophan synthase, beta

subunit
0.5 81 62 32

G12(pD6)c Dde_1081L Arginine biosynthesis
bifunctional protein ArgJ

0.3 65 50 48

C10(pF5) Dde_3111 L-Serine dehydratase 1.6 42 / /
A5(pA9) Dde_3130* Acetolactate synthase, small

subunit
0.3 64 34 33

E2(pG11) Dde_0104 Glutamine synthetase 0 85 51 49
B12(pE4)c Dde_3487* Chorismate mutase/prephenate

dehydratase
0 72 43 41

C6(pF6) Dde_3487* Chorismate mutase/prephenate
dehydratase

0 72 43 41

A5(pB6) Dde_3635L Glutamate synthase (NADPH),
homotetrameric

0 75 33 53

A9(pC7) Dde_3635L Glutamate synthase (NADPH),
homotetrameric

0.5 75 33 53

Nucleotide metabolism
A1(pA10) Dde_0113* Ribonucleoside-diphosphate

reductase
0.3 79 54 54

A4(pE7) Dde_3016* Anaerobic ribonucleoside-
triphosphate reductase,
putative

0 83 / /

C12(pB6) Dde_3016* Anaerobic ribonucleoside-
triphosphate reductase,
putative

0 83 / /

H7(pG4) Dde_3016* Anaerobic ribonucleoside-
triphosphate reductase,
putative

0 83 / /

Carbohydrate metabolism
C10(pE3) Dde_0415L Alpha amylase domain protein 3.5 / 44 /
E1(pF11) Dde_1178 Glycerone kinase 0.8 86 / /
H8(pG2) Dde_1424 Alpha-glucan phosphorylase 1.3 73 49 49

Coenzyme metabolism
G2(pA11) Dde_1379 Thiamine-phosphate

pyrophosphorylase
0.4 62 45 45

H8(pF5) Dde_2713L Lipoate-protein ligase B 1.3 69 41 40
H10(pG10) Dde_3495* Cobinamide kinase and

cobinamide phosphate
guanylyltransferase

0.3 30 33 32

Lipid metabolism
G9(pB10) Dde_2001 Phospholipid/glycerol

acyltransferase
0.3 58 27 28

H4(pD3) Dde_2001 Phospholipid/glycerol
acyltransferase

0 58 27 28

Continued on facing page

6306 LUO ET AL. APPL. ENVIRON. MICROBIOL.



TABLE 1—Continued

Function and mutant Locusa Predicted product % Sediment
recovery

% Similarity tob:

D. vulgaris
Hildenborough G. metallireducens G. sulfurreducens

PCA

Cell envelope
A1(pG11) Dde_0428L Glycosyltransferase-like 0.3 49 / /
A9(pC4) Dde_0438* UDP-N-acetylglucosamine

pyrophosphorylase-related
protein

0 / / /

A6(pA2) Dde_1370* N-Acetylmuramoyl-L-alanine
amidase

5.6 41 38 37

D8(pA12)d Dde_1437* Carboxyl-terminal protease 0.1 63 46 45
B2(pF1) Dde_1551 D-Alanyl-D-alanine dipeptidase 3.7 / / /
D2(pE11) Dde_1551 D-Alanyl-D-alanine dipeptidase 0.8 / / /
A3(pF6) Dde_1682 Uncharacterized protein

involved in outer membrane
biogenesis-like

0 33 / 21

B1(pF7) Dde_1682 Uncharacterized protein
involved in outer membrane
biogenesis-like

0.8 33 / 21

H6(pH11) Dde_3043* D-Alanine-D-alanine ligase and
related ATP-grasp enzyme-
like

1.1 / 26 /

B8(pC6) Dde_3694* Glucose-1-phosphate cytidylyl-
transferase

0 76 27 27

E2(pG5) Dde_3138* Membrane protein 0 / / /
A4(pH9) Dde_3102 Membrane protein, putative 0.3 60 / /

Transport and binding
protein

G5(pB9) Dde_0495* Heavy metal-translocating P-
type ATPase

0.5 45 36 37

E11(pD9) Dde_3504 Chloride channel family
protein

0.3 71 29 30

C10(pG3) Dde_3725* Phosphonate uptake
transporter

0.3 83 / /

A9(pG2) Dde_0208 Conserved hypothetical protein
(domain Na�/H� antiporter)

1.6 28 / /

D8(pH9) Dde_2476 Na�/H� antiporter family
protein

0 63 / /

E2(pB11) Dde_0371* Dipeptide ABC transporter
substrate-binding protein

1.0 26 27 26

G2(pG2) Dde_0396L Amino acid ABC transporter,
permease protein, 3-TM
region, His/Glu/Gln/Arg/
opine

7.2 42 / 39

G9(pB1) Dde_1386 Amino acid ABC transporter,
permease protein, 3-TM
region, His/Glu/Gln/Arg/
opine

4.0 70 / 37

C7(pE7) Dde_0339 Outer membrane protein,
OMPP1/FadL/TodX family

0.3 54 / /

G11(pG11) Dde_0339 Outer membrane protein,
OMPP1/FadL/TodX family

0 54 / /

A3(pE2) Dde_0132 Permease, putative 9.1 53 22 22
A6(pH4) Dde_0630* Sodium/solute symporter

family protein
0.3 34 34 32

G9(pB4) Dde_1335L ABC transporter, permease
protein

0 58 28 25

Signal transduction
H9(pF8) Dde_0602* Multisensor signal transduction

histidine kinase
0 28 38 40

G5(pA9) Dde_1945 Putative PAS/PAC sensor
protein

0.3 29 35 38

D12(pB8) Dde_3715L Multisensor signal transduction
histidine kinase

0 69 27 39

C8(pC10)d Dde_1569L Metal-dependent
phosphohydrolase

0 71 58 52

Continued on following page
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TABLE 1—Continued

Function and mutant Locusa Predicted product % Sediment
recovery

% Similarity tob:

D. vulgaris
Hildenborough G. metallireducens G. sulfurreducens

PCA

B12(pG11) Dde_3047L Serine phosphatase 0.3 31 26 33
B8(pB6) Dde_3047L Serine phosphatase 0 31 26 33
G9(pD12) Dde_3096* Putative PAS/PAC sensor

protein
1.5 28 25 25

A4(pG11) Dde_2734 Methyl-accepting chemotaxis
sensory transducer

0 41 28 32

D5(pD2) Dde_0458 Methyl-accepting chemotaxis
sensory transducer

3.7 41 42 44

D12(pC8) Dde_1755 Methyl-accepting chemotaxis
sensory transducer

0.3 35 31 27

B2(pG1) Dde_3212L CheD, stimulates methylation
of monocyte chemoattractant
proteins

2.9 52 44 47

DNA replication,
recombination,
and repair

E12(pC12) Dde_0534 Putative transposase protein 0.5 / / /
B4(pB9) Dde_0618 ISxcd1 transposase 0 50 36 24
G9(pG3) Dde_0618 ISxcd1 transposase 1.6 50 36 24
D5(pC2) Dde_3364L ISxcd1 transposase 2.4 50 36 24
A8(pF7)c Dde_2322* Holliday junction DNA

helicase RuvB
0.3 84 62 63

A12(pF10) Dde_2872 Transposase-like 0.3 / / 30
B12(pF11)c Dde_2973L DNA-directed DNA

polymerase UmuC
0.5 54 26 25

D12(pF8) Dde_3099 Methylated-DNA-protein-
cysteine methyltransferase

0 / / /

Ribosomal structure and
biogenesis

C6(pB7) Dde_0389* Dihydrouridine synthase family
protein

0.3 65 41 41

G9(pH3) Dde_1432L Ribosomal protein L11
methyltransferase, putative

3.2 63 37 37

Transcription regulatory
functions

C6(pB5) Dde_0247* DNA-directed RNA
polymerase, omega subunit

0 84 61 59

D12(pE9) Dde_1614* Regulatory protein GntR, helix
turn helix (HTH)

0.3 58 / 49

G2(pC4) Dde_3684* Hypothetical protein (domain,
HTH-ARSR)

0.5 / / /

A1(pD3) Dde_0289 Putative transcriptional
regulator, Fis family

0 45 42 39

Posttranslational
modification

B10(pF9) Dde_0278* Radical sterile alpha motif
(SAM) domain protein

0 58 / /

G6(pH7) Dde_1002L Peptide methionine sulfoxide
reductase

0.8 41 61 42

B8(pF6) Dde_1203* Thioredoxin reductase 0 56 34 36
B10(pF3) Dde_2313 Thiol peroxidase 0.8 82 66 63
H8(pE2) Dde_3318* Hypothetical protein (domain,

trans-aconitate
methyltransferase)

7.2 / 29 /

Others
C8(pA7) Dde_0151* Metallo-beta-lactamase family

protein
0.3 73 / /

D11(pC10) Dde_0266 Acetyltransferase-like 0.3 / / /
A9(pB11) Dde_0966 Metal-dependent

phosphohydrolase
0.8 / / /

Continued on facing page
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Growth of mutants for amino acid biosynthesis genes. De-
sulfovibrio desulfuricans G20 was grown in LS medium pre-
pared as described by Groh et al. (9). A mineral medium,
prepared as described by Castaneda-Carrion (3) with a few
modifications, was also used. The mineral medium contained
10 mM sodium sulfate, 25 mM sodium lactate, 0.05% yeast
extract, and vitamins and minerals. N2-CO2 (4:1) was used for
the headspace. Prior to autoclaving, the pH was adjusted to
7.2, and after autoclaving, 8 mM NaHCO3 and 1.6 mM Na2S
were added from anaerobic stock solutions. Three mutants
[G12(pD6), B12(pE4), and A2(pE11)] with mutations in genes
involved in amino acid biosynthesis (Table 1) were individually
cultured in LS medium and then transferred (0.1 ml) to lactate
mineral medium. A further transfer was then made of log-
phase cultures (optical density at 600 nm [OD600] of 0.4) into
mineral media containing 0, 0.05%, 0.01%, and 0.005% yeast
extract. OD600s were recorded from duplicate tubes for each
mutant with strain G20sediment as the control.

The mutation in G12(pD6) is in the gene encoding N-acetyl-
glutamate synthase (ArgJ), which catalyzes two activities in the
cyclic version of arginine biosynthesis: the synthesis of acetylglu-
tamate from glutamate and acetyl coenzyme A (acetyl-CoA) and
that of ornithine by transacetylation between acetylornithine
and glutamate (27). This protein has 37% similarity to the

Escherichia coli protein ArgJ. B12(pE4) is mutated in the gene
encoding chorismate mutase/prephenate dehydratase, a cyto-
plasmic protein with 31% similarity to the E. coli enzyme.
Chorismate mutase catalyzes the conversion of chorismate to
prephenate in the tyrosine and phenylalanine biosynthesis
pathways (39). A2(pE11) is mutated in the gene encoding the
tryptophan synthase (TrpB), beta subunit, responsible for the
final step of L-tryptophan biosynthesis. It has very high homol-
ogy to TrpB in other bacteria, including E. coli (55%) and D.
vulgaris (81.15%). This protein also has a paralog in G20, with
57% identity.

In order to be certain that the loss in sediment fitness for
these mutants was due to the loss of the ability to synthesize
amino acids, growth was assessed with different concentrations
of yeast extract, which provides trace amounts of amino acids
(34). Figure 1 shows growth curves in decreasing yeast extract
concentrations. Without yeast extract in the medium, all of
these mutants had impaired growth. These results also indicate
that D. desulfuricans G20 has the ability to synthesize all of the
necessary amino acids when growing in mineral medium. Two
of the mutants lost the ability to grow without added amino
acids, a function apparently needed for growth in sediments.
The slow growth of mutant A2(pE11) suggests to us that the
paralog of TrpB may be functional.

TABLE 1—Continued

Function and mutant Locusa Predicted product % Sediment
recovery

% Similarity tob:

D. vulgaris
Hildenborough G. metallireducens G. sulfurreducens

PCA

B11(pC2)d Dde_1652* Metal-dependent
phosphohydrolase

0 55 35 34

C6(pG11) Dde_3164* DHH family protein 0.5 53 36 34
A4(pH11) Dde_3451* Conserved hypothetical protein

(domain, predicted SAM-
dependent
methyltransferases)

0.3 60 43 44

B11(pF2)d Dde_1729* Protein of unknown function
DUF34

0 46 30 28

G9(pF3) Dde_2698* ATP synthase protein I 1.3 57 / 38
D11(pF11) Dde_3374* Phage putative head

morphogenesis protein,
SPP1 gp7

0.3 56 / /

C12(pG2) Dde_3386* Phage tail tape measure
protein TP901, core region

1.3 30 / /

E2(pA10) Dde_0833* ATPase 0.3 54 49 45
C10(pF3) Dde_2869* Type I restriction-modification

system, S subunit
7.7 / / /

Hypothetical and conserved
hypothetical proteins

B9(pF11) Dde_0728L Conserved hypothetical protein 0.3 / / /
C6(pF11) Dde_0222* Conserved hypothetical protein 0 61 / /
B8(pA10) Dde_0229* Conserved hypothetical protein 0.3 65 49 49
G11(pA11) Dde_0983* Hypothetical protein 0.3 65 39 38
B12(pC10) Dde_1127* Hypothetical protein 0.3 67 51 50
D5(pF5) Dde_2572 Hypothetical protein 6.1 32 / /
B8(pG6) Dde_2586 Hypothetical protein 0.8 / / /
G9(pF5) Dde_3771 Hypothetical protein 2.4 / / /
H8(pC4) Dde_3760 Hypothetical protein 0 / / /
G7(pE11) Dde_0940 Hypothetical protein 0.5 / / /

a �, locus is the gene within an operon; L, locus is the last gene of an operon.
b /, homologs to D. desulfuricans G20 proteins were not found.
c Mutant was further characterized in this work.
d Mutant had slower growth in LS medium than the parent strain.
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Growth experiments with mutants G12(pD6) and B12(pE4)
suggest that they have lost the ability to synthesize arginine or
phenylalanine for growth. Given that free amino acids are
likely present at very low levels in sediments, the inability to
generate all of the needed amino acids likely influenced the
ability to survive. Pathogens and commensal microorganisms,
on the other hand, do not likely have similar constraints (11).
Others have shown that amino acid biosynthesis can be ele-
vated in response to nutrient limitation, stress, or amino acid
restriction (37), perhaps having an indirect effect on fitness
under those conditions.

Growth of strains with UV treatment. Mutants with muta-
tions in the umuC and ruvB genes were individually cultured in
LS medium to an OD600 of 0.5 to 0.7. Cells (2 ml) were added
to 18 ml of LS medium in a petri dish and then exposed to UV
light at 254 nm at 10 cm for 10, 30, 60, 180, and 300 s. After UV
exposure, serial dilutions were made into 2-ml 96-well plates
(Beckman Instruments, Inc.; no. BK609681) for 3-well most
probable number counts. Growth was recorded after a 2-day
incubation at 37°C. UV and many chemicals cause mutagenesis
by a process of translesion synthesis that requires DNA poly-
merase III and the SOS-regulated proteins UmuD, UmuC,
and RecA. This machinery allows replication to continue
through DNA lesions, therefore avoiding lethal interruption of
DNA replication after DNA damage (30). UmuC is a well-

conserved protein in prokaryotes and is present in all kingdoms
of life (33). UmuC in G20 has an ortholog in E. coli with
41.67% identity, and it is also conserved within the Deltapro-
teobacteria (Table 1).

RuvB is part of the RuvABC complex of proteins, which are
involved in Holliday junction resolution. During DNA replica-
tion, recombination, and repair processes, Holliday junctions
are formed (5). RuvA forms a helicase complex with RuvB,
mediating the Holliday junction migration by localized dena-
turation and reannealing (6).

To verify that the fitness mutants were deficient in survival
after DNA damage, we compared rates of mutant survival after
exposing cells to UV light (254-nm wavelength). The survival
rate of each mutant is shown in Table 2. Both mutants had at
least 10-fold-lower survival rates than the parent strain after
exposure to UV light, providing strong evidence for a role of
the interrupted genes in the response to mutagens.

Published analyses of sediments have clearly demonstrated
the presence of mutagens, which can threaten the viability of
aquatic biota (4). DNA-damaging agents range from UV light,
to fungal metabolites, to reactive oxygen species (33). Al-
though the roles of specific DNA repair pathways have not
been studied in natural systems, both error-free (RuvABC)
(28) and error-prone (UmuDC) (30) pathways are universally
present in environmental bacteria (1, 7, 38). Previous studies

FIG. 1. Growth of D. desulfuricans G20sediment and the mutants G12(pD6), B12(pE4), and A2(pE11) in mineral medium with or without (w/o)
yeast extract (YE) at concentrations of 0.05% (A), 0.01% (B), 0.005% (C), and 0% (D). The data shown represent the average of duplicate
cultures. Error bars represent standard deviations.

TABLE 2. Comparison of the survival rates after UV treatment based on most probable number counts

Mutant
Survival ratio after UV exposure fora:

10 s 30 s 1 min 3 min 5 min

A8(pF7) 2.3 � 10�2 1.3 � 10�3 1.0 � 10�5 4.2 � 10�8 1.79 � 10�8

B12(pF11) 0.6 � 10�2 1.0 � 10�3 2.77 � 10�7 5.5 � 10�8 2.29 � 10�8

G20sediment 1.05 � 10�1 1.2 � 10�2 7.69 � 10�4 6.5 � 10�7 6.5 � 10�7

a The survival ratio was calculated from the number of cells that survived after UV exposure divided by the original number of cells.
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have shown that DNA repair mechanisms (specifically RecA)
are induced upon exposure of pure cultures living in natural
environments to UV light (1) or chemical mutagens (7). The
results presented here showing the importance of umuC and
ruvB genes in sediment survival clearly demonstrate a role for
DNA repair systems in sediment-dwelling bacteria in dealing
with in situ concentrations of mutagens.

Growth of strains with mutations in energy production
genes. With H2 as an electron donor, lactate was omitted, and
10 mM sodium acetate-H2 (10 ml) was added to the min-
eral medium. Three mutants [C10(pG11), C10(pB6), and
C8(pE11)] with mutations in genes annotated to be involved in
energy metabolism (Table 1) were cultured in LS medium to
test their abilities to grow with H2. Lactate-grown cultures
(OD600 of about 0.4) were used to inoculate (0.1 ml) cultures
incubated with H2 (shaken) or lactate as the electron donor.
Duplicate tubes were used for each mutant with strains
G20wildtype and G20sediment as controls. C10(pB6)had a muta-
tion in the gene encoding formate C-acetyltransferase (also
known as pyruvate/formate lyase), a key enzyme of anaerobic
glucose metabolism, converting CoA and pyruvate to acetyl-
CoA and formate (20). Previous studies have shown that pyru-
vate/formate lyase was required when carbon-starved E. coli
entered the stationary phase (23). The G20 enzyme has 33.5%
homology to formate C-acetyltransferase in E. coli and is con-
served in Streptococcus species. Finding the ortholog for G20
during the sediment selection suggests that G20 may be simi-
larly experiencing carbon limitation. The similar growth rela-
tive to the parent strain in both LS medium (66 mM lactate)
and mineral medium (25 mM lactate) (Fig. 2) indicated that
with adequate carbon in the form of lactate, the mutant was
able to grow as well as the parent strain.

C10(pG11) had a mutation in the gene encoding the NiFe
hydrogenase small subunit (HydA), a periplasmic protein be-
lieved to be involved in H2 uptake (36). The small subunit in
G20 has 77.0% homology to hydrogenase (HydA) in Desulfo-
vibrio vulgaris and 37.1% homology to hydrogenase in
Geobacter metallireducens. This enzyme has two paralogs
(HynB-1 and HynB-2) in G20. The deletion mutant of its
ortholog in D. vulgaris was found to grow similarly during the

exponential phase and quickly die during the stationary growth
phase (8).

C8(pE11) has a mutation in the gene encoding the Fe-only
hydrogenase, a periplasmic protein which contains 4Fe-4S
clusters. Cytochrome c3 is likely the physiological electron car-
rier for the enzyme. However, the role of the Fe-only hydro-
genase as an uptake or production (24, 35) hydrogenase is still
being debated.

Both the parent strain and mutants grew similarly in lactate
mineral medium (Fig. 2). However, only the NiFe hydrogenase
mutant C10(pG11) grew more slowly with H2 than the
G20sediment strain (Fig. 2), confirming a role of the NiFe hy-
drogenase in H2 uptake.

H2 is a common intermediate in natural environments, and
sulfate-reducing bacteria are capable of using it as an energy
source (18). The interruption of the NiFe hydrogenase gene,
coding for a well-studied protein thought to be involved in
uptake of H2 during growth (36), decreased its H2-dependent
growth rate. Our experiments with another mutant C8(pE11)
containing the gene encoding the Fe-only hydrogenase showed
no growth effect with H2 as the electron donor, suggesting an
alternative role for this protein during sediment growth. H2 is
a key intermediate in aquatic sediments and in anoxic sedi-
ments (13), and H2 partial pressures are strictly maintained at
low, steady-state levels by H2-consuming organisms (18). As
H2 levels drop below 10 nM, sulfate-reducing bacteria are
known to outcompete methanogens and acetogens for H2 (13,
16). The selection of the uptake hydrogenase in the assay for
loss of sediment fitness provides direct evidence for a role in
sediment H2 uptake by Desulfovibrio.

Identical growth characteristics in both LS medium and lac-
tate mineral medium for the selected mutants and the parent
strain provide strong evidence that these genes are specifically
involved in sediment fitness. Although the cellular functions of
genes from one species cannot always be determined based on
database searches, similar functions of proteins, originally
identified through homolog analysis, have been subsequently
proven (10, 32). Thus, genes that have been identified as crit-
ical for G20 sediment fitness might have similar functions to
their homologs in other microorganisms. It is important to

FIG. 2. Growth of the D. desulfuricans G20sediment (G20sedi) strain and the mutants C10(pG11), C10(pB6), and C8(pE11) in mineral medium
using lactate (A) and H2 (B) as electron donors. Cultures were incubated at 37°C with shaking for H2 tubes and without shaking for lactate tubes.
The data shown represent the average of duplicate cultures. Error bars represent standard deviations.
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note that transposon insertions located in an operon would
likely influence expression of downstream genes and the ob-
served phenotype may be attributed to this (polar) effect. Our
results only identify the transposon-inserted gene and whether
the gene is located within an operon or as the terminal ORF of
an operon. The latter type of insertion is less likely to have a
polar effect.

Although much work remains for understanding specific
roles for identified genes during sediment growth, our limited
studies demonstrated several functions needed by G20 during
growth in sediment. Identification of all 97 genes important for
growth/fitness gives us an idea of the variety of proteins re-
quired by environmental microbes to adapt to their niches.
Based on the fact that more than 70% of the identified gene
products have homologs in D. vulgaris Hildenborough, G. met-
allireducens, and Geobacter sulfurreducens PCA, it is likely that
many of these genes have universally required properties.
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