
ORIGINAL ARTICLE

Laboratory evolution of Geobacter sulfurreducens for
enhanced growth on lactate via a single-base-pair
substitution in a transcriptional regulator
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The addition of organic compounds to groundwater in order to promote bioremediation may represent
a new selective pressure on subsurface microorganisms. The ability of Geobacter sulfurreducens,
which serves as a model for the Geobacter species that are important in various types of anaerobic
groundwater bioremediation, to adapt for rapid metabolism of lactate, a common bioremediation
amendment, was evaluated. Serial transfer of five parallel cultures in a medium with lactate as the sole
electron donor yielded five strains that could metabolize lactate faster than the wild-type strain.
Genome sequencing revealed that all five strains had non-synonymous single-nucleotide polymorph-
isms in the same gene, GSU0514, a putative transcriptional regulator. Introducing the single-base-pair
mutation from one of the five strains into the wild-type strain conferred rapid growth on lactate. This
strain and the five adaptively evolved strains had four to eight-fold higher transcript abundance than
wild-type cells for genes for the two subunits of succinyl-CoA synthase, an enzyme required for
growth on lactate. DNA-binding assays demonstrated that the protein encoded by GSU0514 bound to
the putative promoter of the succinyl-CoA synthase operon. The binding sequence was not apparent
elsewhere in the genome. These results demonstrate that a single-base-pair mutation in a trans-
criptional regulator can have a significant impact on the capacity for substrate utilization and suggest that
adaptive evolution should be considered as a potential response of microorganisms to environmental
change(s) imposed during bioremediation.
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Introduction

The unnatural conditions that some strategies for
bioremediation impose on subsurface microbial
communities may provide sufficient selective pres-
sure for the evolution of new microbial strains that
are better adapted to the engineered environment. For
example, a strategy for bioremediation of uranium-
contaminated groundwater is to accelerate the growth
of Geobacter species with the addition of acetate to
promote reductive precipitation of uranium (Ander-
son et al., 2003; Chang et al., 2005; N’Guessan et al.,
2008). Studies with Geobacter sulfurreducens de-
monstrated that selective pressure for faster growth
on Fe(III) oxides, the primary electron acceptor
supporting Geobacter growth during uranium bio-
remediation (Finneran et al., 2002), resulted in

replicate strains, which accumulated mutations that
increased the production of microbial pili (Reguera
et al., 2005, 2006) and other proteins that enhance the
rate of Fe(III) oxide reduction (Tremblay et al., 2011).

In addition to the demand for faster growth,
another artificial demand on subsurface commu-
nities during bioremediation can be for rapid
utilization of electron donors that are not commonly
abundant in the subsurface. For example, lactate is a
convenient electron donor for promoting anaerobic
metabolism because it can be provided from one-
time emplacements of slow-release formulations
(Hazen and Tabak, 2005). In contrast to acetate,
which is a major intermediate in carbon and
electron flow in the subsurface, lactate is expected
to be a minor constituent under conditions present
during the stimulation of bioremediation in the
subsurface (Lovley and Chapelle, 1995). Therefore,
a consequence of adding high concentrations of this
usually rare substrate may be an adaptive response
to utilize lactate more effectively.

The ability of laboratory cultures of Escherichia
coli to adapt to more effectively metabolize substrates
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under selective pressure is well documented (Ferea
et al., 1999; Shaver et al., 2002; Wick et al., 2002;
Cooper et al., 2003; Herring et al., 2006). The
availability of technology to rapidly identify muta-
tions in adapted strains, and then evaluate the
contributions of those mutations to adaptation with
genetic manipulation, has greatly accelerated the
understanding of the mechanisms for adaptation to
new substrates (Brockhurst et al., 2010). Genomic
changes promoting adaptation to new substrates
have included mutations that enhance the kinetics
of enzymes acting on the substrate (Fong et al.,
2005a, b; Herring et al., 2006; Conrad et al., 2009;
Lee and Palsson, 2010) and mutations in promoter
regions and global regulatory elements (Treves et al.,
1998; Herring et al., 2006; Pelosi et al., 2006); as well
as RNA polymerases (Herring et al., 2006; Conrad
et al., 2010). Surprisingly, there have been fewer
reports of adaptation to the use of a new substrate
via mutations in known transcriptional regulators
(Philippe et al., 2007; Barrick et al., 2009) despite
the fact that changes in transcriptional regulators are
thought to have key roles in the evolution of new
microbial species (Dekel and Alon, 2005; Babu and
Aravind, 2006; Babu et al., 2007), a concept further
supported with the observation that transcriptional
regulatory networks evolve and change faster than
other collaborative biological networks such as
protein interaction networks and metabolic pathway
networks (Shou et al., 2011).

G. sulfurreducens, which has been used exten-
sively as a model for the Geobacter species that
predominate during groundwater bioremediation
(Lovley, 2003), was previously reported to be unable
to grow on lactate (Caccavo et al., 1994). Here we
report that when G. sulfurreducens was provided
with lactate as the sole electron donor it adapted
over time to grow effectively on lactate. Unlike many
other previous studies on adaptive evolution for
expanded substrate utilization in other organisms,
the adaptation in G. sulfurreducens could be
attributed to mutations in a previously unstudied
transcriptional regulator.

Materials and methods

Experimental evolution and growth conditions
The ancestral strain for the adaptive evolution
experiments was from a frozen stock of G. sulfurre-
ducens PCA genome strain ATCC# 51573 (Methe
et al., 2003). The growth medium was the previously
described NBAF medium (Coppi et al., 2001), with
the modification that 10mM lactic acid was sub-
stituted for 15mM acetate as the sole electron donor/
carbon source. A total of 40mM fumarate was
provided as the sole electron acceptor. Media were
dispensed into pressure tubes, bubbled with an
80:20 nitrogen:carbon dioxide gas mixture to remove
dissolved oxygen and obtain a final pH of 6.9–7.0
and then sealed with butyl rubber stoppers. All

media were sterilized by autoclaving and all
incubations were at 30 1C. Standard anaerobic
techniques were used throughout (Balch et al.,
1979). Five cultures were grown in parallel. Growth
was measured by optical density at a wavelength of
600nm with a Spectronic Genesys 2 spectrophoto-
meter (Thermo Electron Corporation, Waltham,
MA, USA) equipped with culture tube reading
apparatus. The parallel cultures were grown until
an absorbance of 0.4 was reached, approximately
mid-late logarithmic growth phase and were serially
transferred always at this point by means of a 1%
(0.1ml) transfer to the next tube. The maximum
absorbance of the cultures once they had reached
stationary phase was B0.5, and the maximum
absorbance did not change over the course of the
laboratory evolution experiment.

Resequencing of evolved strain
Cells were collected by centrifugation and genomic
DNAwas extracted using the Epicenter Master Pure
DNA Purification kit (Epicentre Biotechnologies,
Madison, WI, USA) following the manufacturer’s
instructions. Sequencing of the evolved genomes
using Illumina sequencing, and genome assembly
was performed as described previously (Tremblay
et al., 2011). All mutations reported by resequencing
were confirmed in-house by PCR amplification of
the sequence and Sanger sequencing of the
DNA fragment using an Applied Biosystems (Life
Technologies Corporation, Carlsbad, CA, USA)
3730xl DNA Analyzer.

Mutation knock-in
To determine if a single-point mutation could
account for the phenotype of a lactate-adapted
strain, a copy of the mutated gene was introduced
into the genome with the Cre-Lox system (Marx
and Lidstrom, 2002). First the GSU0514 gene was
replaced with a kanamycin-resistance gene such
that the coding region from amino acid residues
36Leu to 252Ile was deleted. To achieve the deletion
strain, double-crossover homologous recombination
was carried out by electroporation (Coppi et al.,
2001) with the linear DNA fragment consisting of
the kanamycin-resistance gene flanked by 0.7 kbp
DNA fragments containing the upstream and the
downstream regions of the GSU0514 gene. These
flanking DNA fragments were amplified by PCR
with primers, 50-TCTCTCGAGCAAATTTAACGAGT
TCCTC-30 and 50-TCAAGCTTCGGTCACGCCCAGCT
CGTC-30 (XhoI and HindIII sites are underlined) and,
50-TCGAATTCCATGAAGCTCGGCTTTCA-30 and 50-TC
TCTAGACACCGGCAACCGACTGTGAA-30 (EcoRI
and XbaI sites are underlined), respectively. The
DNA fragment of the kanamycin-resistance gene was
amplified by PCR with primers, 50-GCATGAGA
ATTCCTGACGGAACAGCGGGAAGTCCAGC-30 and
50-GCTATGAAGCTTTCATAGAAGGCGGCGGTGGA
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ATCGAA-30 (EcoRI and HindIII sites are under-
lined), and pBBR1MCS-2 (Kovach et al., 1994) as a
template. These PCR products were digested with
restriction enzymes, ligated and cloned in the
plasmid. The sequences of these cloned fragments
were confirmed by DNA sequencing. After electro-
poration, kanamycin-resistant transformants were
isolated and inoculated in NBAF medium supple-
mented with 200 mgml�1 kanamycin. The replace-
ment was confirmed by PCR amplification. This
leaves the targeted gene inactive, and grants anti-
biotic resistance to the cell.

GSU0514 and its flanking regions were amplified
by PCR using the primers 50-CAAATTTAAC
GAGTTCCTC-30, and 50-CACCGGCAACCGACTGTG
AA-30 from genomic DNA extracted from the
adapted strain, ZMS123, containing the single-
nucleotide polymorphism (SNP). The fragment was
cloned into the pCR2.1 TOPO vector (Invitrogen,
Life Technologies Corporation, Carlsbad, CA, USA),
creating the plasmid pZS. The plasmid was digested
with NheI, gel purified and used to clone the XbaI
fragment containing a gentamicin resistance cassette
flanked with two LoxP sites isolated from the
plasmid pUC::GmRLoxP (Aklujkar and Lovley,
2010). The plasmid (pWA4) thus constructed was
digested with EcoRI and the 2.3-kbp fragment was
gel purified. Then, the purified fragment was used
to transform electrocompetent cells of the GSU0514
knock-out strain as described previously (Coppi
et al., 2001). After electroporation, the cells were
recovered for 18h in the lactate growth medium
supplemented with cysteine (1mM) and 0.1% yeast
extract. Transformants were selected on agar-solidi-
fied lactate growth medium containing 20mgml�1

gentamicin. Single colonies were inoculated into a
liquid medium containing 200 mgml�1 kanamycin to
test for the loss of the kanamycin-resistance gene.
Kanamycin-sensitive colonies were checked by PCR
to confirm the insertion of the mutagenic fragment
into the chromosome. Locus specific primers
(GSU0514F, 50-TGTCTCCTCCTGAAAATAGAAC-30;
GSU0514R, 50-GGGCTTTTCTGCTAGCGATGAAAG
CCGAGCTTCATG-30) were used for the PCR ampli-
fication under the following conditions: 94 1C for
1min followed by 30 cycles of 94 1C for 30 s; 65 1C
for 45 s; 72 1C for 90 s and finally 72 1C for 10min. To
evict the gentamicin cassette, electrocompetent cells
of the knock-in mutant were transformed with
pCM158 expressing the Cre-recombinase and kana-
mycin-resistance genes (Marx and Lidstrom, 2002).
After electroporation, transformants were recovered
overnight in a liquid medium amended with cysteine
and yeast extract. Cells from the recovery culture
were plated onto a medium with 200mgml�1 kanamy-
cin. Kanamycin-resistant mutants were purified
twice non-selectively without antibiotics and then
tested for the loss of the Kanr and Gmr cassettes.
Mutations were confirmed by Sanger sequencing,
and LA Taq DNA polymerase from Takara (Takara
Bio Inc., Otsu, Japan) was used for the PCR.

qRT-PCR analysis
Triplicate 100ml bottles were inoculated with a 1%
transfer. Wild-type G. sulfurreducens, ZMS123 and
the single-base-pair knock-in strain were grown on
NBLF (10mM lactate, 40mM fumarate) media. All
cultures were harvested in mid-log phase, when
they reached an optical density of 0.35 as deter-
mined by a spectrophotometer at a wavelength of
600nm. The cultures were each split into two 50ml
aliquots, spun down at 4 1C at 43000 g for 15min.
The cell pellets were then flash frozen with liquid
N2 and stored at �80 1C. RNAwas extracted from the
triplicate cultures using the Qiagen RNeasy Midi
Kit (Qiagen Inc., Valencia, CA, USA). The extracted
RNA was then treated with the Ambion DNA-free
Kit (Life Technologies Corporation, Carlsbad, CA,
USA) so as to remove all genomic DNA from the
sample. A control PCR reaction was run with G.
sulfurreducens specific primers to confirm that no
genomic DNA remained in the tube after the DNAse
treatment. The concentration was determined by
absorbance at 260/280 using a NanoDrop ND-1000
spectrophotometer (Nanodrop Products, Wilmington,
DE, USA). QPCR was performed as described
previously (Holmes et al., 2009) on the ABI Prism
7900HT Sequence Detection System (Applied
Biosystems) using primers specific for the succinyl
CoA synthetase a-subunit, GSU1058 (sucC), 50-ACC
TCTCGCTACTGCCTCAT-30 and 50-TCGATGGTGAG
AACATGGAT-30 and the succinyl CoA synthetase
b-subunit, GSU1059 (sucD), 50-GGTCTCTTCCATA
CCCAGCA-30 and 50-TTGAAGACCGGTATCCCTT
C-30. The relative abundance of transcript levels
of GSU1058 and GSU1059 from all five replicate
adapted strains was compared with that of the
wild-type G. sulfurreducens grown on a lactate-
fumarate medium.

Construction of GSU0514 expression vector and
purification of GSU0514
The DNA fragment encoding GSU0514 was amplified
from wild-type G. sulfurreducens genomic DNA by
PCR with primers 50-TCTCATATGGCGAAGAAGGA
CAAATCCGAA-30 and 50-TCTCTCGAGCCGATGAA
AGCCGAGCTTCATGGATA-30 (NdeI and XhoI sites
are underlined). The PCR products were cloned
into pET24b (Novagen, EMB Chemicals, Merck,
Darmstadt, Germany). The sequence of the PCR
products was confirmed. GSU0514 was prepared as
histidine-tagged protein at the C-terminus. Over-
expression of GSU0514 was achieved by Autoinduction
system (Novagen) as instructed by the manufacturer.
Purification of GSU0514 was performed as described
previously (Ueki and Inouye, 2002).

DNA-binding assay
Promoter regions upstream of GSU1058 (sucC) were
used as a probe. The DNA fragments used as a probe
were prepared by PCR with primers 50-TCTCTAGA
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CAAGTTCCTGAAGTTCATTT-30 and 50-TCGGATC
CAGTATTTCCTTTGCCTGGTACTC-30 (fragment 1,
Figure 5b), 50-TCTCTAGACAAGTTCCTGAAGTTCA
TTT-30 and 50-TCGGATCCAACGCAATGCGAATGGT
AA-30 (fragment 2, Figure 5b), and 50-TCTCTAGA
AACTGTTTTATTAATACTA-30 and 50-TCGGATCC
AGTATTTCCTTTGCCTGGTACTC-30 (fragment 3,
Figure 5b; XbaI and BamHI sites are underlined). The
PCR products were digested with XbaI and BamHI
and cloned into pET24b (Novagen). After confirma-
tion of the sequence of the PCR products, the DNA
fragment for the probe of the DNA-binding assay was
prepared by digesting the plasmid with XbaI and
BamHI and isolating the fragment by agarose gel
electrophoresis. The isolated DNA fragment was
labeled with (a-32P) dATP by Klenow fragment of
DNA polymerase I (Feinberg and Vogelstein, 1983).
DNA-binding assay was performed as described
previously (Ueki and Inouye, 2005).

Footprint assay
DNA fragment containing the sucC promoter region
was prepared with primers 50-TCTCTAGAAGGCAA
GATAGGACCA-30 and 50-TCGGATCCAGTATTTCCT
TTGCCTGGTACTC-30 (XbaI and BamHI sites are
underlined) as described above with modifica
tion. The DNA fragment was prepared by digesting
the plasmid with SacII and XhoI (XhoI is located
in the plasmid vector). DNaseI footprint assays
were conducted as described previously (Ueki and
Inouye, 2005).

Results

Adaptation for growth on lactate associated with
mutation in GSU0514
G. sulfurreducenswas initially reported to be unable
to grow on lactate with Fe(III) as an electron
acceptor (Caccavo et al., 1994), but when cells
grown with acetate as the electron donor and
fumarate as the electron acceptor were inoculated
(1% inoculum) into lactate-fumarate medium
G. sulfurreducens grew slowly (doubling time 22h)
after a long lag period. This compared with a
doubling time of 5 h in the same medium with
acetate as the electron donor. However, with
subsequent transfers of cultures in late logarithmic
growth phase, five independent lines of serial
transfers adapted for faster growth on lactate
(Figure 1). The adaptive trajectories were not
identical, but there was an overall trend of increased
growth rate in all cultures. After 23 transfers (B151
generations), the mean doubling time of the five
replicates was 8.3 h and there was no longer a long,
multiple day lag phase following inoculation into a
fresh medium, as was observed with the first
transfer on the lactate-fumarate medium.

Sequencing the genomic DNA from individual
clones from the 23rd transfer of the five replicates
revealed a SNP in gene GSU0514 in all five
replicates. No mutations in any other genes were

detected. Three strains shared the same mutation
and the two remaining strains each had a unique
mutation (Figure 2a). In all five replicates the single-
base-pair change resulted in a non-synonymous
change in an amino acid (Figure 2b). The resulting
amino acids that were changed in each of the five
replicate strains were in conserved amino acids.

Single-base-pair mutation in Gsu0514 is sufficient for
lactate adaptation
Genome resequencing may fail to detect transposi-
tion or other genome rearrangements (Zhong et al.,
2004). Therefore, it was important to evaluate
whether a single-base-pair mutation in GSU0514
could be sufficient for adaptation for rapid growth
on lactate. The mutation found in replicate tube #1,
designated strain ZMS123, and was chosen for
further analysis because this strain grew the fastest
of the five replicates whose genomes were sequenced.
A strain in which the wild-type GSU0514 sequence
was replaced with the sequence found in strain
ZMS123 grew on lactate at nearly the same rate as
strain ZMS123, with a doubling time of o10h
(Figure 3). However, because the single-base-pair
change did not immediately result in the genetically
engineered strain growing at the identical rate of
ZMS123 on lactate, it should be noted that genome
resequencing might fail to detect transposition or
other genome rearrangements. However, these
results demonstrate that a single-base-pair change
in the genome can significantly enhance the organ-
ism’s capacity for growth on lactate.

Identification of GSU0514 as a transcriptional
regulator of the succinyl-CoA synthetase operon
Gsu0514 is annotated as a transcriptional regulator
in the IclR family of transcriptional activators and

0

5

10

15

20

25

30

0 5 10 15 20 25

G
en

er
at

io
n

 T
im

e 
(h

o
u

rs
)

Transfer Number

Replicate 1

Replicate 2

Replicate 3

Replicate 4

Replicate 5

Figure 1 Growth rates increased for all five (numbered) replicate
strains selected for faster growth on lactate. The inverse of the
growth rate is plotted versus the transfer number for each of the
five replicate strains.

Laboratory evolution of Geobacter sulfurreducens
ZM Summers et al

978

The ISME Journal



repressors (Yan et al., 2007). The specific function of
a novel IclR family protein cannot be predicted
simply by sequence similarity (Krell et al., 2006;
Molina-Henares et al., 2006).

One potential difference in growth on lactate
versus growth on acetate (Figure 4a) is the necessity
for succinyl-CoA synthase for growth on lactate
(Figure 4b). G. sulfurreducens oxidizes acetate via
the tricarboxylic acid cycle (Galushko and Schink,
2000; Mahadevan et al., 2006). Acetate is activated
to acetyl-CoA for introduction into the tricarboxylic
acid cycle via succinyl-CoA:acetate-CoA-transferase
(Galushko and Schink, 2000; Segura et al., 2008).
Succinyl-CoA synthetase is not required for the
conversion of succinyl CoA to succinate during
growth on acetate and previous studies did not
detect succinyl-CoA synthetase activity in acetate-
grown cells (Galushko and Schink, 2000; Segura
et al., 2008). However, when lactate is the electron
donor, acetyl-CoA is produced directly from pyru-
vate and succinyl-CoA synthetase is required to

Figure 2 The single-base-pair mutations discovered in the five lactate-adapted replicates after 23 transfers in lactate media. (a) DNA
sequence of Gsu0514 with non-synonymous SNPs found in the adapted strains highlighted in red, individual SNPs from the different
replicate strains are all represented on the same sequence and labeled with arrows. (b) Amino acid sequence of selected regions from
Gsu0514 containing mutations. The adapted strain with all of the replicate strains mutation represented in a single sequence is on top,
followed by G. sulfurreducens wild-type sequence, and then aligned sequences from additional Geobacter species as well as Escherichia
coli to show amino acid conservation across species for the mutated regions.

Figure 3 Growth curves on the NBLF media of G. sulfurreducens
wild-type, adapted strain ZMS123 and the wild type with SNP
from ZMS123 inserted on chromosome.
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recover the CoA while producing succinate and
completing the tricarboxylic acid cycle (Figure 4b).

During growth on lactate, transcript abundance of
the genes for the two subunits of the succinyl-CoA
transferase enzymes, GSU1058 (sucC) and GSU1059
(sucD), was significantly higher than in wild-type
cells in each of the adaptively evolved strains, as
well as in the strain in which the single-nucleotide
polymorphism in GSU0514 of strain ZMS123 was
genetically introduced (Figure 5). These results
suggested that more succinyl-CoA synthetase is
produced in the adapted strains, allowing the cell
to completely oxidize the lactate.

Footprint-binding assays demonstrated that the
GSU0514 protein specifically bound to a putative
promoter region for the sucC–sucD operon,
(Figure 6a). The GSU0514-binding site, 50-TATGG
TATACATA-30, is located downstream of putative
transcription initiation sites and upstream of a
translation initiation codon (Figure 6b). To further
verify the identified GSU0514-binding site, DNA-
binding assays were conducted with different
regions in the promoter. GSU0514 bound only the
DNA fragment containing the identified binding site
(Figure 6c).

The location of the GSU0514-binding site in the
sucC–sucD operon is consistent with the finding from
the qRT-PCR analysis that mutations in GSU0514
enhanced expression of the sucC–sucD operon. There-
fore, it is likely that GSU0514 is a transcriptional
regulator that represses the transcription of the sucC–
sucD operon by binding the sucC–sucD promoter and
that mutations in GSU0514 negatively impact
GSU0514 binding to the promoter. A search of the rest
of the G. sulfurreducens genome failed to identify any
additional sequences similar to the GSU0514-binding
site in the sucC–sucD operon, suggesting that GSU0514
may directly regulate only the sucC–sucD operon.

Discussion

The results demonstrate that a single-base-pair
change in a gene for a transcriptional regulator
can markedly influence the metabolic capability of
G. sulfurreducens. This finding offers insight into an
adaptive strategy for microorganisms to enhance
their utilization of substrates and suggests that
artificial conditions imposed on subsurface micro-
organisms during bioremediation could readily
result in an adaptive evolution response.

Laboratory evolution can be used as a discovery
tool for identifying functions of previously unstu-
died genes that are linked to fitness increases during
adaptation to selective laboratory environments. In
the case of this study, a transcriptional regulator
with previously unknown gene targets was identi-
fied, which when unable to bind to DNA, gives a
fitness advantage to the cell in the form of increased
fitness. This is because of the cells ability to more
rapidly metabolize lactate, the sole electron donor
and carbon source provided. Previous laboratory
evolution studies have identified mutations in
regulatory elements (Cooper et al., 2003; Crozat
et al., 2005; Herring et al., 2006; Knight et al., 2006;
D’Argenio et al., 2007; Giraud et al., 2008; Conrad

a

b

Figure 4 Metabolic pathways for G. sulfurreducens for
(a) growth on acetate, without the necessity for succinyl-CoA
synthetase and (b) growth on lactate with the succinyl-CoA
synthetase being utilized. ACONT, aconitase; AKGO OOR,
a-ketoglutarate oxidoreductase; ATO, acetyl CoA transferase; CS,
citrate synthase; ICDHy, isocitrate dehydrogenase; FRDS, fuma-
rate reductase/succinate dyhydrogenase; FUM, fumarase; LDH,
lactate dehydrogenase; MDH, malate dehydrogenase; PDH pyru-
vate dehydrogenase; POR, pyruvate oxidoreductate; SUCOAS,
succinyl-CoA synthetase.

Figure 5 Fold change in transcript abundance of the genes
encoding the a (Gsu1058; SucC) and b (Gsu1059; SucD) subunits
of the succinyl CoA synthetase enzyme in the five replicate
strains at transfer 23 as well as the SNP knock-in train. All values
are normalized to wild-type transcript abundance as determined
with quantitative RT–PCR. Error bars illustrate the s.d. of the
mean of triplicate determinations.
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et al., 2010), but these were all within global
regulatory ‘hubs’ that subsequently affected gene
expression on a large scale. In contrast, this study
offers the finding of a mutated transcriptional
regulator that appears to have a very narrow
gene target, repression of two genes that encode
for a single key enzyme. This further supports the
observation that transcriptional regulatory networks
are the first to change under selection (Shou et al.,
2011), and at the same time presents a unique result
in showing that a narrow-target regulator can also be
involved in rapid evolution.

The possibility of a similar adaptive response
occurring during bioremediation could have impor-
tant implications for attempts to predict the response
of the microbial community to bioremediation
strategies. When genome-scale metabolic modeling
is applied to bioremediation (Scheibe et al., 2009;
Zhuang et al., 2010; Mahadevan et al., 2011) it may
be possible to predict adaptive responses of the
microbial species present (Edwards et al., 2001;
Ibarra et al., 2002; Fong and Palsson, 2004; Teusink
et al., 2009), and whether adaptive evolution is likely
to yield a competitive advantage over other micro-
organisms that might already have the ability to use
the added substrate. The increasing availability of
strategies to deeply sequence genomic DNA in
environmental samples may soon make it feasible to
directly evaluate the possibility of adaptive evolution
during bioremediation field experiments.

The finding that wild-type G. sulfurreducens only
poorly metabolized lactate despite possessing the
complete complement of genes required for this
metabolism is one example of the difficulties faced
when extrapolating metabolic function from genome
sequence data alone. Information on the expression
of the genes, or preferably, production of actual
enzymes, is required before the actual metabolic
capability of microorganisms can be inferred. This
has important implications for the interpretation of
metagenomic data from the subsurface and other
environments.
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DNA fragments containing promoter regions of the sucC–sucD operon were tested for DNA-binding activity of GSU0514. The promoter
regions in the DNA fragments (1B3) used as a probe are shown below the diagram of the sucC–sucD operon. Arrows indicate putative
transcription initiation sites. Black box represents the GSU0514-binding site identified by the footprint assay (a).
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