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Synthetic and Evolutionary Construction of a Chlorate-Reducing
Shewanella oneidensis MR-1

Iain C. Clark,a Ryan A. Melnyk,b Matthew D. Youngblut,b Hans K. Carlson,b Anthony T. Iavarone,c John D. Coatesb

Department of Civil and Environmental Engineering, University of California, Berkeley, California, USAa; Department of Plant and Microbial Biology, University of California,
Berkeley, California, USAb; QB3/Chemistry Mass Spectrometry Facility, University of California, Berkeley, California, USAc

ABSTRACT Despite evidence for the prevalence of horizontal gene transfer of respiratory genes, little is known about how path-
ways functionally integrate within new hosts. One example of a mobile respiratory metabolism is bacterial chlorate reduction,
which is frequently encoded on composite transposons. This implies that the essential components of the metabolism are en-
coded on these mobile elements. To test this, we heterologously expressed genes for chlorate reduction from Shewanella algae
ACDC in the non-chlorate-reducing Shewanella oneidensis MR-1. The construct that ultimately endowed robust growth on
chlorate included cld, a cytochrome c gene, clrABDC, and two genes of unknown function. Although strain MR-1 was unable
to grow on chlorate after initial insertion of these genes into the chromosome, 11 derived strains capable of chlorate respi-
ration were obtained through adaptive evolution. Genome resequencing indicated that all of the evolved chlorate-reducing
strains replicated a large genomic region containing chlorate reduction genes. Contraction in copy number and loss of the
ability to reduce chlorate were also observed, indicating that this phenomenon was extremely dynamic. Although most
strains contained more than six copies of the replicated region, a single strain with less duplication also grew rapidly. This
strain contained three additional mutations that we hypothesized compensated for the low copy number. We remade the
mutations combinatorially in the unevolved strain and determined that a single nucleotide polymorphism (SNP) upstream
of cld enabled growth on chlorate and was epistatic to a second base pair change in the NarP binding sequence between
narQP and nrfA that enhanced growth.

IMPORTANCE The ability of chlorate reduction composite transposons to form functional metabolisms after transfer to a new
host is an important part of their propagation. To study this phenomenon, we engineered Shewanella oneidensis MR-1 into a
chlorate reducer. We defined a set of genes sufficient to endow growth on chlorate from a plasmid, but found that chromosomal
insertion of these genes was nonfunctional. Evolution of this inoperative strain into a chlorate reducer showed that tandem du-
plication was a dominant mechanism of activation. While copy number changes are a relatively rapid way of increasing gene
dosage, replicating almost 1 megabase of extra DNA is costly. Mutations that alleviate the need for high copy number are ex-
pected to arise and eventually predominate, and we identified a single nucleotide polymorphism (SNP) that relieved the copy
number requirement. This study uses both rational and evolutionary approaches to gain insight into the evolution of a fascinat-
ing respiratory metabolism.
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Chlorate (ClO3
�) is a highly soluble anion hypothesized to

form naturally through chlorine photochemistry in the atmo-
sphere (1, 2). Despite having a nonanthropogenic source, envi-
ronmental contamination is thought to result primarily from the
production of bleaching agents and herbicides (3). Chlorate is
respired by chlorate-reducing bacteria (CRB) using a series of bio-
chemical steps analogous to those used by perchlorate-reducing
bacteria (PRB). The terminal reductase ClrABC first reduces chlo-
rate to chlorite (4), which is converted to chloride and oxygen by
chlorite dismutase (Cld) (5).

Numerous CRB and PRB have been isolated, and sequencing
efforts have elucidated the genomic architectures of these metab-
olisms. Comparative analysis has identified shared genetic com-

ponents and allowed for insight into the evolution of these respi-
ratory pathways (6–8). In contrast to perchlorate reduction
genomic islands, chlorate reduction is often encoded on compos-
ite transposons (7). The interior of these transposons, which we
refer to as the chlorate reduction composite transposon interior
(CRI), always contains clrABDC and cld. In Shewanella algae
ACDC and Dechloromarinus chlorophilus NSS, the CRI also in-
cludes a napC fragment thought to have been a passenger during
the horizontal transfer of a betaproteobacterial cld gene (7), as well
as a small cytochrome c gene, two genes of unknown function, the
insertion sequence ISSal1, and a gene encoding a methyl-
accepting chemotaxis protein (MCP). In two Pseudomonas species
chlorate reducers, the architecture is very similar, but ISSal1 and
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MCP are absent, while in Alicycliphilus denitrificans BC and Ideo-
nella dechloratans, genes putatively involved in oxidative stress
defense and molybdopterin biosynthesis are also found (6, 7).

The fact that CRIs are encoded on small transposable units
suggests that they are often horizontally transferred and that they
contain most essential components for chlorate respiration. How-
ever, nothing is known about the genetic prerequisites of recipient
bacteria, or how the CRI functionally integrates with host systems.
An interesting approach to answering these questions is by de novo
engineering the capacity for chlorate reduction in Shewanella one-
idensis MR-1. MR-1 reduces numerous electron acceptors using
type II dimethyl sulfoxide (DMSO) reductase family enzymes, has
the ability to synthesize heme in the presence of oxygen, and con-
tains multiple routes of quinol oxidation, making it an ideal sys-
tem for such work (9). In this study, we built the capacity for
chlorate reduction in strain MR-1, providing insight into mecha-
nisms by which the metabolism functions and evolves after hori-
zontal transfer.

RESULTS AND DISCUSSION
In trans expression of the CRI. Shewanella oneidensis MR-1 con-
taining a series of plasmids with incrementally larger sections of
the CRI from Shewanella algae ACDC were tested for growth on chlo-
rate. These plasmids contained (a) cld and cytochrome c (pICC7:
ACDC_00038620-30); (b) cld, cytochrome c, and clrABDC (pICC8:
ACDC_00038620-70); or (c) cld, cytochrome c, clrABDC, and two
hypothetical genes (pICC10: ACDC_00038620-90). Interestingly,
the presence of cld and its neighboring cytochrome c gene allowed
for small but measurable growth (Fig. 1A, leftmost panel), sug-
gesting that an unknown enzyme in the wild-type (WT) strain
MR-1 was capable of chlorate turnover and that chlorite detoxifi-
cation and oxygen production were catalyzed by Cld. No growth
was observed on chlorate in an empty vector control. The wide
phylogenetic distribution of cytoplasmic Cld-like enzymes, sev-
eral of which have been functionally characterized (10, 11), sug-
gests that protecting against chlorite is a more general phenome-
non than previously thought. Our result implies that inadvertent

FIG 1 Heterologous expression of genes from the CRI of Shewanella algae ACDC in Shewanella oneidensis MR-1. (A) Growth of wild-type (WT) S. oneidensis
MR-1 with plasmids pICC7, pICC8, and pICC10 with empty vector (pBBR1MCS2) controls. (B) Growth of strain MR-1 with pICC10 with increasing concen-
trations of chlorate demonstrates robust growth.
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chlorate reduction, in the presence of Cld, can actually benefit
cells.

Surprisingly, the addition of clrABDC to create plasmid pICC8
did not improve growth on chlorate, indicating that clrABDC
was insufficient. The addition of two conserved genes
(ACDC_00038680 and ACDC_00038690), resulting in plasmid
pICC10, allowed stronger growth that increased with chlorate
concentration (Fig. 1A and B). We conclude that one or both
of these genes plays a role during chlorate reduction.
ACDC_00038680 is annotated as a MipZ/ParA family protein
with an ATPase domain, and ACDC_00038690 is annotated as a
glycosyltransferase. These genes are also present downstream of
type II DMSO reductases from Sagittula stellata E-37 and Citre-
icella sp. strain SE45 in a conserved syntenic arrangement (7).

Evolution of genes sufficient for chlorate reduction into a
functional metabolism. With a set of genes sufficient for chlorate
reduction defined, we made a single-copy chromosomal insertion
of the 11-kb region shown to endow growth on chlorate
(ACDC_00038620 to ACDC_00038690) between SO_0910 and
SO_0911 in S. oneidensis MR-1. This location was selected based
on mutant fitness data from Tn-seq experiments, which showed
insertions in this region had negligible fitness effects (12). How-
ever, the resulting strain (ICC99) could not grow by chlorate re-
duction. To understand what prevented the metabolism from
functioning after chromosomal integration, we provided a strong
selective pressure for strain ICC99 to respire chlorate. Cultures
were transferred aerobically in the presence of chlorate, and in
each transfer, the degree of shaking and headspace volume was
reduced. When growth relative to a no-chlorate control was ob-
served, the culture was plated anaerobically with chlorate as the
sole electron acceptor, single colonies were selected and placed in
anaerobic Hungate tubes, and cultures were transferred until con-
sistent growth on chlorate was established. We resequenced the
genomes of 11 strains and searched for single nucleotide polymor-
phisms (SNPs) and insertions and deletions (indels) (Fig. 2A).
Four strains contained mutations in menaquinone biosynthesis:
two mutations resulted in a missense mutation in menA (Y127N),
two caused a menA frameshift, and one was a �10-kb deletion that
included menF. Although menaquinone biosynthesis was dis-
rupted in five strains, there was no correlation between these mu-
tations and growth (Fig. 2B, red). The probability of accumulating
three separate types of mutation (frameshift, missense, and dele-
tion) in menaquinone biosynthesis without a selective advantage
seemed unlikely, and we postulated that either they provided a
fitness benefit during chlorate reduction that was difficult to de-
tect under our experimental conditions, or were somehow advan-
tageous under the microaerophilic conditions used at the start of
our evolution experiments. Two strains contained galU
(SO_1665) mutations, and several other SNPs were identified, but
no mutation was shared by all strains, and some strains contained
no mutation, suggesting that another mechanism of CRI activa-
tion was involved.

We searched for indications of larger structural variation by
identifying genomic regions with changes in mapped read cover-
age and found amplification of 70- to 100-kb regions within all
evolved strains (Fig. 2C). Amplification always included cld and
clrABDC, suggesting that it was the target, and that the additional
replicated DNA was linked by the amplification mechanism.
Growth rate and yield correlated with the fold coverage change,
not specific mutations, indicating that this effect was an important

part of the ability to reduce chlorate (Fig. 2B). This is consistent
with the observation that expression from a multicopy plasmid
allowed growth (Fig. 1). Multiple copies of chlorate reduction
genes in Shewanella algae ACDC were also important for growth
on chlorate (13). Except in one case, the amplified region trun-
cated at ISSod1 insertion sequences, suggesting that unequal re-
combination at these homologous sequences resulted in tandem
duplications (14). Gene amplification as an adaptive process was
discovered for the lac operon in Escherichia coli (14–16), and a
system for studying reversion of a Lac� frameshift during selec-
tion on lactose has become a standard tool for interrogating this
process. Numerous subsequent examples of tandem duplications
occurring during selection for intraintestinal growth (17), carbon
source utilization (18), thermal tolerance (19), copper resistance
(20), and artificial selectable markers (21) have been demon-
strated. From an evolutionary perspective, amplification has sev-
eral advantages over point mutations: it is orders of magnitude
more frequent, is easily reversible, and allows both divergence and
maintenance of original function (22).

An SNP upstream of cld activates chlorate reduction.
Changes in copy number represent a relatively rapid way to tune
suboptimal expression, but harboring 600 to 900 kb of extra DNA
represents a selective disadvantage. Under aerobic conditions,
strains ICC121.1 and ICC121.2 experienced contraction in cover-
age and lost the ability to grow by chlorate reduction (strains
ICC126.1 and ICC126) (Fig. 2). Even under selective conditions,
large copy numbers are expected to give way to less frequent point
mutations that are free from the cost of excessive DNA replication.
One strain (ICC121.10) that contained an average of 2.5-fold
chromosomal coverage grew more rapidly than the rate predicted
by a regression of growth versus copy number (Fig. 2B, circled
strain). This suggested that compensatory mutations allowed
more robust growth in the absence of high gene dosage. This strain
contained two SNPs and a single base pair insertion that could be
responsible for this effect. The SNPs were located between cld and
cytochrome c (SNP1) and between narQP (SO_3981 and
SO_3982) and nrfA (SO_3980) (SNP2), while the indel was found
between SO_3718 and SO_3719. To test the importance of the
three mutations, we constructed single, double, and triple mutant
combinations in the unadapted background (strain ICC99). The
mutation upstream of cld (SNP1) was sufficient for growth on
chlorate, while SNP2 and the indel alone were both insufficient.
SNP2 improved growth in an SNP1 background but failed to have
an effect in an indel background (Fig. 3A). This indicated that
SNP1 was epistatic to SNP2.

SNP1 was upstream of cld, and it might change expression of
Cld. As such, we compared protein expression of Cld between
strains with SNP1 (strains ICC225 and ICC228) and without
SNP1 (strain ICC99) using shotgun proteomics (Fig. 3B). Because
strain ICC99 did not grow on chlorate, strains were grown on
nitrate in order to allow for comparison. Consistent with the role
of SNP1 in increasing Cld expression, higher levels of peptides
were observed in strains ICC225 and ICC228 than in strain ICC99
(Fig. 3B). SNP1 destabilized a predicted hairpin (23), and it might
increase transcriptional read through from the cytochrome c gene
upstream. However, when the hairpin was deleted in strain
ICC99, no growth on chlorate was observed (see Fig. S1 in the
supplemental material). This suggests that the mechanism of
SNP1 was not related to disruption of a hairpin transcriptional
stop.
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FIG 2 Evolution and resequencing of Shewanella oneidensis MR-1. (A) Taxonomic relationship between unevolved and evolved strains used in this study. (B)
Correlation between growth and average fold change over chromosomal coverage. Strains with mutations in menaquinone biosynthesis are highlighted in red.
The prefix ICC121 has been removed to facilitate data labeling. (C) Plots of reads mapped to a 120-kb region that included cld and clrABDC and specific SNPs
and indels found in each strain.
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An SNP between narQP and nrfA enhances growth on chlo-
rate. SNP2 was upstream of the divergently transcribed two-
component system narQP and ammonifying nitrite reductase
nrfA in a highly conserved position at the 3= end of the predicted
NarP binding sequence TACCCCCTAAGAGGT(A�G) (24).
NarP is a transcription factor that controls both nap and nrf oper-
ons in S. oneidensis MR-1, but it appears to regulate the latter more
strongly (25). Given its location within the NarP binding sequence
between narQP and nrfA, SNP2 was likely to influence transcrip-
tion of one or both of these genes. Indeed, it resulted in decreased
growth on 5 mM nitrate, primarily in the second phase of growth
that was characteristic of nitrite reduction (Fig. 3C). Deletion of
narP and nrfA in an SNP1 background resulted in increased
growth on chlorate (Fig. 3C), almost identically to the effect of
SNP2 in that background (strain ICC228). This result hinted at a
complex interaction between nitrite and chlorate reduction,

which was interesting in light of the fact that nrfA was inactivated
in S. algae ACDC (7).

To understand the role of nrfA during chlorate reduction, we
tested the ability of the purified enzyme to facilitate chlorate re-
duction. Using reduced methyl viologen as an electron donor,
NrfA was oxidized by 1 mM nitrite, but not chlorate (Fig. 4A).
This was not due to inactivation of the enzyme, as nitrite could be
subsequently reduced after the addition of chlorate. In addition,
chlorate did not inhibit the initial rate of nitrite reduction, even
when added at 100 mM concentrations (data not shown). To fur-
ther confirm this result, we tested the ability of the �nrfA mutant
carrying plasmid pICC7 to grow on chlorate. Deleting nrfA did
not prevent small amounts of growth on chlorate when cld was
present (Fig. 5A). We conclude that NrfA does not reduce chlor-
ate. Using NrfA prereduced with methyl viologen and washed to
remove the reductant, we monitored the enzyme’s UV-visible

FIG 3 Investigating the roles of specific mutations in activating the chromosomal insertion. (A) Growth of single, double, and triple mutations made in the
unevolved strain with 10 mM nitrate as a positive control. (B) Cld protein expression under nitrate-reducing conditions of strains ICC99, ICC225. and ICC228.
(C) Investigating the role of SNP2 within the NarP binding sequence between narQP and nrfA. Growth of strains with mutations SNP1 plus SNP2 (ICC228),
SNP1 plus �nrfA (ICC348), and SNP1 plus �narP (ICC349) on 10 mM chlorate or 5 mM nitrate.
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(UV-Vis) spectrum after a series of chlorite injections. NrfA was
rapidly oxidized by chlorite (Fig. 4B). Reduction of chlorite by
NrfA could explain why deletion of this enzyme provided a growth
benefit during chlorate reduction: inadvertent reaction with chlo-
rite results in even more toxic chlorine species. However, the exact
mechanism of NrfA antagonism as well as the product of oxida-
tion by chlorite remains to be determined.

Interaction of chlorate with the nitrate reduction pathway.
As previously described, growth of strain MR-1 on nitrate was
characterized by complete reduction of nitrate before the onset of
nitrite reduction to ammonium (26). We observed that 10 mM
nitrate did not always proceed to nitrite reduction, and 5 mM was
used instead. The transition between acceptors was marked by a
decrease in growth rate, which allowed the phases to be easily
distinguished (Fig. 5B). To further explore the interplay of chlor-
ate and nitrate, we grew wild-type MR-1 in the presence of chlo-
rate. The addition of 2.5 mM chlorate inhibited nitrite reduction

and the second phase of growth, introducing cld and its neighbor-
ing cytochrome c gene on a plasmid (pICC7), significantly allevi-
ated the inhibition (Fig. 5B). Ion chromatography confirmed the
following. (i) Chlorate inhibited metabolism during the nitrite
reduction phase, not the nitrate reduction phase. (ii) pICC7 sig-
nificantly relieved this inhibition. (iii) A small but measurable
turnover of chlorate occurred when pICC7 was introduced
(Fig. 5B). This indicated that an enzyme intrinsic to strain MR-1
was capable of reducing chlorate and that Cld was most likely
responsible for the resulting chlorite detoxification.

The question remained: what enzyme in wild-type MR-1 was
capable of chlorate reduction? To answer this, we used fast protein
liquid chromatography to purify chlorate reductase activity from
cells grown with nitrate after the transition to ammonification.
Fractions with activity were separated by SDS-PAGE, digested in
the gel with trypsin, and analyzed by liquid chromatography tan-
dem mass spectrometry. The alpha subunit of the respiratory ni-
trate reductase NapA (SO_0848) was highly represented in frac-
tions with chlorate reductase activity (see Table S2 in the
supplemental material). In contrast to the membrane-bound ni-
trate reductase (NarGHI) (27–30), the periplasmic nitrate reduc-
tase (NapAB) has been reported to not react with chlorate (31–
33). To understand whether NapA turnover of chlorate was
responsible for the small growth on chlorate observed in the pres-
ence of heterologously expressed cld (Fig. 1A), we compared the
WT strain carrying pICC7 to the �napA mutant strain carrying
pICC7. Deletion of napA abolished growth on 2.5 mM chlorate
(see Fig. S2 in the supplemental material). These results lead to a
model whereby NapA reduces chlorate to chlorite, which subse-
quently reacts with NrfA. The cycle begins when nitrate is depleted
and NapA is free to reduce alternative substrates.

Conclusion. A set of genes sufficient to encode a functional
chlorate reduction pathway has been determined via heterologous
expression. These genes confer the capacity for chlorate reduction
when present at high copy number, either on a plasmid, or when
amplified naturally under conditions selecting for growth. This
result parallels the copy number requirements observed in She-
wanella algae ACDC. In the engineered strain MR-1, a single base
pair change upstream of the chlorite dismutase alleviated reliance
on high copy number and was further enhanced by a second mu-
tation in the NarP binding sequence between narQP and nrfA. The
latter mutation, in conjunction with the observed nrfA inactiva-
tion in strain ACDC, suggested interplay between ClOx and the
nitrate reduction pathway. This was supported by biochemical
and genetic evidence for NapA turnover of chlorate and NrfA
oxidation by chlorite, raising broader questions about the suscep-
tibility of ammonification to chlorate. This study uses evolution to
understand mechanisms by which bacterial chlorate reduction
operates after horizontal transfer.

MATERIALS AND METHODS
Media and culture conditions. All experiments were completed in She-
wanella minimal medium (SMM) at pH 7.2 consisting of, per liter, 1.5 g
ammonium chloride, 0.60 g anhydrous sodium phosphate (monobasic),
0.285 g magnesium chloride (anhydrous), 0.10 g potassium chloride,
1.75 g sodium chloride, 7.15 g HEPES, 0.2 g yeast extract, 0.1 g tryptone
with vitamins and minerals (34). Growth experiments in which electron
acceptors were tracked were completed in anaerobic Hungate tubes with a
N2 headspace at 30°C. Cultures were anaerobically sampled from Hungate
tubes, filtered with 0.2-�m syringe filters, and diluted in deionized water.
All other growth experiments were completed in flat-bottom 96-well

FIG 4 (A) NrfA does not turn over chlorate. Methyl viologen-reduced
(MVred) NrfA was spiked first with chlorate, nitrite, or chlorate and then
spiked with nitrite or nothing (no-acceptor control). Measurable background
MVred oxidation was always observed, but it was not enhanced by the addition
of chlorate. (B) Spectroscopy of reduced (red) NrfA demonstrates oxidation
(Ox) of the enzyme by chlorite.
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plates (Corning Costar, Tewksbury, MA) in an anaerobic chamber (Coy
Labs, Grass Lake, MI). The optical density (at 600 nm) was measured with
a spectrophotometer (Tecan Sunrise, Männedorf, Switzerland). A total
volume of 300 �l was covered with 80 �l of mineral oil and incubated at
30°C without shaking. To test for growth of Shewanella oneidensis MR-1
containing various plasmids, cells were pregrown aerobically and inocu-
lated to a starting optical density (600 nm) of 0.03 in anaerobic SMM
medium with the appropriate electron acceptor.

Plasmid construction. (i) Expression constructs. PCR with the high-
fidelity polymerase Phusion, restriction digestion, and ligation with T4
ligase (NEB) were used to construct three vectors with sequentially larger

fractions of the CRI from Shewanella algae ACDC in the broad-host-range
vector pBBR1MCS2.

(ii) Suicide vector for chromosomal insertion. Approximately 700 bp
flanking the insertion site between SO_0910 and SO_0911 were amplified
and ligated into the suicide vector pAK31. The resulting vector was di-
gested with AvrII and ligated to an AvrII-cut PCR product containing
ACDC_00038620 to ACDC_00038690, creating plasmid pICC30.

(iii) Suicide vectors for in-frame deletions. Approximately 700 bp
flanking the gene of interest were amplified and fused with assembly PCR
using 5= linkers added to the internal primers. The assembled product was
cloned into a Gateway entry vector and transferred into pAK31GW

FIG 5 Growth and analyte profiles for cells with different genotypes grown in chlorate alone, chlorate plus nitrate, and nitrate alone demonstrate that (A) nrfA
is not required for chlorate turnover and that (B) pICC7 rescues chlorate inhibition of nitrite reduction.
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(Gateway-compatible sacB counterselectable suicide vector) using the LR
recombination reaction (Life Technologies). The resulting plasmid was
used to generate markerless in-frame deletions.

(iv) Suicide vectors for point mutations and insertions. Amplifying
the mutations from the evolved strain ICC121.10 was used to generate
suicide vectors with point mutations (SNP1 and SNP2) and a base pair
insertion (indel3). The 1-kb products were digested with appropriate re-
striction enzymes and ligated into pSMV3.

(v) Suicide vectors for the hairpin deletion. PCR with phosphory-
lated primers was used to generate a deletion of the putative hairpin tran-
scriptional terminator. Primers were phosphorylated with polynucleotide
kinase prior to amplification, and the resulting PCR product was self-
ligated with T4 ligase (NEB). A list of the primers used and the resulting
constructs are found in Table S1 in the supplemental material.

Allelic exchange. Suicide vectors for allelic exchange were trans-
formed into the diaminopimelic acid (DAP) auxotroph E. coli WM3064
(W. Metcalf, University of Illinois at Urbana Champaign) and mated with
S. oneidensis MR-1. Five milliliters of both strains was washed twice in LB,
resuspended to an optical density at 600 nm (OD600) of 1, and mixed at a
1:3 (vol/vol) ratio of strain MR-1 to strain WM3064. The mixture was
spun (4,000 rpm, 10 min) and spotted on LB supplemented with DAP
(300 �g ml�1) (LB-DAP) at 30°C for 8 h. The spot was subsequently
suspended in 1 ml LB, diluted 10-fold, and plated on LB with kanamycin
(50 �g ml�1). Colonies that appeared within 24 h were patched onto
plates containing kanamycin and sucrose (10% [vol/vol]). A single
kanamycin-resistant (Kmr) sucrose-sensitive (Sucs) patch was restreaked
and grown overnight in unselective medium, and the resulting outgrowth
was plated on sucrose. Colonies that appeared within 24 h were patched
onto kanamycin and sucrose, and Kms Sucr patches were screened for the
desired second crossovers with colony PCR. These patches were streaked,
and single colonies were retested by PCR for the appropriate genotype.

Evolution and resequencing. Strain ICC99 was evolved to grow on
chlorate by sequentially reducing the oxygen titer with successive transfers
in the presence of chlorate. To start, 25 ml of strain ICC99 was shaken at
250 rpm in 50-ml conical tubes with LB and 10 mM chlorate. Each day,
10% of the culture was transferred to a tube containing 5 ml more working
volume until, after 5 days, the tube contained 50 ml of liquid. The degree
of shaking on an orbital shaker was decreased from 200 rpm to 150, 100,
50, and finally 0 rpm. The unshaken culture was transferred into 50 ml of
aerobic LB with 10 mM chlorate until the culture had a higher optical
density than the no-chlorate control did. This was plated anaerobically
onto SMM with 10 mM acetate and 10 mM chlorate in an anaerobic
chamber. Single colonies that appeared within several days were selected,
placed in anaerobic SMM medium with 50 mM lactate and 10 mM chlo-
rate, and transferred in Hungate tubes five times to ensure robust growth.
Strains that exhibited different growth dynamics were selected for genome
resequencing.

Resequencing was performed on a HiSeq2000 sequencing system with
100-bp paired-end reads (QB3 sequencing center, University of Califor-
nia [UC], Berkeley). Adapter contamination was removed using scythe
(https://github.com/ucdavis-bioinformatics/scythe), 5= ends were
trimmed by 5 bp with seqtk (https://github.com/lh3/seqtk/), and poor-
quality reads were trimmed with sickle (https://github.com/ucdavis-
bioinformatics/sickle). Processed reads were mapped to the MR-1 ge-
nome sequence (modified to accommodate the CRI insertion) using bwa
(35). GATK (36) was used for variant detection as follows: duplicates were
marked (MarkDuplicates) and reads were realigned (RealignerTargetCre-
ator and IndelRealigner), before single nucleotide polymorphisms (SNPs)
and insertions and deletions (indels) were called with UnifiedGenotyper.
SNPs were filtered by quality of depth (QD � 2.0), phred quality (map-
ping quality score [MQ] � 40), strand bias (Fisher strand filter [FS] � 60),
and site consistency (haplotype score � 13). Indels were filtered by quality
of depth (QD � 2.0) and strand bias (FS � 120). Genomic coverage was
determined after mapping reads using mpileup from SAMtools (37) and
plotted over genomic features using custom scripts in R (38).

Analytical techniques. Chlorate, nitrate, and nitrite were measured
with an ion chromatograph as previously described (13). NrfA activity
assays were performed with methyl viologen (MV) as the electron donor
in 50 mM morpholinepropanesulfonic acid (MOPS) buffer (pH 7.2) in an
anaerobic chamber (39). Briefly, zinc-reduced MV (75 �M) and 100 pM
purified NrfA from S. oneidensis MR-1 (a generous gift of the Pacheco lab,
University of Wisconsin—Milwaukee) were added to the buffer. The re-
action was started upon the addition of substrate (nitrite or chlorate) and
reduced MV (MVred) oxidation was monitored by absorbance at 600 nm.
Spectroscopy of NrfA was performed after reducing the enzyme with MV,
followed by removal of MVred with buffer exchanges in 50 mM MOPS
(pH 7.2) (10,000-molecular-weight-cutoff [10K MWCO] protein con-
centrators; Pierce). One-milliliter cuvettes with reduced protein were
spiked with different concentrations (same volume) of degassed chlorite
in the anaerobic chamber, mixed in the chamber, sealed in anaerobic
cuvettes, and immediately scanned using a spectrophotometer (Cary 50
Bio; Agilent, Santa Clara, CA).

Purification of chlorate reductase activity from nitrate-grown MR-1
strain. Anaerobic purification of chlorate-dependent activity was used to
search for the protein involved in chlorate reduction during growth on
nitrate. The purification setup consisted of anaerobic buffers within an
anaerobic chamber connected to an external fast protein liquid chromato-
graph (FPLC) (AKTA Explorer; GE Healthcare), which refed to a fraction
collector in the anaerobic chamber. Ten liters of wild-type S. oneidensis
MR-1 grown on 5 mM nitrate was centrifuged (4,000 � g, 15 min), lysed
(EmulsiFlex-C3 cell homogenizer; Avestin), ultracentrifuged (150,000 �
g for 45 min), and loaded at 3 ml/min onto a 2.5- by 40-cm Q Sepharose FF
column (GE Healthcare) preconditioned with anaerobic buffer A (30 mM
HEPES, pH 7.5). After the UV-Vis traces on the FPLC detector returned to
baseline, proteins were eluted with a linear gradient from 0 to 100% an-
aerobic buffer B (30 mM HEPES [pH 7.5], 500 mM NaCl) in 300 min.
Fractions were tested for chlorate-dependent activity using a phenazine
methyl sulfate (PMS)-coupled NAD (NADH) assay as previously de-
scribed (40). Activity was present between 70 and 80% buffer B. Active
fractions were pooled, concentrated in 100-kDa MWCO filters (Amicon)
to 500 �l, and loaded at a flow rate of 0.25 ml/min onto a HiPrep Sep-
hacryl S-300 HR size exclusion column (GE Healthcare) equilibrated with
anaerobic buffer C (30 mM HEPES [pH 7.5], 150 mM NaCl). Fractions
with activity were separated by SDS-PAGE, and bands were cut for pro-
teomics.

Proteomics. (i) Proteomics on whole cells. Strains ICC99, ICC225,
and ICC228 were streaked onto LB plates with kanamycin, and single
colonies were selected and placed in SMM with kanamycin, 50 mM lac-
tate, and 5 mM nitrate. Cells (50 ml) were harvested in log phase, centri-
fuged, resuspended, and lysed (550 sonic dismembrator; Fisher Scientific,
Waltham, MA) at 4°C. Fifty micrograms of each sample was combined
with 0.07% (vol/vol) RapiGest SF surfactant (Waters Corporation, Mil-
ford, MA) in 50 mM NH4HCO3 at 80°C for 15 min. Samples were incu-
bated with 1 mM dithiothreitol and 1 mM iodoacetamide (Sigma-
Aldrich, St. Louis, MO) in two 30-min incubations at room temperature.
Samples were proteolyzed overnight with 1:50 trypsin-protein (modified
sequencing grade; Promega), incubated at 37°C for 90 min in 0.5% trif-
luoroacetic acid (TFA) to hydrolyze the RapiGest surfactant, and centri-
fuged at 14,000 rpm and 6°C for 30 min.

(ii) In-gel digestion and proteomics of SDS-PAGE-separated pro-
teins. Fractions were separated by SDS-PAGE (NuPage 4 to 12% Bis-Tris
protein gels [1.5 mm] [10 well]; Novex Life Technologies) with MES
buffer (50 mM MES [morpholineethanesulfonic acid], 50 mM Tris base,
0.1% SDS, 1 mM EDTA, pH 7.3) at 200 V for 35 min. Bands of interest
were excised and washed for 20 min in 50 mM NH4HCO3. Samples were
incubated with 1 mM dithiothreitol in 150 �l of 50 mM NH4HCO3 for 30
min at 50°C, cooled to room temperature, and incubated with 1 mM
iodoacetamide in the dark for 30 min. Gel slices were washed with 500 �l
of a 50:50 solution of acetonitrile and 50 mM NH4HCO3 for 20 min with
shaking. The solvent was discarded, and 50 �l acetonitrile was used to
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shrink the fragments, which were dried in a SpeedVac concentrator. Gel
pieces were reswelled with 10 �l of 50 mM NH4HCO3 containing 0.1 �g
trypsin and allowed to digest overnight at 37°C. Supernatant was saved
and combined with remaining peptides extracted using 50 �l of 60%
acetonitrile with 0.1% formic acid, and a SpeedVac concentrator was used
to evaporate the acetonitrile. Liquid chromatography coupled to tandem
mass spectrometry of trypsin-digested samples was performed as previ-
ously described (41), except as follows. Solvent A was 99.9% water�0.1%
formic acid, and solvent B was 99.9% acetonitrile�0.1% formic acid (vol/
vol). The elution program consisted of isocratic flow at 2% solvent B for
4 min, a linear gradient to 30% solvent B over 38 min, isocratic flow at
95% solvent B for 6 min, and isocratic flow at 2% solvent B for 12 min, at
a flow rate of 300 nl min�1. Full-scan mass spectra were acquired over the
range m/z � 350 to 1,800. In the data-dependent mode, the eight most
intense ions exceeding an intensity threshold of 20,000 counts were se-
lected from each full-scan mass spectrum for tandem mass spectrometry
(MS/MS). Raw data were searched against the Shewanella oneidensis
MR-1 protein database using Proteome Discoverer software (version 1.3,
SEQUEST algorithm; Thermo) for tryptic peptides (i.e., peptides result-
ing from cleavage at the C-terminal end of lysine and arginine residues)
with up to three missed cleavages and carbamidomethylcysteine and me-
thionine sulfoxide as variable posttranslational modifications. A decoy
database was used to characterize the false discovery rate, and the target
false discovery rate was 0.01 (i.e., 1%).
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