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ABSTRACT Insight into the mechanisms for arsenic detoxiﬁcation by Geobacter spe-

cies is expected to improve the understanding of global cycling of arsenic in ironrich subsurface sedimentary environments. Analysis of 14 different Geobacter genomes showed that all of these species have genes coding for an arsenic
detoxiﬁcation system (ars operon), and several have genes required for arsenic respiration (arr operon) and methylation (arsM). Genes encoding four arsenic repressorlike proteins were detected in the genome of G. sulfurreducens; however, only one
(ArsR1) regulated transcription of the ars operon. Elimination of arsR1 from the G.
sulfurreducens chromosome resulted in enhanced transcription of genes coding for
the arsenic efﬂux pump (Acr3) and arsenate reductase (ArsC). When the gene coding
for Acr3 was deleted, cells were not able to grow in the presence of either the oxidized or reduced form of arsenic, while arsC deletion mutants could grow in the
presence of arsenite but not arsenate. These studies shed light on how Geobacter inﬂuences arsenic mobility in anoxic sediments and may help us develop methods to
remediate arsenic contamination in the subsurface.
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IMPORTANCE This study examines arsenic transformation mechanisms utilized by

Geobacter, a genus of iron-reducing bacteria that are predominant in many anoxic
iron-rich subsurface environments. Geobacter species play a major role in microbially
mediated arsenic release from metal hydroxides in the subsurface. This release raises
arsenic concentrations in drinking water to levels that are high enough to cause major health problems. Therefore, information obtained from studies of Geobacter
should shed light on arsenic cycling in iron-rich subsurface sedimentary environments, which may help reduce arsenic-associated illnesses. These studies should also
help in the development of biosensors that can be used to detect arsenic contaminants in anoxic subsurface environments. We examined 14 different Geobacter genomes and found that all of these species possess genes coding for an arsenic detoxiﬁcation system (ars operon), and some also have genes required for arsenic
respiration (arr operon) and arsenic methylation (arsM).
KEYWORDS ars operon, Geobacter, iron reduction, detoxiﬁcation, genetics,

transcriptomics, arsenic

A

rsenic is a naturally occurring metalloid that is found in many minerals, usually in
conjunction with such metals as iron, lead, nickel, copper, and cobalt (1). Both
inorganic and organic arsenic forms are found in soils, sediments, water, and living
organisms, with inorganic forms being most abundant (2, 3). In the environment, the
oxidized form of inorganic arsenic [arsenate; As(V)] is relatively nonmobile as it strongly
adsorbs to such minerals as ferrihydrite and alumina. The reduced form, arsenite
[As(III)], on the other hand, does not adsorb well to many minerals, making it highly
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mobile (4). Arsenite is also 25 to 60 times more toxic than its nonmobile counterpart (5)
and poses a greater environmental threat.
The toxic nature and prevalence of arsenic in the environment have led to the
evolution of several different arsenic transformation systems within bacteria (3). Some
bacteria are able to methylate arsenic with S-adenosyl-L-methionine-dependent methyltransferase (ArsM), forming volatile methylarsines, which removes arsenic from the
immediate environment by converting it into a gaseous compound (6). Other prokaryotes utilize arr and/or ars arsenic transformation systems. While both systems
involve reduction of arsenate, only the dissimilatory arsenate reductase system (arr)
allows an organism to gain energy from coupling the oxidation of an electron donor
with the reduction of arsenate.
Arsenic is frequently coprecipitated with iron hydroxides and sulﬁdes in sedimentary
rocks (7). In fact, arsenopyrite, a compound of iron, arsenic, and sulfur, is the most
common arsenic mineral found in nature (8). Therefore, it does not seem too surprising
that studies have shown that Fe(III)-respiring bacteria such as Geobacter are frequently
involved in microbially mediated arsenic release from ﬂooded soils and anoxic sediments (9–17).
Analysis of available Geobacter genomes has revealed that all Geobacter species
have genes coding for an arsenic detoxiﬁcation system (ars genes), and a few of them
have the machinery required for arsenate respiration (arr genes). The presence of ars
genes in Geobacter is not unusual as arsenic resistance (ars) genes have been found in
genomes from a diversity of cultured and uncultivated bacteria (18–26); however, the
functionality of Ars proteins has only been determined in one other genetically
tractable strictly anaerobic dissimilatory metal-reducing subsurface bacterium, Desulfovibrio desulfuricans (27). Although genetic studies have been carried out on homologous Ars proteins from facultative anaerobes (28–31), it is premature to assume that
Ars proteins function in a similar manner in strict anaerobes until more information is
available. Therefore, bioinformatic, transcriptomic, and genetic studies were done to
determine the role that the various Ars proteins play in arsenic resistance by G.
sulfurreducens, another environmentally signiﬁcant anaerobic bacterium.
RESULTS AND DISCUSSION
Arsenic detoxiﬁcation machinery in Geobacter. All of the Geobacter genomes
available to date have the arsenic detoxiﬁcation machinery (ars genes), whereas only a
few Geobacter species have genes required for arsenite methylation (arsM) and arsenate
respiration (arr genes) (Table 1). G. lovleyi, G. uraniireducens, and Geobacter sp. strain
OR-1 are the only species or strains whose genomes carry genes from the arr operon,
and all three of these organisms are capable of arsenate respiration (9, 10, 32). It also
appears that three of the species within the genus Geobacter (G. metallireducens, G.
uraniireducens, and G. lovleyi) have genes that could potentially code for arsenite
S-adenosylmethyltransferase (ArsM) proteins. These proteins are homologous to the
characterized ArsM protein from Rhodopseudomonas palustris (33): the Glov_0896,
Gura_2444, and Gmet_2791 gene products are 51%, 56%, and 55% similar, respectively.
Similar to the case in other arsenic-resistant bacteria (34), Geobacter ars genes are
arranged in clusters, and many of them are cotranscribed (see Fig. S1 in the supplemental material). ArsR is a trans-acting repressor involved in the regulation of the ars
operon, ArsC is an arsenate reductase that reduces arsenate to arsenite prior to efﬂux,
and Acr3 is a transmembrane antiporter (35–37) that pumps arsenite out of the cell.
The gene coding for ArsC was found in all of the Geobacter genomes except G.
uraniireducens and G. daltonii (9, 32). However, the G. uraniireducens genome has a gene
coding for dissimilatory arsenate reductase (ArrA), which can also reduce As(V) to As(III)
for extrusion from the cell.
It was interesting to ﬁnd that Geobacter ArsC proteins are homologous to
thioredoxin-activating ArsC proteins, which use thioredoxin as a source of reducing
power. These proteins have three highly conserved cysteine residues located at amino
acid positions 12, 82, and 89, are primarily associated with low-G⫹C Gram-positive
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TABLE 1 Arsenic detoxiﬁcation and respiratory genes found in the genomes of the Geobacter species and strains used in this study
Gene found in:
Annotation
ABC transporter, permease protein

Gene
name

G. sulfurreducens
GSU2950

Geobacter sp.
strain M21

Geobacter sp.
strain M18

G. bemidjiensis
Gbem_0431

G. uraniireducens

Gbem_0430

G. metallireducens
Gmet_0524

tauB

GSU2951

Gmet_0523

DNA-binding transcriptional repressor
(helix turn helix)

arsR

GSU2952

GM21_1872

GM18_1516

Gbem_2350

Gura_0468

Gmet_0522

GSU2625
GSU0399
GSU2149

GM21_1776
GM21_4069
GM21_0522
GM21_2939

GM18_2299
GM18_2397
GM18_1826
GM18_1204
GM18_3417

Gbem_1845
Gbem_2441
Gbem_1345

Gura_0439
Gura_1710
Gura_4223
Gura_3309
Gura_2445

Gmet_0846

Arsenate reductase (thioredoxin
activating)

arsC

GSU2953

GM21_1874

GM18_1515

Gbem_2348

Integral membrane efﬂux pump

acr3

GSU2954

GM21_1873

GM18_1514

Gbem_2349

Permease DUF318 family

arsP

GSU2955

GM21_1875

Redox active disulﬁde protein

trx3

GSU2956

GM21_1877

GM18_2400

Thioredoxin family protein

trxA

GSU2957
GSU3281

GM21_1878
GM21_0404

GM18_2401
GM18_3976

Thiol-disulﬁde interchange protein

dsbD

GSU2958

GM21_1879

GM18_2402

Co/Zn/Cd cation transporter-like protein

cdf

GSU2959

GM21_1876

GM18_0478

Arsenical resistance operon trans-acting
repressor ArsD

arsD

Gura_1382

Molybdopterin-containing
oxidoreductase (PMO) family

arrA

Gura_0470

4Fe-4S ferredoxin iron-sulfur binding
domain protein

arrB

Gura_0471

S-Adenosyl–L-methionine:methylarsonite
As-methyltransferase

arsM

Gura_2444

Gbem_0404

Gbem_2347

Gmet_0521

Gura_0467

Gmet_0520

Gura_0438

Gmet_0519

Gura_0436

Gmet_0518

Gura_0435
Gura_0363

Gmet_0517
Gmet_3230

Gura_0434

Gmet_0516

Gura_3416

Gmet_0515

Gmet_2791

bacteria, and prior to this study had only been found in two other Gram-negative
bacteria (Pseudomonas aeruginosa and Acidithiobacillus ferrooxidans) (2, 38–40). Other
characterized ArsC proteins from Gram-negative bacteria have six conserved amino
acid residues (His8, Cys12, Ser15, Arg60, Arg94, and Arg107) and use glutaredoxin as an
electron donor.
Geobacter and other deltaproteobacterial species are Gram-negative; however, their
ArsC proteins do not cluster within the glutaredoxin clade. Rather, they all have three
cysteine residues at positions 12, 82, and 89 (see Fig. S2A in the supplemental material).
Phylogenetic trees made from ArsC protein alignments also showed that Geobacter and
other deltaproteobacterial ArsC proteins fall within the thioredoxin binding clade, while
most other Gram-negative bacteria cluster within the glutaredoxin clade (Fig. S2B).
Further analysis of Geobacter and deltaproteobacterial ArsC sequences indicated
that these genes are unlikely to have been acquired recently via horizontal gene
transfer as no plasmid, transposon, or phage-related genes were located in the vicinity
of arsC and the percentage of G⫹C content of all of the arsC genes was within 7% of
February 2017 Volume 83 Issue 4 e02689-16
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TABLE 1 (Continued)
Gene found in:
G. lovleyi

G. bremensis
K419DRAFT_03027

G. daltonii

Geobacter sp.
strain OR-1

K419DRAFT_03028

G. pickeringii
Ga0069501_11275

G. argillaceus

G. soli
Ga0077628_112470

G. anodireducens
Ga0133348_113083

Ga0077628_112471

Ga0133348_113084

Ga0052872_03142

Ga0077628_112472

Ga0133348_113085

Ga0052872_00732
Ga0052872_01025
Ga0052872_02405

Ga0077628_11451
Ga0077628_113344

Ga0133348_11965
Ga0133348_11381

Ga0069501_11276

K419DRAFT_00586

Geob_2213

Ga0098289_102202

Glov_1189
Glov_1665
Glov_0357

K419DRAFT_00674
K419DRAFT_00388
K419DRAFT_04127

Geob_3457
Geob_2249
Geob_0483
Geob_0528
Geob_2068

Ga0098289_10561
Ga0098289_1176
Ga0098289_101332
Ga0098289_102250
Ga0098289_107231

Glov_0597

K419DRAFT_00584

Glov_1155

K419DRAFT_00585

Ga0069501_11744

Ga0098289_102203

Ga0069007_111441

Ga0052872_03143

Ga0077628_112473

Ga0133348_113086

Geob_2214

Ga0098289_102204
Ga0098289_10562

Ga0069007_111442

Ga0052872_03144

Ga0077628_112474

Ga0133348_113087

Glov_1178

Geob_3501
Geob_2903

Ga0098289_102252
Ga0098289_12258

Glov_1184

Geob_3502

Ga0098289_102262
Ga0098289_10573

Geob_3503
Geob_1303

Ga0098289_10574
Ga0098289_102264
Ga0098289_102214
Ga0098289_103279

Geob_3504

Ga0098289_102265
Ga0098289_10575

Geob_0736

Ga0098289_102253
Ga0098289_106193

Glov_1185
Glov_0505

K419DRAFT_03989

Glov_1186

Glov_1190
Glov_1191

K419DRAFT_00583

Ga0052872_00157

Ga0069501_113062

Ga0052872_01678

Ga0077628_112757

Ga0133348_113405

Ga0069501_11586

Ga0052872_02403

Ga0077628_112476

Ga0133348_113089

Ga0098289_10564
Ga0098289_102209
Ga0098289_102212
Glov_1149

Ga0098289_10560

Glov_1148

Ga0098289_10559

Glov_0896

their overall genomes. Therefore, if these genes were acquired via horizontal gene
transfer, it would have occurred in the distant evolutionary past. However, it is
interesting to note that many deltaproteobacteria form syntrophic partnerships with
low-G⫹C Gram-positive bacteria, and this close proximity would have made it easy to
acquire these genes at some point in the past (41). Although lateral gene transfer of the
arsC gene between deltaproteobacteria and low-G⫹C Gram-positive bacteria is not
apparent, other studies have found that these two groups of organisms have exchanged other genes such as dsrAB (dissimilatory sulﬁte reductase) and aps (adenosine
5-phosphosulfate reductase) (42–44).
Consistent with Geobacter ArsC protein structure, several of the Geobacter ars
operons have genes (trxA) coding for a thioredoxin domain protein (Table 1). While all
of the Geobacter species have at least one copy of a thioredoxin domain protein gene
(trxA) in their genome, trxA clusters with the arsC gene in only 3 of the 14 Geobacter
genomes examined (G. sulfurreducens, Geobacter sp. strain M21, and G. metallireducens).
This gene and another thioredoxin-like gene (trx3) are more highly transcribed in G.
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sulfurreducens cells grown in the presence of 0.1 mM arsenite (Fig. 1), indicating that
thioredoxin might play a role in electron transfer by G. sulfurreducens to ArsC. However,
trxA, trx3, and trxA trx3 deletion mutant strains did not have these phenotypes when
grown in the presence of either arsenite (0.1 mM) or arsenate (5 mM) (see Fig. S3 in the
supplemental material). One would also expect that if a thioredoxin protein were
required for function of ArsC, its gene would be cotranscribed with the arsC gene more
consistently across the genus.
Both the arsenic respiratory and detoxiﬁcation systems are regulated by the ArsR
repressor protein, which is induced by arsenite. A copy of the gene coding for ArsR is
found in all of the Geobacter ars operons examined in this study. In addition, all of the
Geobacter species have other genes coding for ArsR-SmtB family proteins scattered
throughout their genomes (Table 1). For example, G. sulfurreducens, G. bemidjiensis, G.
lovleyi, G. argillaceus, and G. bremensis all have 4 arsR-like homologues, G. uraniireducens, G. daltonii, and Geobacter sp. strains M18 and OR-1 have 6 homologues, Geobacter
sp. strain M21 has 5, G. soli and G. anodireducens have 3, and G. metallireducens has two
arsR homologues.
The ars detoxiﬁcation system in G. sulfurreducens. Bioinformatic and gap reverse
transcription-PCR (RT-PCR) analyses showed that the ars operon in G. sulfurreducens is
composed of 10 genes (GSU2950 to -2959) (Fig. S1), and rapid ampliﬁcation of cDNA
ends (RACE) showed that the 5= untranscribed region (UTR) includes a region 97 bp
upstream from GSU2950. Genes found in the ars operon include a gene coding for an
ABC transporter permease and ATP-binding protein (GSU2950-GSU2951), arsR
(GSU2952), arsC (GSU2953), acr3 (GSU2954), arsP (GSU2955), trx3 (GSU2956), trxA
(GSU2957), dsbD (GSU2958), and a gene coding for a cation efﬂux protein (GSU2959)
from the cation diffusion facilitator (CDF) family of transporters. All 10 of these genes
were upregulated in G. sulfurreducens cells grown in the presence of 0.1 mM As(III)
compared to cells grown without exposure to arsenic (Fig. 1).
Regulation of the ars operon. The G. sulfurreducens genome has four different
genes coding for putative ArsR-Smt family regulatory proteins scattered throughout
the genome: GSU2952 (arsR1), GSU2149 (arsR2), GSU0399 (arsR3), and GSU2625 (arsR4).
All four of these genes’ proteins have the helix-turn-helix (HTH) motif that is characteristic of DNA binding transcriptional regulators (see Fig. S4A in the supplemental
material), and all of them are found near transport proteins. The arsR1 gene is part of
the ars operon, arsR2 is located 529 bp upstream from a gene coding for heavy
February 2017 Volume 83 Issue 4 e02689-16
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FIG 1 Relative changes in expression of ars operon genes compared to expression of the constitutively expressed proC gene in G. sulfurreducens cells grown
in the presence or absence of 0.1 mM arsenite. Acetate (10 mM) was provided as the electron donor, and fumarate (50 mM) was provided as the electron
acceptor for all conditions. All conditions were tested in triplicate.
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FIG 2 Relative changes in expression of the arsR1, arsR2, arsR3, and arsR4 genes relative to the constitutively
expressed proC gene in G. sulfurreducens cells grown in the presence or absence of 0.1 mM arsenite. Acetate (10
mM) was provided as the electron donor, and fumarate (50 mM) was provided as the electron acceptor for all
conditions. All conditions were tested in triplicate.

metal-translocating P-type ATPase protein (GSU2147; cadA), arsR3 is located just downstream from an operon that contains genes coding for subunits of a multidrug efﬂux
transporter (GSU0391 to -0394), and arsR4 is found downstream from genes coding for
an ABC-type oligopeptide transport system (GSU2623-GSU2624). However, only ArsR1
and ArsR2 have the metal-binding motif (ELCVCDL) that allows metals to bind to ArsR
and the vicinal cysteine pair (Cys-32 and Cys-34) that is part of the inducer (AsIII)
binding domain of ArsR in Escherichia coli and Shewanella (Fig. S4) (29, 45).
In addition to ArsR1 and ArsR2 being the only HTH proteins with conserved metal
binding sites, their associated genes (arsR1 and arsR2) were the only arsR-like genes
differentially transcribed in the presence of 0.1 mM arsenite (Fig. 2). However, the
number of arsR2 mRNA transcripts only slightly increased in the presence of arsenite,
while a signiﬁcant increase in transcription of arsR1 was observed. Further comparison
of ArsR2 amino acid sequences with other regulatory proteins from the ArsR-Smt family
suggests that ArsR2 is more closely related to CadC regulatory proteins (Fig. S4A and
S4B), which makes sense because it is located upstream from a gene coding for a
putative CadA protein.
In order to determine which of these arsenic repressor proteins is involved in
regulation of the ars operon, arsR1, arsR2, arsR3, and arsR4 deletion mutant strains were
constructed in G. sulfurreducens. The only repressor mutant strain that exhibited a
phenotype was the ΔarsR1 mutant (Fig. 3). The lag period for growth in the presence
of 0.1 mM As(III) was shorter in the arsR1 deletion mutant than in the wild type, and the
mutant’s doubling time in the presence of As(III) was slightly faster than that of the wild
type (8 versus 9 h) (Fig. 3A). This shortened lag period was not observed in the arsR2
mutant or the arsR1 complement. The ﬁnding that the arsR1 complement strain grew
slower than the wild-type strain can most likely be explained by the fact that arsR1 was
expressed from a plasmid carrying a second antibiotic resistance marker. Previous
studies have shown that plasmids and multiple antibiotic cassettes can interfere with
the normal proliferation of an organism, thereby slowing down growth rates and
reducing ﬁnal cell densities (46). Growth rates of Geobacter complement strains are
almost always slower than that of the wild type using this genetic approach (47).
Growth of the other two complement strains constructed in this study (acr3 and arsC
complements) was also slightly slower than that in the wild-type strain.
Transcription of arsC and acr3 genes also notably increased in ΔarsR1 cells grown in
the presence and absence of As(III) (Fig. 3B). The number of arsC mRNA transcripts was
⬃100-fold higher in arsR1 mutant strains than in the wild type in the presence and
absence of As(III), and acr3 transcript levels were 67- and 4-fold higher in ΔarsR1 cells
February 2017 Volume 83 Issue 4 e02689-16
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FIG 3 (A) Growth of the wild-type, arsR1 deletion mutant, arsR2 deletion mutant, and arsR1complemented strains in the presence of 0.1 mM As(III). (B) Relative changes in expression of the acr3,
arsC, arsR1, and arsR2 genes compared to expression of the constitutively expressed proC gene in the
wild-type and arsR1 and arsR2 deletion mutant strains grown in the presence or absence of 0.1 mM As(III).
Total RNA was extracted from cells after 20 h of incubation. All conditions were conducted in triplicate.

than wild-type cells in the presence or absence of As(III), respectively. Transcription of
acr3 and arsC, on the other hand, was not impacted by deletion of the arsR2 gene.
These results suggest that the ars operon is regulated by arsR1.
Characterization of the ars operon in G. sulfurreducens. In order to conﬁrm that
expression of ars genes is involved in arsenic detoxiﬁcation in G. sulfurreducens,
transcription of arsR1, acr3, and arsC under various concentrations of arsenite was
quantiﬁed by quantitative RT-PCR (qRT-PCR) (Fig. 4). The numbers of acr3, arsC, and

FIG 4 Relative changes in expression of the arsR1, acr3, and arsC genes compared to expression of the
constitutively expressed proC gene in G. sulfurreducens cells grown in the presence of various concentrations of arsenite. All points represent the average from triplicate samples.
February 2017 Volume 83 Issue 4 e02689-16
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FIG 5 Maximum OD600 after 45 h of incubation for the wild-type and deletion mutant acr3 and arsC strains of G.
sulfurreducens in the presence of increasing levels of (A) arsenite [As(III)] or (B) arsenate [As(V)]. Cells were grown
with acetate (10 mM) as the electron donor and fumarate (50 mM) as the electron acceptor. All points represent
the average from triplicate samples.

arsR1 mRNA transcripts were 59, 83, and 429 times more abundant in cells grown in the
presence of 0.3 mM As(III) than in cells grown without exposure to arsenic.
Deletion of ars genes from G. sulfurreducens cells further supported their involvement in arsenic detoxiﬁcation. When the gene coding for Acr3 was deleted from the
chromosome, growth on both As(III) and As(V) was impaired (Fig. 5). While wild-type
strains were able to grow in the presence of 0.3 mM As(III) or 12.5 mM As(V), growth
of the acr3 deletion mutant strain was impaired at As(III) concentrations as low as 0.025
mM As(III) and 2.5 mM As(V). The phenotype of the arsC deletion mutant was similar to
that of the wild type when grown in the presence of As(III), as would be expected since
the efﬂux pump (acr3) was fully functional in this strain. However, growth of the arsC
mutant strain was diminished in the presence of As(V), and it had a similar phenotype
on As(V) to the acr3 mutant (Fig. 5B). Complementation of both of these genes restored
function and allowed growth in the presence of As(III) and As(V) similar to that of the
wild type.
Implications. The prevalence and redundancy of many of these arsenic transformation genes within the genus Geobacter show how frequently these organisms are
likely to encounter this metalloid in the environment. Studies have shown that Geobacter species are major players in microbially mediated arsenic release from metal
hydroxides, which is a common cause of elevated arsenic concentrations (those exceeding 10 g/liter) in drinking water. In South and Southeast Asia, tens of millions of
people are exposed to chronic arsenic poisoning annually by drinking groundwater (48)
in which bound arsenic is released from sediments by dissimilatory metal-respiring
bacteria such as Geobacter (11, 12, 14, 49). Mobilization of arsenic is then further
enhanced by species that can transform arsenic to its more mobile form (arsenite),
which readily leaches into drinking water supplies. Because Geobacter species are
February 2017 Volume 83 Issue 4 e02689-16
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responsible for much of this microbially mediated arsenic release, a better understanding of the mechanisms that they use for arsenic transformation should help us develop
methods that can reduce the problem of arsenic-contaminated drinking water in many
environments.
MATERIALS AND METHODS
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Bacterial strains and culture conditions. G. sulfurreducens strain DL1 (ATCC 51573) was obtained
from our laboratory culture collection. Cells were grown under anaerobic conditions in a previously
described bicarbonate-buffered, deﬁned medium (50) supplemented with acetate (10 mM) as the
electron donor and fumarate (50 mM) as the electron acceptor. Cells were incubated at 30°C in the dark
under an N2-CO2 (80:20) atmosphere. Arsenic was added to cultures from anoxic stocks of sodium
(meta)arsenite (NaAsO2;10 mM) and sodium arsenate (Na2HAsO4; 10 mM).
Analytical techniques. Acetate concentrations were determined with an HP series 1100 highpressure liquid chromatograph (Hewlett Packard, Palo Alto, CA) with a Bio-Rad fast acid analysis column
(Bio-Rad Laboratories, Hercules, CA), with an eluent of 8 mM H2SO4 and UV absorbance detection at 210
nm as previously described (51).
G. sulfurreducens cells were counted with acridine orange staining and epiﬂuorescence microscopy
as previously described (52). Cells were diluted 100-fold, ﬁxed with a 10% glutaraldehyde solution, and
stained with acridine orange (0.01% ﬁnal concentration). The stained sample (1 ml) was then concentrated with a vacuum pump (pressure of ca. 150 mm Hg) onto a 0.2-m-pore-size polycarbonate
membrane ﬁlter (Millipore) and visualized by ﬂuorescence microscopy on a Nikon Eclipse E600 microscope.
Extraction of RNA from samples. RNA was prepared from triplicate cultures for all growth
conditions, and all solutions used during the RNA extraction process were prepared with diethylpyrocarbonate (DEPC)-treated water (Ambion, Foster City, CA). Batch cultures (50 ml) were grown with
acetate (10 mM) as an electron donor and fumarate (50 mM) as an electron acceptor in the presence of
various concentrations of arsenite (0, 0.05, 0.1, 0.2, and 0.3 mM) or arsenate (0, 2.5, 4, 5, and 10 mM) and
harvested during exponential growth. Cells were split into 50-ml conical tubes (BD Biosciences, San Jose,
CA) and pelleted by centrifugation at 3,000 ⫻ g for 15 min. RNA was then extracted with the RNEasy Plus
minikit (Qiagen) and treated with DNA-free DNase (Ambion) according to the manufacturer’s instructions. All RNA samples were checked for integrity by agarose gel electrophoresis and had A260/A280 ratios
of 1.8 to 2.0, indicating that they were of high purity (53). In order to ensure that RNA samples were not
contaminated with DNA, PCR ampliﬁcation with primers targeting the 16S rRNA gene was conducted on
RNA samples that had not undergone reverse transcription.
Analysis of the ars operon in G. sulfurreducens. In order to determine the size of the ars operon
in G. sulfurreducens, primers were designed to link consecutive genes within the putative operon (see
Table S1A in the supplemental material). cDNA was generated from RNA (1 g) extracted from Geobacter
cells grown in the presence of 0.1 mM arsenite with the Durascript enhanced avian reverse transcriptase
single-strand synthesis kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s instructions and
used as a template for the various PCRs. The 5=/3= RACE (rapid ampliﬁcation of cDNA ends) kit (Roche,
Mannheim, Germany) was used to perform rapid ampliﬁcation of 5= cDNA ends (5= RACE) to ﬁnd the start
of the G. sulfurreducens ars operon. For 5= RACE, single-stranded cDNAs were ﬁrst synthesized with sp1
(Table S1A) and transcriptor reverse transcriptase. After puriﬁcation of the single-stranded cDNA with the
High Pure PCR puriﬁcation kit (Roche), terminal transferase was used to add a poly(A) tail at the 5= end.
Two rounds of PCR were then conducted with sp2 and the oligo(dT) anchor primer and sp3 and the PCR
anchor primer.
qRT-PCR. Genome sequence data obtained from the DOE Joint Genome Institute (JGI) website
(www.jgi.doe.gov) were used to design quantitative RT-PCR (qRT-PCR) primers. All qRT-PCR primers
(Table S1B) were designed according to the manufacturer’s speciﬁcations (amplicon sizes of 100 to 200
bp), and representative products from each of these primer sets were veriﬁed by sequencing.
The Superscript III ﬁrst-strand synthesis SuperMix for qRT-PCR (Invitrogen) was used to generate
cDNA from 1 g total RNA. Once the appropriate cDNA fragments were generated by RT-PCR, qRT-PCR
ampliﬁcation and detection were performed with the 7500 real-time PCR system (Applied Biosystems).
Optimal qRT-PCR conditions were determined using the manufacturer’s guidelines. Each PCR mixture
consisted of a total volume of 25 l and contained 1.5 l of the appropriate primers (stock concentrations, 15 M) and 12.5 l Power SYBR green PCR master mix (Applied Biosystems). Standard curves
covering 8 orders of magnitude were constructed with serial dilutions of known amounts of puriﬁed
cDNA quantiﬁed with a NanoDrop ND-1000 spectrophotometer at an absorbance of 260 nm.
Construction of deletion mutants and complements. The sequences of all primer pairs used for
construction of the deletion mutants used in this study are listed in Table S1C. All mutants were
constructed by replacement of the gene of interest with a gentamicin resistance cassette as previously
described (54). Restriction digestions were carried out according to the manufacturer’s instructions, and
JumpStart AccuTaq LA DNA polymerase (Sigma-Aldrich) was used for all PCRs.
Primer pairs were designed to amplify regions approximately 500 bp downstream and upstream of
the target genes and to add AvrII (CCTAGG) restriction sites to the PCR products. These products were
digested with AvrII restriction endonuclease (NEB, Beverly, MA), ethanol precipitated, and ligated with T4
DNA ligase (NEB). The ligation reaction mixture was then loaded onto an agarose gel, and a 1-kb band
was puriﬁed with the Qiaquick gel extraction kit (Qiagen) and ligated into the pCR2.1 TOPO cloning
vector, resulting in the formation of PCR2.1up5=⫹3=dn. Sanger sequencing was done to verify the
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