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RESEARCH HIGHLIGHTS

(1) We have developed the first bioelectrochemical system (BES) based environmental biosensor 

with genetically encoded specificity for a toxic metal.

(2)  This  biosensor  employs  a  genetically  engineered  Shewanella  oneidensis  strain,  which was 

designed to produce more current in response to arsenic when cultured in a BES.

(3)  Our  first-generation BES-based biosensor  has a response time of  approximately 24 h and a 

detection limit on the order of 100 μM arsenite. 
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ABSTRACT

Genetically-engineered  microbial  biosensors  have  yet  to  realize  commercial  success  in 

environmental  applications,  due  in  part  to  difficulties  associated  with  transducing  and 

transmitting  traditional   bioluminescent  information.  The use of  bioelectrochemical  systems 

(BESs)  in biosensing applications allows for a direct electronic output that can be more easily 

incorporated into devices for remote environmental monitoring. Herein, we describe the first  

BES-based biosensor with genetically encoded specificity for a toxic metal. By placing an essential 

element of the metal reduction (Mtr) pathway of Shewanella oneidensis MR-1 under the control 

of an arsenic-sensitive promoter, we have engineered a strain that  produces increased current in 

response to arsenic when inoculated into an BES. When operated as a chemostat with a hydraulic 

retention time of 7 h, our BES-based biosensor has a response time of 24 h and a lower detection 

limit on the order of 100 μM arsenite.  To  heighten the sensor's  sensitivity to arsenic, we have 

begun characterizing an alternative sensing strain with  improved translational efficiency. This 

ability to tune analyte sensitivity—along with the  reliability of  our continuous assay  and  the 

simplicity of the transcriptional circuit required for BES-based biosensing—suggests that similar 

sensing  systems  may  be  readily  developed  for  both  environmental  deployment  and  on-line 

process control. 
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1.  INTRODUCTION

Microbes are  thought  to  be  a  promising  platform for  biosensing  since  their  simplicity  to 

cultivate, ability to thrive under adverse conditions,  and amenability to modern recombinant 

DNA  technologies  suggest  that  microbial  biosensors  can  offer  inexpensive  and  specific 

measurement  tools (D'Souza, 2001).  Past microbial biosensors have been principally developed 

for  environmental  applications,  since microbes have at  their disposal  the tools  to sense both 

bioavailability  and toxicity  (Belkin,  2003).  Many  of  these  have relied on the analyte-induced 

expression of a reporter genes that produce a bioluminescent, fluorescent, or colorimetric signal 

(Joshi et al., 2009;  Ramanathan et al., 1997;  Sagi et al., 2003;  Wang et al., 2012).  Most notably, 

Pseudomonas flourescens HK44 is a well-characterized strain that has been deployed to monitor 

naphthalene and salicylate bioavailability in soils (Heitzer et al., 1992; King et al., 1990). Despite 

their  popularity  in  academic  literature,  however,  genetically  engineered microbial  biosensors 

have yet to see commercial success in their target environments (Shin, 2011). 

One possible explanation for this gap between academia and industry is the difficulty of  

detecting the expression of common reporter genes—typically related to either luciferase, green 

fluorescent protein,  or β-galactosidase  (Lei et al., 2006)—remotely.  Because remote monitoring 

requires neither on-site technicians nor transportation of samples to  laboratories, the ability of 

microbial  biosensors  to  transmit  information  across  distances  will  likely  be  central  in  their 

penetration  of  the  environmental  monitoring  market.  Consequently, there  has  been  recent 

interest  in  the  development  of  deployable  bioluminescent  biosensors  for  long-term  remote 

monitoring (Nivens et al., 2004). However, this technology has yet to gain traction—largely due 
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to the difficulty of creating a device that not only facilitates the transduction and transmission of 

bioluminescent information, but also  provides an adequate environment to maintain engineered 

microbes for extended periods of time (Bjerketorp et al., 2006).

A promising alternative that may overcome the limitations of more traditional microbial 

biosensing methods is the use of bioelectrochemical systems (BESs), which take advantage of the 

ability of microbes to catalyze the reduction of an anode in an electrochemical cell (Friedman et 

al., 2012b).  Most commonly, BES technologies are developed as microbial fuel cells, which are 

designed to harvest  electricity  from chemical  energy stored in  organic  waste.  Because  direct 

electronic output is provided by BESs, however, this technology is also ideal for many biosensing 

purposes (TerAvest et al., 2011). While past BES-based biosensors have been designed to detect 

biological oxygen demand (Kim et al., 2003), carbon source availability  (Kim et al., 1999), and 

general toxicity (Wang et al., 2013), only recently has it been shown that specific chemical signals 

may be detected by  such sensors  (Golitsch et al.,  2013). Herein, we  move beyond this recent 

proof  of  principle  and  describe  a  genetically  encoded  biosensor  for  arsenic  that  employs  a 

Shewanella oneidensis strain growing in a continuous flow BES. The sensing strains are genomic 

ΔmtrB mutants, and are complemented by a plasmid-encoded copy of mtrB that is driven by an 

arsenic-inducible promoter. Because MtrB is essential for electrode reduction  (Coursolle et al., 

2010), current production is upregulated in response to arsenic. 
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2.  MATERIALS AND METHODS

2.1  Strains and growth conditions

S. oneidensis MR-1 is an environmental isolate first found in Lake Oneida, New York (Myers and 

Nealson, 1988). We used an MR-1 mtrB deletion mutant (ΔmtrB) as a basis for the construction 

of our arsenic-sensing strains (Coursolle and Gralnick, 2012). During experiments, we employed 

minimal  M4 media,  which contains—per  liter  of  deionized water—0.221 g  K2HPO4,  0.099 g 

KH2PO4, 0.168 g NaHCO3, 1.189 g (NH4)2SO4, 7.305 g NaCl, 1.192 g HEPES; 0.0713 g CaCl2, and 

10 mL M4 trace mineral solution. Per liter deionized water, M4 trace mineral solution contains 

2.26 g Na2EDTA, 24.89 g MgSO4·7H2O, 0.029 g MnSO4·4H2O, 0.058 g NaCl, 0.068 g FeCl2, 0.065 

g  CoCl2,  0.029  g  ZnSO4·7H2O,  0.005  g  CuSO4·5H2O,  0.35  g  H3BO3,  0.08  g  Na2MoO4,  0.119 

NiCl2·6H2O, and 0.028 Na2SeO4 (Rosenbaum et al., 2010). When appropriate, sodium L-lactate 

and Fe(III) citrate were added to minimal M4 media at final concentrations of 20 and 10 mM, 

respectively, to provide a carbon source and electron acceptor.

Escherichia coli  DH5α and WM3064  (a diaminopimelic acid (DAP) auxotroph derived 

from strain β2155; Dehio and Meyer, 1997) were used for routine cloning and conjugation into 

Shewanella strains, respectively. For growth of E. coli WM3064, we supplemented all media with 

300 μM DAP. All Escherichia strains were grown at 37 °C unless otherwise noted; all Shewanella  

strains were grown at either room temperature or 30 °C.  All strains were maintained  on solid 

lysogeny broth (LB) medium at 1.5% agar. Overnight cultures were grown in 5 mL volumes of LB

—either from single colonies on agar plates or from frozen stocks maintained in glycerol. When 

appropriate, we added kanamycin at a final concentration of 50 μg/mL to growth media. 
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2.2  Mutant construction

We  used  standard  molecular  biology  techniques  to  construct plasmids containing 

arsenic-responsive genetic circuits. We obtained BBa_K098994 and  BBa_J33201—derived from 

the genomes of  S.  oneidensis  and  E. coli JM109  (Diorio  et  al.,  1995),  respectively—from  the 

Registry of Standard Biological Parts (http://partsregistry.org). BBa_J33201, which contains both 

an arsenic-inducible promoter  (Pars)  and its downstream transcriptional  regulator  (arsR),  was 

amplified via PCR using a forward primer (ArsR_1) upstream of an EcoRI/XbaI multiple cloning 

site  (MCS), and a reverse primer (ArsR_2) with a 5' extension introducing AscI, SpeI, and PstI 

cutsites (see Table S1 in Supporting Information for a list of all primers used in this study). 

To facilitate the construction of the initial sensing plasmid, the coding region of mtrB was 

amplified  from BBa_K098994  using a forward primer (MtrB_1) introducing AscI and BamHI 

cutsites  flanking  a  ribosomal  binding site  (RBS)  and a  reverse  primer  (MtrB_2) introducing 

KpnI, SpeI, and PstI cutsites.  The AscI and BamHI cutsites were included to expedite possible 

modifications to the RBS associated with mtrB. Upon digesting the resulting PCR products with 

EcoRI/AscI  and  AscI/PstI,  plasmid  pArsR/MtrB_1  was  constructed  upon  the  simultaneous 

ligation of the two fragments into pBBRBB (Addgene plasmid 32549; Vick et al., 2011), a broad 

host range mobile vector conferring kanamycin resistance, derived from pBBR1MCS-2 (Kovach 

et al., 1995). A second plasmid (pArsR/MtrB_2) was also constructed—without a BamHI cut site 

between the RBS and start  codon associated with  mtrB—via the direct digestion of the  mtrB 

coding  sequence  from BBa_K098994.  This  plasmid  was  constructed  to control  for  possible 

changes to translational efficiency with the modified mtrB upstream sequence in  pArsR/MtrB_1. 
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Plasmids  pArsR/MtrB_1  and  pArsR/MtrB_2 were electroporated into  electrocompetent 

E. coli WM3064 stocks—prepared by employing a protocol described by Wu et al. (2010)—in 1 

mm cuvettes at a voltage of 1.8 kV, a capacitance of 25  μF, and a resistance of 200  Ω. After 

selecting for  successful  transformants,  the resulting  E.  coli  strains were grown overnight  and 

plated  on LB+DAP in a suspension with  S. oneidensis  ΔmtrB—after being washed of residual 

kanamycin.  Each  conjugation was allowed  to  proceed  for  8  h  at 30  °C,  after  which  a  new 

LB+kanamycin plate, without DAP, was streaked for single colonies of S. oneidensis. Successfully 

conjugated S. oneidensis colonies were confirmed via colony PCR and Sanger sequencing.         

2.3  Iron(III) citrate reduction

For  high-throughput  characterization  of  our  arsenic  sensing  strains,  we  quantified  their 

capacities to reduce Fe(III) at concentrations of arsenite ranging from 0 to 500 μM.  While the 

pathways responsible for electrode reduction and soluble iron reduction do not fully overlap,  

MtrB plays a crucial role in both pathways, making the quantification of iron reduction ideal for 

our purposes  (Rosenbaum et al.,  2010; Coursolle and Gralnick, 2012).  In preparation for the 

assay, all  strains were cultured aerobically overnight in LB  at an arsenite concentration to be 

employed in the subsequent assay. After growing to  an OD600 of 1, cultures were washed and 

resuspended to a final OD600 of 0.015 in minimal M4 media with 20 mM sodium lactate and 10 

mM Fe(III) citrate. Inside an anaerobic chamber, 30 μL of each cell suspension was added to 270 

μL of minimal M4 media (and arsenite, where appropriate) in the wells of sterile 96-well plates. 

After incubating for 12 h, 5 μL from each well were transferred into clean wells of a new 96-well 
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plate, along with 45 μL of 0.5 M HCl and 300 μL ferrozine reagent (Coursolle et al. 2010, Stookey, 

1970). For quantification, the resulting mixture was measured spectrophotometrically at 562 nm. 

Defined  Fe(II)  standards at an appropriate range of concentrations  were used to calibrate the 

assay. 

2.4  BES construction and electrochemical techniques

We  employed  single-chambered  glass  electrochemical  reactors in  the  construction  and 

characterization  of  our  bench-scale BES-based biosensor.  Operating  BESs  as  electrochemical 

half-cells, we employed a either a commercial  potentiostat (VSP, Biologic USA, Knoxville, TN; 

CHI660B, CH Instruments, Austin, TX) or an open-source, microcontroller-based potentiostat 

(placed in a Faraday cage for electronic shielding; Friedman et al., 2012a) to control and monitor 

electrochemical conditions in a three electrode system. We controlled the potential of a graphite 

working electrode (Poco Graphite, Inc., Decatur, TX) at 0.3 V versus a Ag/AgCl,  saturated KCl 

glass reference electrode, while a graphite counter electrode served as a current drain.  In  this 

arrangement,  S. oneidensis biofilm formation  and electron transfer  is induced at the working 

electrode, since it is poised at a potential that is energetically favorable for electrode reduction.  

In continuous flow experiments, the working volume was held constant at 120 mL while 

media was fed via a peristaltic pump (Cole-Parmer, Vernon Hills, IL) at a continuous rate of 18 

mL/h to maintain a hydraulic retention time of about 7 h. Because recent evidence suggests that 

oxygen intrusion allows S. oneidensis  to overcome redox mediator washout in continuous-flow 

reactors (TerAvest, unpublished data), the head space of the reactor was left open to atmosphere 
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through  a  0.2 μm  filter  (Pall  Corporation,  Cortland,  NY)  to  maintain  a  micro-aerobic 

environment. This environment also provided the sensing strains with oxygen as an alternative 

to the electrode as an electron acceptor, so that electron acceptors would not be limiting when 

arsenic was not present (i.e., in conditions where the Mtr pathway was incomplete). 

We  operated  reactors  for  continuous-flow investigations  at an  initial  arsenite 

concentration of zero. Current was recorded versus time for BESs inoculated with a S. oneidensis  

strain  carrying pArsR/MtrB_1, as  well  as  with ΔmtrB  and MR-1 empty vector  controls.  We 

added kanamycin to the reactor feed to maintain a selective pressure for plasmid maintenance. 

After observing stationary current (with fluctuations within 5% of average value) for more than 

two  hydraulic  retention  times,  arsenite  was  added  directly  to  a feed  tank  such  that  the 

steady-state arsenite concentration  inside the reactors  could be controlled.  These steady-state 

arsenite  concentrations  were  incrementally  increased  (again  upon  observation  of  stationary 

current) until a final concentration of  500  μM was reached. 

We also performed batch investigations of a S. oneidensis strain carrying  pArsR/MtrB_2, 

alongside as ΔmtrB and MR-1 empty vector controls. S. oneidensis strains were grown overnight 

in LB+kanamycin (without arsenite) to an  OD600 just  under 1.0 before being resuspended in 

minimal M4 (with kanamycin) to an OD600 of 0.015. Suspensions were inoculated into 100 μL of 

minimal M4 media with kanamycin and arsenite (when appropriate) after at least 5 h of abiotic 

background current was observed.  While current was recorded over the entire length of batch 

experiments,  peak  current  was  of  particular  interest  as  a  response variable  to  arsenite 

concentration.
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3.  RESULTS AND DISCUSSION

3.1  Design of an arsenic-sensing genetic circuit

We relied on an mtrB complementation strategy to construct arsenic-responsive genetic circuits 

in  plasmids  pArsR/MtrB_1  and  pArsR/MtrB_2.  MtrB  plays  an  essential  role  in  the  metal 

reduction (Mtr) pathway of  Shewanella  spp., stabilizing a complex formed between MtrA and 

MtrC  (Coursolle et al., 2010).  Because this stable complex is  required for electrode reduction, 

strains deficient in the mtrB coding sequence are unable to produce significant levels of current 

when inoculated into BESs.  However, when mtrB is re-introduced into a knockout strain (and 

transcription is induced), the electrode reduction phenotype  is restored—i.e., when inoculated 

into an BES, current production will increase in response to increasing  mtrB  transcription in 

such an engineered strain. We exploited this by placing the  mtrB  coding sequence under the 

control of an arsenic-inducible promoter region (the molecular details of which are discussed in 

Section 2.2).

The  arsenic-inducible  promoter  (Pars)  is  negatively  regulated  by  ArsR  (Fig.  1).  When 

arsenic is excluded from a cell with these genetic components, the binding kinetics between ArsR 

and its associated operator region within Pars are relatively strong, blocking the transcription of 

downstream  genes  (i.e.,  arsR  and  mtrB).  In  this  arrangement,  ArsR  acts  as  a  negative 

auto-regulator  by limiting its own expression to a  low, basal level.  The dynamics of the circuit 

change,  however,  when arsenic (in the form of arsenates or arsenites) enters the cell.  In this 

condition,  arsenic  associates  with  ArsR,  inducing  a  conformational  change  that  leads  to  its 

dissociation  from the  Pars operator.  Because  the  binding  kinetics  between  ArsR and the Pars  
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operator  become more unfavorable (to a point) with increasing arsenic concentrations, MtrB 

levels—and hence, electrode reduction capacities—increase with increasing arsenic presence.   

___________________________________________________________________________________________________________________________________________________________________________________________

Fig. 1. Design of arsenic-responsive transcriptional circuit in in plasmids pArsR/MtrB_1 and pArsR/MtrB_2. arsR is 

a  negative auto-regulator, inhibiting the transcription of  itself  and downstream  mtrB.  (A) When relatively little 

arsenic is present, ArsR is able to bind to the operator of Pars, the arsenic-sensitive promoter. (B)  As more arsenic 

enters the cell, ArsR dissociates from the operator, leading to an increase in mtrB expression. 
___________________________________________________________________________________________________________________________________________________________________________________________

3.2  Effect of arsenic on iron reduction

S.  oneidensis  strains carrying arsenic-responsive  plasmids  had increasing  capacity  to  reduce 

Fe(III) to Fe(II) at  increasing arsenite concentrations  (Fig. 2).  While a  statistically  significant 

change in iron reduction capacity was only observed at concentrations above 100  μM  for  the 
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strain carrying pArsR/MtrB_1, the strain carrying pArsR/MtrB_2 was able to reduce significantly 

more Fe(III) at arsenite  levels below 80  μM—compared to basal iron reduction.  This indicates 

that the efficiency of MtrB translation plays a role in determining arsenic sensitivity, as further 

described in Section 3.4. However, because both arsenic-sensing strains were able to reduce more 

iron at increasing arsenite concentrations, we have strong evidence that each strain can function 

as the biological component of an arsenic sensor with direct electronic output when inoculated 

into an BES.

___________________________________________________________________________________________________________________________________________________________________________________________

Fig.  2.  Fe(II) evolution by  S. oneidensis  strains over 12 h at various concentrations of arsenite.  (A) A significant 

improvement  in  iron  reduction  is  observed  for a S.  oneidensis  strain  carrying  pArsR/MtrB_1 at  arsenite 

concentrations above 100 μM. (B) A wild-type positive control (blue) and  a ΔmtrB negative control (orange) each 

show toxic responses to arsenic, as iron reduction capacity is diminished with increasing arsenite concentration; a S.  

oneidensis strain carrying  pArsR/MtrB_2 (green) shows an increasing capacity to reduce iron at increasing arsenite 

concentrations, with significantly different Fe(II) evolution at 80 μM arsenite.  
___________________________________________________________________________________________________________________________________________________________________________________________
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It  is  interesting  to  note  that  increasing  MtrB  expression  can  compensate  for  arsenic 

toxicity in our sensing strains—in terms of respiration rates. Both wild-type S. oneidensis MR-1 

and the  ΔmtrB  negative control  showed decreasing iron reduction rates at increasing arsenite 

concentrations  (Fig.  2B),  indicating that  toxic  effects  of  arsenite  cause a  growth defect  in  S.  

oneidensis  strains at the range of concentrations under investigation. Therefore, it is likely that 

increasing  MtrB  expression  “makes  up”  for  this  defect  in  our  sensing  strains.  At  arsenite 

concentrations above 100 μM, however, the S. oneidensis strain carrying plasmid pArsR/MtrB_2 

shows diminished capacity to reduce iron (data not shown). This phenomenon may be explained 

by saturation in MtrB activity (disallowing compensation for arsenic toxicity) combined with the 

inherent toxic effects of overexpression of Mtr proteins—as recently investigated by Goldbeck et 

al. (2013).            

3.3  Effect of arsenic on continuous flow BES current production

When  inoculated  into  a  continuous  flow  BES,  the  S.  oneidensis  strain  carrying  plasmid 

pArsR/MtrB_1  reproducibly generated increased steady-state current  in response to increasing 

steady-state arsenite concentrations. An arsenite concentration of 500 μM induced a steady-state 

current  of  approximately  150% of  the  basal  level (i.e.,  current  produced  in  an  BES without 

arsenic;  Fig.  3).  While  arsenite  concentrations  on  the  order  of  100  μM induced a  transient 

increase in current, an elevated steady-state current level was not achieved.  While a definitive 

explanation  for  this  phenomenon  has  yet  to  be  tested  experimentally,  we  hypothesize  that 

changing  dynamics  in  the  menaquinone  pool  (which  supplies the  Mtr  pathway 
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___________________________________________________________________________________________________________________________________________________________________________________________

Fig. 3. Response of S. oneidensis strain carrying  pArsR/MtrB_1 to arsenite in two replicates. After panning through 

a steady-state arsenite concentration of 100 μM, a final response was observed at 500  μM arsenite. After a transient 

phase on the order of a day, a new steady-state—about 50% above baseline current—was achieved. 
___________________________________________________________________________________________________________________________________________________________________________________________

with reducing equivalents to be shuttled outside of the cell as current) accounts for this transient 

behavior. Despite these complications, we have shown that steady-state current may be recorded 

as an indicator of arsenite concentration, forming the basis of our BES-based biosensor.

However, limitations of these sensing capabilities include a relatively long response time 

(on the order of 1 day). While it is possible that the biofilm turnover rate limits the ability of our 

biosensor to respond rapidly to changing arsenite concentrations,  some factors contributing to 

response time are unknown. Because the engineered S. oneidensis  strain is deficient in MtrB at 

low levels of arsenic, it is also possible that changes in transcriptional regulation (in multiple 

stages) are required before a fully functional Mtr pathway is able to form, further contributing to 

the time required to reach a new steady-state upon arsenic addition.  Further investigation is 

required, however, to confirm the role of transcriptional regulation in the response time of the 
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biosensor. Such investigation, along with variation of the macro-scale parameters of the reactor 

(e.g., biofilm shear stress due to the flow of media) will lead to improved response time in future  

BES-based biosensors relying on engineered S. oneidensis strains.  

3.4  Electrochemical characterization of alternative sensing strain

In addition to the relatively long response time of the continuous flow BES-based biosensor, the 

detection  limit  on  the  order  of  hundreds  of  μM  arsenite  is  also  of  concern.  For  practical 

applications, such a biosensor would need to be much more sensitive, because both the USEPA 

and WHO have set standards for maximum chronic exposure to arsenic salts that are orders of 

magnitude below the detection limit of the S. oneidensis strain carrying plasmid pArsR/MtrB_1 

(McGuigan et al., 2010). Consequently, the arsenic-responsive circuit in pArsR/MtrB_1 requires 

modification to increase arsenic sensitivity. 

As mentioned in Section 2.2, the mtrB upstream sequence was modified in the insertion 

of a BamHI cut site in  pArsR/MtrB_1. The nucleotide changes in this altered upstream sequence 

are  shown  in  Table  1.  Because  KineFold  (http://kinefold.curie.fr/)  simulations  predict 

_____________________________________________________________________________________________

mtrB Upstream Sequence

Native AGGAGAAATACTAGATG

Altered AAGGAGACGGATCCATG

Table  1.  mtrB upstream  sequences  for  native  (wild  type  and   pArsR/MtrB_2)  and  altered  (pArsR/MtrB_1) 

genotypes. During the construction of pArsR/MtrB_1, the number and identity of spacer nucleotides flanked by the 

ribosomal binding site (RBS; bold) and the start codon (italic) were changed upon introduction of a BamHI cut site 

(underlined).
___________________________________________________________________________________________________________________________________________________________________________________________ 
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Fig. 4. Current production over time for S. oneidensis strain carrying plasmid pArsR/MtrB_1 in batch BESs. Three 

replicates  are  shown  in  each  panel.  When  inoculated  into  a  reactor  without  arsenic  (A),  maximum  current 

production is consistently below 20 μA for this engineered strain; in reactors with 40  μM arsenite (B), maximum 

current is around 20 μA; in reactors with 100 μM arsenite (C), maximum current is above 30 μA.
___________________________________________________________________________________________________________________________________________________________________________________________

mRNA folding to partially block access to the RBS  of  mtrB for  this sequence, it is likely that 

strains carrying  pArsR/MtrB_1 exhibit reduced MtrB translational efficiency.  As mentioned in 

Section  2.2,  however,  pArsR/MtrB_2 retained  the  native  mtrB  upstream  sequence;  strains 

carrying this plasmid should not exhibit  such reduction.  This was partially confirmed by the 

results of iron reduction assays presented in Section 3.2, since strains carrying  pArsR/MtrB_2 

displayed a significantly higher capacity to reduce iron at relatively low arsenite concentrations—
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suggesting  that  higher  MtrB  concentrations  were  achieved. Further  evidence  for  the 

enhancement in translational efficiency conferred by  pArsR/MtrB_2  is shown in Fig. 4  above, 

which displays current production in batch BESs at three arsenite concentrations. 

While  further  controls  and  replicates  are  required  to  achieve  statistically  significant 

results, preliminary evidence makes it clear that the S. oneidensis strain carrying pArsR/MtrB_2 

is able to respond to arsenic concentrations on the order of tens of μM, a full order of magnitude 

less than the detection limit of the original strain. While further work is required to improve the 

detection limit of our  BES-based biosensor, it is encouraging that modulation of translational 

efficiency is an apparently effective approach in the tuning of biosensor sensitivity. Because the 

construction of RBS libraries (characterized in specific hosts) is already underway as part of the 

Registry  of  Standard  Biological  Parts,  this  implies  that  synthetic  circuits  with  modulated 

sensitivity will be relatively easy to build as the burgeoning field of synthetic biology expands.   

4.  CONCLUSIONS

We  have  shown  that  it  is  possible  to  transduce  chemical  information—of  relevance  to 

environmental quality—into the digital world by employing a BES inoculated with genetically 

engineered S. oneidensis. By characterizing current responses of our engineered strains to arsenic, 

we have moved beyond a proof of principle, and have constructed an BES-based biosensor with 

direct  environmental  applications.  Because  our  biosensor outputs  current  directly,  it  may be 

more easily integrated into a deployable device for remote monitoring than more traditional 

microbial biosensors. Such a prototype (designed for the remote monitoring of arsenic in natural 
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bodies  of  water)  was  constructed  as  part  of  the  2012  International  Genetically  Engineered 

Machine (iGEM) Competition by Cornell  iGEM (http://2012.igem.org/Team:Cornell;  Fig.  5). 

Briefly,  this  device  is  capable  of  supporting  monitoring  for  up  to  six 

_____________________________________________________________________________________________

Fig.  5.  Overview  of  field-deployable  biosensor  developed  for  2012  iGEM  competition.  An  engineered, 

arsenic-responsive  S. oneidensis  strain is inoculated into a reactor housed in a rugged device—alongside a control 

strain to account for fluctuations in environmental parameters. Sterile lactate is fed to reactors from vessels built into  

the device, combining with a filter-sterilized sample stream. On-board electronics record current over time, and  

transmit data wirelessly so that arsenic concentrations can be monitored remotely.
___________________________________________________________________________________________________________________________________________________________________________________________

months—maintaining  a  continuous  culture  of  an  arsenic-sensing  S.  oneidensis  strain  with  a 

concentrated stock of  substrate—and is capable of wirelessly transmitting water quality data by 

employing a modified version of a previously published open-source potentiostat (Friedman et 

al., 2012a).  Because such a device is less expensive and labor intensive than more conventional 

analytic chemistry approaches, it is clear that BES-based biosensors are ideal for deployment as a 
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first-pass monitoring system for remote detection of contamination events. As Golitsch et al.  

(2013) note, because  S. oneidensis  strains can be modified to detect a multitude of analytes of 

environmental interest with the simple swap of a promoter, a number BES-based biosensors may 

be constructed by hijacking the regulation of the Mtr pathway of S. oneidensis. Because of this, 

along with the fact that the genetic system of this organism is well worked-out, we believe  S.  

oneidensis  to  be  an  ideal  host  for  development  of  biosensors  for  remote  monitoring  of 

environmental contaminants.  
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5. APPENDIX A.  SUPPORTING INFORMATION

Primer Restriction 
Site(s)

Sequence 

MtrB_1 AscI/BamHI TTCTTCGGCGCGCCTAAGGAGACGGATCCATGAAATTTAAACTCAATTTGATCACTC

MtrB_2 KpnI/SpeI/PstI GTTTCTTCCTGCAGTCAGACGAACTAGTAGGTACCATAGAAGGTGAGCCAGTGTGAC

ArsR_1 EcoRI CGTATCACGAGGCAGAATTC

ArsR_2 AscI/SpeI/PstI GTTTCTTCCTGCAGTACTAGTAGGCGCGCCGTTAACTGCAAATGTTCTTACTGTCC

Table  S1.  Primers  and  restriction  sites  used  for  cloning  and  subsequent  generation  of  arsenic-sensing  strains. 

MtrB_1 and MtrB_2 were used to amplify mtrB from BBa_K098994 (Registry of Standard Biological Parts); ArsR_1 

and ArsR_2 were used to amplify arsR from BBa_J33201 (Registry of Standard Biological Parts).
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5. 1  GenBank Formatted Sequence for Plasmid  pArsR/MtrB_  1  :

LOCUS       p_arsR/mtrB_p14        6525 bp    DNA     circular UNA 20-MAR-2013 
DEFINITION  Arsenic inducible expression of mtrB; Derived from pBBRBB-eGFP. 
ACCESSION   urn.local...1363788224712.13 
VERSION     urn.local...1363788224712.13 
KEYWORDS    . 
SOURCE      
  ORGANISM  
            . 
FEATURES             Location/Qualifiers 
     misc_feature    complement(<1..305) 
                     /note="Geneious type: ORF" 
                     /label="Rep" 
     CDS             <1..389 
                     /translation="MPQQRFVLVVVINHHGGTEHRQAQLVAGLAPRHAVIDHVGRHGA 
                     GAVELHDGDPALGHQVLDCVLDRPQRTSDELGKCLLADHHGVLVAHLRHEVMQQHCRR 
                     GFPRNKPGPRLMRFAFRLHPVTGLVLGLNADFSGLRGHAYLHAVGCRTVAAPCAISCN 
                     FSAARQQLCVA*" 
                     /label="ORF frame 3" 
     CDS             complement(<1..305) 
                     /translation="MEISMATQSREIGIQAKNKPGHWVQTERKAHEAWAGLIARKPTA 
                     AMLLHHLVAQMGHQNAVVVSQKTLSKLIGRSLRTVQYAVKDLVAERWISVVKLNGPGT 
                     VSAYVVNDRVAWGQPRDQLRLSVFSAAVVVDHDDQDESLLGHGDLRRIPTLYPGEQQL 
                     PTGPGEEPPSQPGIPGMEPDLPALTETEEWERRGQQRLPMPDEPCFLDDGEPLEPPTR 
                     VTLPRR*" 
                     /label="ORF frame 2" 
     misc_feature    894..2285 
                     /note="Geneious type: ORF" 
                     /label="mob" 
     CDS             894..2285 
                     /translation="MGQGRRPRSWSRWVCGRRLGSRWAIPVVKLVGRRSLSISLSSRV 
                     VHGPSEASQPVAARGHRPHIHGLARERSDRAGRSPESKPVGRRSRRRRSRLCEAKSSE 
                     YTQALSGPPEAPPCAAPVEPVGHQKGGAGMAAYAIMRCKKLAKMGNVAASLKHAYRER 
                     ETPNADASRTPENEHWAASSTDEAMGRLRELLPEKRRKDAVLAVEYVMTASPEWWKSA 
                     SQEQQAAFFEKAHKWLADKYGADRIVTASIHRDETSPHMTAFVVPLTQDGRLSAKEFI 
                     GNKAQMTRDQTTFAAAVADLGLQRGIEGSKARHTRIQAFYEALERPPVGHVTISPQAV 
                     EPRAYAPQGLAEKLGISKRVETPEAVADRLTKAVRQGYEPALQAAAGAREMRKKADQA 
                     QETARDLRERLKPVLDALGPLNRDMQAKAAAIIKAVGEKLLTEQREVQRQKQAQRQQE 
                     RGRAHFPEKCHLG*" 
                     /label="ORF frame 3" 
     promoter        2405..2454 
                     /label="NEOKAN_promoter" 
     CDS             2543..3337 
                     /translation="MIEQDGLHAGSPAAWVERLFGYDWAQQTIGCSDAAVFRLSAQGR 
                     PVLFVKTDLSGALNELQDEAARLSWLATTGVPCAAVLDVVTEAGRDWLLLGEVPGQDL 
                     LSSHLAPAEKVSIMADAMRRLHTLDPATCPFDHQAKHRIERARTRMEAGLVDQDDLDE 
                     EHQGLAPAELFARLKARMPDGEDLVVTHGDACLPNIMVENGRFSGFIDCGRLGVADRY 
                     QDIALATRDIAEELGGEWADRFLVLYGIAAPDSQRIAFYRLLDEFF*" 
                     /label="ORF frame 2" 
     gene            2546..3334 
                     /gene="NeoR/KanR" 
                     /label="NeoR/KanR" 
     CDS             complement(2852..3388) 
                     /translation="MAGWASLGRSFRTPESRSEELVKKAIEGDALRIGSGDTVKHEEA 
                     VSPFAAKLFSNITGSQRYVLIAVRHTQPATVDESRKAAIFHHDIRQAGIAMGHDEILA 
                     VGHARLEPGEQFGWREPLMLFVQIILIDKTGFHPSTCSLDAMFRLVVEWAGSRIKRMQ 
                     PPHCISHDGYFLGRSKVR*" 
                     /label="ORF frame 3" 
     misc_feature    3499..3529 
                     /note="Geneious type: operator" 
                     /label="ArsR binding site" 
     RBS             3566..3571 
                     /label="RBS" 
     gene            3577..3930 
                     /label="arsR" 
     primer_bind     3955..3982 
                     /label="FOR_PRIME_mtrB_RBSswap_V2" 
     gene            3955..6048 
                     /label="mtrB" 
ORIGIN      
        1 gtgccggggc cgttgagctt cacgacggag atccagcgct cggccaccaa gtccttgact 
       61 gcgtattgga ccgtccgcaa agaacgtccg atgagcttgg aaagtgtctt ctggctgacc 
      121 accacggcgt tctggtggcc catctgcgcc acgaggtgat gcagcagcat tgccgccgtg 
      181 ggtttcctcg caataagccc ggcccacgcc tcatgcgctt tgcgttccgt ttgcacccag 
      241 tgaccgggct tgttcttggc ttgaatgccg atttctctgg actgcgtggc catgcttatc 
      301 tccatgcggt agggtgccgc acggttgcgg caccatgcgc aatcagctgc aacttttcgg 
      361 cagcgcgaca acaattatgc gttgcgtaaa agtggcagtc aattacagat tttctttaac 
      421 ctacgcaatg agctattgcg gggggtgccg caatgagctg ttgcgtaccc ccctttttta 
      481 agttgttgat ttttaagtct ttcgcatttc gccctatatc tagttctttg gtgcccaaag 
      541 aagggcaccc ctgcggggtt cccccacgcc ttcggcgcgg ctccccctcc ggcaaaaagt 
      601 ggcccctccg gggcttgttg atcgactgcg cggccttcgg ccttgcccaa ggtggcgctg 
      661 cccccttgga acccccgcac tcgccgccgt gaggctcggg gggcaggcgg gcgggcttcg 
      721 ccttcgactg cccccactcg cataggcttg ggtcgttcca ggcgcgtcaa ggccaagccg 
      781 ctgcgcggtc gctgcgcgag ccttgacccg ccttccactt ggtgtccaac cggcaagcga 
      841 agcgcgcagg ccgcaggccg gaggcttttc cccagagaaa attaaaaaaa ttgatggggc 
      901 aaggccgcag gccgcgcagt tggagccggt gggtatgtgg tcgaaggctg ggtagccggt 
      961 gggcaatccc tgtggtcaag ctcgtgggca ggcgcagcct gtccatcagc ttgtccagca 
     1021 gggttgtcca cgggccgagc gaagcgagcc agccggtggc cgctcgcggc catcgtccac 
     1081 atatccacgg gctggcaagg gagcgcagcg accgcgcagg gcgaagcccg gagagcaagc 
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     1141 ccgtagggcg ccgcagccgc cgtaggcggt cacgactttg cgaagcaaag tctagtgagt 
     1201 atactcaagc attgagtggc ccgccggagg caccgccttg cgctgccccc gtcgagccgg 
     1261 ttggacacca aaagggaggg gcaggcatgg cggcatacgc gatcatgcga tgcaagaagc 
     1321 tggcgaaaat gggcaacgtg gcggccagtc tcaagcacgc ctaccgcgag cgcgagacgc 
     1381 ccaacgctga cgccagcagg acgccagaga acgagcactg ggcggccagc agcaccgatg 
     1441 aagcgatggg ccgactgcgc gagttgctgc cagagaagcg gcgcaaggac gctgtgttgg 
     1501 cggtcgagta cgtcatgacg gccagcccgg aatggtggaa gtcggccagc caagaacagc 
     1561 aggcggcgtt cttcgagaag gcgcacaagt ggctggcgga caagtacggg gcggatcgca 
     1621 tcgtgacggc cagcatccac cgtgacgaaa ccagcccgca catgaccgcg ttcgtggtgc 
     1681 cgctgacgca ggacggcagg ctgtcggcca aggagttcat cggcaacaaa gcgcagatga 
     1741 cccgcgacca gaccacgttt gcggctgctg tggccgatct agggctgcaa cggggcatcg 
     1801 agggcagcaa ggcacgtcac acgcgcattc aggcgttcta cgaggccctg gagcggccac 
     1861 cagtgggcca cgtcaccatc agcccgcaag cggtcgagcc acgcgcctat gcaccgcagg 
     1921 gattggccga aaagctggga atctcaaagc gcgttgagac gccggaagcc gtggccgacc 
     1981 ggctgacaaa agcggttcgg caggggtatg agcctgccct acaggccgcc gcaggagcgc 
     2041 gtgagatgcg caagaaggcc gatcaagccc aagagacggc ccgagacctt cgggagcgcc 
     2101 tgaagcccgt tctggacgcc ctggggccgt tgaatcggga tatgcaggcc aaggccgccg 
     2161 cgatcatcaa ggccgtgggc gaaaagctgc tgacggaaca gcgggaagtc cagcgccaga 
     2221 aacaggccca gcgccagcag gaacgcgggc gcgcacattt ccccgaaaag tgccacctgg 
     2281 gatgaatgtc agctactggg ctatctggac aagggaaaac gcaagcgcaa agagaaagca 
     2341 ggtagcttgc agtgggctta catggcgata gctagactgg gcggttttat ggacagcaag 
     2401 cgaaccggaa ttgccagctg gggcgccctc tggtaaggtt gggaagccct gcaaagtaaa 
     2461 ctggatggct ttcttgccgc caaggatctg atggcgcagg ggatcaagat ttgatcaaga 
     2521 gacaggatga ggatcgtttc gcatgattga acaagatgga ttgcacgcag gttctccggc 
     2581 cgcttgggtg gagaggctat tcggctatga ctgggcacaa cagacaatcg gctgctctga 
     2641 tgccgccgtg ttccggctgt cagcgcaggg gcgcccggtt ctttttgtca agaccgacct 
     2701 gtccggtgcc ctgaatgaac tacaggacga ggcagcgcgg ctatcgtggc tggccacgac 
     2761 gggcgttcct tgcgcagctg tgctcgacgt tgtcactgaa gcgggaaggg actggctgct 
     2821 attgggcgaa gtgccggggc aggatctcct gtcatctcac cttgctcctg ccgagaaagt 
     2881 atccatcatg gctgatgcaa tgcggcggct gcatacgctt gatccggcta cctgcccatt 
     2941 cgaccaccaa gcgaaacatc gcatcgagcg agcacgtact cggatggaag ccggtcttgt 
     3001 cgatcaggat gatctggacg aagagcatca ggggctcgcg ccagccgaac tgttcgccag 
     3061 gctcaaggcg cgcatgcccg acggcgagga tctcgtcgtg acccatggcg atgcctgctt 
     3121 gccgaatatc atggtggaaa atggccgctt ttctggattc atcgactgtg gccggctggg 
     3181 tgtggcggac cgctatcagg acatagcgtt ggctacccgt gatattgctg aagagcttgg 
     3241 cggcgaatgg gctgaccgct tcctcgtgct ttacggtatc gccgctcccg attcgcagcg 
     3301 catcgccttc tatcgccttc ttgacgagtt cttctgagcg ggactctggg gttcgaaatg 
     3361 accgaccaag cgacgcccaa cctgccatca cgagatttcg attccaccgc cgccttctat 
     3421 gaaaggttgg actagagaat tcgcggccgc ttctagagcc aactcaaaat tcacacctat 
     3481 taccttcctc tgcacttaca cattcgttaa gtcatatatg tttttgactt atccgcttcg 
     3541 aagagagaca ctacctgcaa caatcaggag cgcaatatgt catttctgtt acccatccaa 
     3601 ttgttcaaaa ttcttgctga tgaaacccgt ctgggcatcg ttttactgct cagcgaactg 
     3661 ggagagttat gcgtctgcga tctctgcact gctctcgacc agtcgcagcc caagatctcc 
     3721 cgccacctgg cattgctgcg tgaaagcggg ctattgctgg accgcaagca aggtaagtgg 
     3781 gttcattacc gcttatcacc gcatattcca gcatgggcgg cgaaaattat tgatgaggcc 
     3841 tggcgatgtg aacaggaaaa ggttcaggcg attgtccgca acctggctcg acaaaactgt 
     3901 tccggggaca gtaagaacat ttgcagttaa cggcgcgcct aaggagacgg atccatgaaa 
     3961 tttaaactca atttgatcac tctagcgtta ttagccaaca caggcttggc cgtcgctgct 
     4021 gatggttatg gtctagcgaa tgccaatact gaaaaagtga aattatccgc atggagctgt 
     4081 aaaggctgcg tcgttgaaac gggcacatca ggcactgtgg gtgtcggtgt cggttataac 
     4141 agcgaagagg atattcgctc tgccaatgcc tttggtacat ccaatgaagt ggcgggtaaa 
     4201 tttgatgccg atttaaactt taaaggtgaa aagggttatc gtgccagtgt tgatgcttat 
     4261 caactcggta tggatggcgg tcgcttagat gtcaatgcgg gcaaacaagg ccagtacaac 
     4321 gtcaatgtga actatcgcca aattgctacc tacgacagca atagcgccct atcgccctac 
     4381 gcgggtattg gtggcaataa cctcacgtta ccggataact ggataacagc aggttcaagc 
     4441 aaccaaatgc cactcttgat ggacagcctc aatgccctcg aactctcact taaacgtgag 
     4501 cgcacggggt tgggatttga atatcaaggt gaatccctgt ggagcaccta tgttaactac 
     4561 atgcgtgaag agaaaaccgg cttaaaacaa gcctctggta gcttcttcaa ccaatcgatg 
     4621 atgttagcag agccggtgga ttacaccact gacaccattg aagcgggtgt caaactcaag 
     4681 ggtgatcgtt ggtttaccgc actcagttac aatgggtcaa tattcaaaaa cgaatacaac 
     4741 caattggact ttgaaaatgc ttttaacccc acctttggtg ctcaaaccca aggtacgatg 
     4801 gcactcgatc cggataacca gtcacacacc gtgtcgctga tgggacagta caacgatggc 
     4861 agcaacgcac tgtcgggtcg tattctgacc ggacaaatga gccaagatca ggcgttagtg 
     4921 acggataact accgttatgc taatcagctc aataccgatg ccgtcgatgc caaagtcgat 
     4981 ctactgggta tgaacctgaa agtcgttagc aaagtgagca atgatcttcg cttaacaggt 
     5041 agttacgatt attacgaccg tgacaataat acccaagtag aagaatggac tcagatcagc 
     5101 atcaacaatg tcaacggtaa ggtggcttat aacacccctt acgataatcg tacgcaacgc 
     5161 tttaaagttg ccgcagatta tcgcattacc cgcgatatca aactcgatgg tggttatgac 
     5221 ttcaaacgtg accaacgtga ttatcaagac cgtgaaacca cggatgaaaa taccgtttgg 
     5281 gcccgtttac gtgtaaacag cttcgatact tgggacatgt gggtaaaagg cagttacggt 
     5341 aaccgtgacg gctcacaata ccaagcgtct gaatggacct cttctgaaac caacagcctg 
     5401 ttacgtaagt acaatctggc tgaccgtgac agaactcaag tcgaagcacg gatcacccat 
     5461 tcgccattag aaagcctgac tatcgatgtt ggtgcccgtt acgcgttaga tgattatacc 
     5521 gatactgtga ttggattaac tgagtcaaaa gacaccagtt atgatgccaa catcagttat 
     5581 atgatcaccg ctgacttact ggcaaccgcc ttctacaatt accaaaccat tgagtctgaa 
     5641 caggcgggta gcagcaatta cagcacccca acgtggacag gctttataga agatcaggta 
     5701 gatgtggtcg gtgcaggtat cagctacaac aatctgctgg agaacaagtt acgcctagga 
     5761 ctggactaca cctattccaa ctccgacagt aacactcaag tcagacaagg tatcactggc 
     5821 gactatggtg attattttgc caaagtgcat aacattaact tatacgctca atatcaagcc 
     5881 accgagaaac tcgcgctgcg cttcgattac aaaattgaga actataagga caatgacgcc 
     5941 gcaaatgata tcgccgttga tggcatttgg aacgtcgtag gttttggtag taacagccat 
     6001 gactacaccg cacaaatgct gatgctgagc atgagttaca aactctaata ctagagtcac 
     6061 actggctcac cttctatggt acctactagt tcgtctgact gcagtctagt atagtctgga 
     6121 acagcgcact tacgggttgc tgcgcaaccc aagtgctacc ggcgcggcag cgtgacccgt 
     6181 gtcggcggct ccaacggctc gccatcgtcc agaaaacacg gctcatcggg catcggcagg 
     6241 cgctgctgcc cgcgccgttc ccattcctcc gtttcggtca aggctggcag gtctggttcc 
     6301 atgcccggaa tgccgggctg gctgggcggc tcctcgccgg ggccggtcgg tagttgctgc 
     6361 tcgcccggat acagggtcgg gatgcggcgc aggtcgccat gccccaacag cgattcgtcc 
     6421 tggtcgtcgt gatcaaccac cacggcggca ctgaacaccg acaggcgcaa ctggtcgcgg 
     6481 ggctggcccc acgccacgcg gtcattgacc acgtaggccg acacg
//
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5.2  GenBank Formatted Sequence for Plasmid  pArsR/MtrB_  1  :

LOCUS       p_arsR/mtrB_(p16        6604 bp    DNA     circular UNA 20-MAR-2013 
DEFINITION  Arsenic inducible expression of mtrB; Derived from pBBRBB-eGFP. 
ACCESSION   urn.local...1359230126763.14 
VERSION     urn.local...1359230126763.14 
KEYWORDS    . 
SOURCE      
  ORGANISM  
            . 
FEATURES             Location/Qualifiers 
     CDS             <1..389 
                     /translation="MPQQRFVLVVVINHHGGTEHRQAQLVAGLAPRHAVIDHVGRHGA 
                     GAVELHDGDPALGHQVLDCVLDRPQRTSDELGKCLLADHHGVLVAHLRHEVMQQHCRR 
                     GFPRNKPGPRLMRFAFRLHPVTGLVLGLNADFSGLRGHAYLHAVGCRTVAAPCAISCN 
                     FSAARQQLCVA*" 
                     /label="ORF frame 3" 
     CDS             complement(<1..305) 
                     /translation="MEISMATQSREIGIQAKNKPGHWVQTERKAHEAWAGLIARKPTA 
                     AMLLHHLVAQMGHQNAVVVSQKTLSKLIGRSLRTVQYAVKDLVAERWISVVKLNGPGT 
                     VSAYVVNDRVAWGQPRDQLRLSVFSAAVVVDHDDQDESLLGHGDLRRIPTLYPGEQQL 
                     PTGPGEEPPSQPGIPGMEPDLPALTETEEWERRGQQRLPMPDEPCFLDDGEPLEPPTR 
                     VTLPRR*" 
                     /label="ORF frame 2" 
     CDS             894..2285 
                     /translation="MGQGRRPRSWSRWVCGRRLGSRWAIPVVKLVGRRSLSISLSSRV 
                     VHGPSEASQPVAARGHRPHIHGLARERSDRAGRSPESKPVGRRSRRRRSRLCEAKSSE 
                     YTQALSGPPEAPPCAAPVEPVGHQKGGAGMAAYAIMRCKKLAKMGNVAASLKHAYRER 
                     ETPNADASRTPENEHWAASSTDEAMGRLRELLPEKRRKDAVLAVEYVMTASPEWWKSA 
                     SQEQQAAFFEKAHKWLADKYGADRIVTASIHRDETSPHMTAFVVPLTQDGRLSAKEFI 
                     GNKAQMTRDQTTFAAAVADLGLQRGIEGSKARHTRIQAFYEALERPPVGHVTISPQAV 
                     EPRAYAPQGLAEKLGISKRVETPEAVADRLTKAVRQGYEPALQAAAGAREMRKKADQA 
                     QETARDLRERLKPVLDALGPLNRDMQAKAAAIIKAVGEKLLTEQREVQRQKQAQRQQE 
                     RGRAHFPEKCHLG*" 
                     /label="ORF frame 3" 
     promoter        2405..2454 
                     /label="NEOKAN_promoter" 
     gene            2546..3334 
                     /gene="NeoR/KanR" 
                     /label="NeoR/KanR" 
     CDS             complement(2852..3388) 
                     /translation="MAGWASLGRSFRTPESRSEELVKKAIEGDALRIGSGDTVKHEEA 
                     VSPFAAKLFSNITGSQRYVLIAVRHTQPATVDESRKAAIFHHDIRQAGIAMGHDEILA 
                     VGHARLEPGEQFGWREPLMLFVQIILIDKTGFHPSTCSLDAMFRLVVEWAGSRIKRMQ 
                     PPHCISHDGYFLGRSKVR*" 
                     /label="ORF frame 3" 
     misc_feature    3499..3529 
                     /note="Geneious type: operator" 
                     /label="ArsR binding site" 
     gene            3577..3930 
                     /label="arsR" 
     gene            3966..6059 
                     /label="mtrB" 
ORIGIN      
        1 gtgccggggc cgttgagctt cacgacggag atccagcgct cggccaccaa gtccttgact 
       61 gcgtattgga ccgtccgcaa agaacgtccg atgagcttgg aaagtgtctt ctggctgacc 
      121 accacggcgt tctggtggcc catctgcgcc acgaggtgat gcagcagcat tgccgccgtg 
      181 ggtttcctcg caataagccc ggcccacgcc tcatgcgctt tgcgttccgt ttgcacccag 
      241 tgaccgggct tgttcttggc ttgaatgccg atttctctgg actgcgtggc catgcttatc 
      301 tccatgcggt agggtgccgc acggttgcgg caccatgcgc aatcagctgc aacttttcgg 
      361 cagcgcgaca acaattatgc gttgcgtaaa agtggcagtc aattacagat tttctttaac 
      421 ctacgcaatg agctattgcg gggggtgccg caatgagctg ttgcgtaccc ccctttttta 
      481 agttgttgat ttttaagtct ttcgcatttc gccctatatc tagttctttg gtgcccaaag 
      541 aagggcaccc ctgcggggtt cccccacgcc ttcggcgcgg ctccccctcc ggcaaaaagt 
      601 ggcccctccg gggcttgttg atcgactgcg cggccttcgg ccttgcccaa ggtggcgctg 
      661 cccccttgga acccccgcac tcgccgccgt gaggctcggg gggcaggcgg gcgggcttcg 
      721 ccttcgactg cccccactcg cataggcttg ggtcgttcca ggcgcgtcaa ggccaagccg 
      781 ctgcgcggtc gctgcgcgag ccttgacccg ccttccactt ggtgtccaac cggcaagcga 
      841 agcgcgcagg ccgcaggccg gaggcttttc cccagagaaa attaaaaaaa ttgatggggc 
      901 aaggccgcag gccgcgcagt tggagccggt gggtatgtgg tcgaaggctg ggtagccggt 
      961 gggcaatccc tgtggtcaag ctcgtgggca ggcgcagcct gtccatcagc ttgtccagca 
     1021 gggttgtcca cgggccgagc gaagcgagcc agccggtggc cgctcgcggc catcgtccac 
     1081 atatccacgg gctggcaagg gagcgcagcg accgcgcagg gcgaagcccg gagagcaagc 
     1141 ccgtagggcg ccgcagccgc cgtaggcggt cacgactttg cgaagcaaag tctagtgagt 
     1201 atactcaagc attgagtggc ccgccggagg caccgccttg cgctgccccc gtcgagccgg 
     1261 ttggacacca aaagggaggg gcaggcatgg cggcatacgc gatcatgcga tgcaagaagc 
     1321 tggcgaaaat gggcaacgtg gcggccagtc tcaagcacgc ctaccgcgag cgcgagacgc 
     1381 ccaacgctga cgccagcagg acgccagaga acgagcactg ggcggccagc agcaccgatg 
     1441 aagcgatggg ccgactgcgc gagttgctgc cagagaagcg gcgcaaggac gctgtgttgg 
     1501 cggtcgagta cgtcatgacg gccagcccgg aatggtggaa gtcggccagc caagaacagc 
     1561 aggcggcgtt cttcgagaag gcgcacaagt ggctggcgga caagtacggg gcggatcgca 
     1621 tcgtgacggc cagcatccac cgtgacgaaa ccagcccgca catgaccgcg ttcgtggtgc 
     1681 cgctgacgca ggacggcagg ctgtcggcca aggagttcat cggcaacaaa gcgcagatga 
     1741 cccgcgacca gaccacgttt gcggctgctg tggccgatct agggctgcaa cggggcatcg 
     1801 agggcagcaa ggcacgtcac acgcgcattc aggcgttcta cgaggccctg gagcggccac 
     1861 cagtgggcca cgtcaccatc agcccgcaag cggtcgagcc acgcgcctat gcaccgcagg 
     1921 gattggccga aaagctggga atctcaaagc gcgttgagac gccggaagcc gtggccgacc 
     1981 ggctgacaaa agcggttcgg caggggtatg agcctgccct acaggccgcc gcaggagcgc 
     2041 gtgagatgcg caagaaggcc gatcaagccc aagagacggc ccgagacctt cgggagcgcc 
     2101 tgaagcccgt tctggacgcc ctggggccgt tgaatcggga tatgcaggcc aaggccgccg 
     2161 cgatcatcaa ggccgtgggc gaaaagctgc tgacggaaca gcgggaagtc cagcgccaga 
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     2221 aacaggccca gcgccagcag gaacgcgggc gcgcacattt ccccgaaaag tgccacctgg 
     2281 gatgaatgtc agctactggg ctatctggac aagggaaaac gcaagcgcaa agagaaagca 
     2341 ggtagcttgc agtgggctta catggcgata gctagactgg gcggttttat ggacagcaag 
     2401 cgaaccggaa ttgccagctg gggcgccctc tggtaaggtt gggaagccct gcaaagtaaa 
     2461 ctggatggct ttcttgccgc caaggatctg atggcgcagg ggatcaagat ttgatcaaga 
     2521 gacaggatga ggatcgtttc gcatgattga acaagatgga ttgcacgcag gttctccggc 
     2581 cgcttgggtg gagaggctat tcggctatga ctgggcacaa cagacaatcg gctgctctga 
     2641 tgccgccgtg ttccggctgt cagcgcaggg gcgcccggtt ctttttgtca agaccgacct 
     2701 gtccggtgcc ctgaatgaac tacaggacga ggcagcgcgg ctatcgtggc tggccacgac 
     2761 gggcgttcct tgcgcagctg tgctcgacgt tgtcactgaa gcgggaaggg actggctgct 
     2821 attgggcgaa gtgccggggc aggatctcct gtcatctcac cttgctcctg ccgagaaagt 
     2881 atccatcatg gctgatgcaa tgcggcggct gcatacgctt gatccggcta cctgcccatt 
     2941 cgaccaccaa gcgaaacatc gcatcgagcg agcacgtact cggatggaag ccggtcttgt 
     3001 cgatcaggat gatctggacg aagagcatca ggggctcgcg ccagccgaac tgttcgccag 
     3061 gctcaaggcg cgcatgcccg acggcgagga tctcgtcgtg acccatggcg atgcctgctt 
     3121 gccgaatatc atggtggaaa atggccgctt ttctggattc atcgactgtg gccggctggg 
     3181 tgtggcggac cgctatcagg acatagcgtt ggctacccgt gatattgctg aagagcttgg 
     3241 cggcgaatgg gctgaccgct tcctcgtgct ttacggtatc gccgctcccg attcgcagcg 
     3301 catcgccttc tatcgccttc ttgacgagtt cttctgagcg ggactctggg gttcgaaatg 
     3361 accgaccaag cgacgcccaa cctgccatca cgagatttcg attccaccgc cgccttctat 
     3421 gaaaggttgg actagagaat tcgcggccgc ttctagagcc aactcaaaat tcacacctat 
     3481 taccttcctc tgcacttaca cattcgttaa gtcatatatg tttttgactt atccgcttcg 
     3541 aagagagaca ctacctgcaa caatcaggag cgcaatatgt catttctgtt acccatccaa 
     3601 ttgttcaaaa ttcttgctga tgaaacccgt ctgggcatcg ttttactgct cagcgaactg 
     3661 ggagagttat gcgtctgcga tctctgcact gctctcgacc agtcgcagcc caagatctcc 
     3721 cgccacctgg cattgctgcg tgaaagcggg ctattgctgg accgcaagca aggtaagtgg 
     3781 gttcattacc gcttatcacc gcatattcca gcatgggcgg cgaaaattat tgatgaggcc 
     3841 tggcgatgtg aacaggaaaa ggttcaggcg attgtccgca acctggctcg acaaaactgt 
     3901 tccggggaca gtaagaacat ttgcagttaa cggcgcgcct actagagaaa gaggagaaat 
     3961 actagatgaa atttaaactc aatttgatca ctctagcgtt attagccaac acaggcttgg 
     4021 ccgtcgctgc tgatggttat ggtctagcga atgccaatac tgaaaaagtg aaattatccg 
     4081 catggagctg taaaggctgc gtcgttgaaa cgggcacatc aggcactgtg ggtgtcggtg 
     4141 tcggttataa cagcgaagag gatattcgct ctgccaatgc ctttggtaca tccaatgaag 
     4201 tggcgggtaa atttgatgcc gatttaaact ttaaaggtga aaagggttat cgtgccagtg 
     4261 ttgatgctta tcaactcggt atggatggcg gtcgcttaga tgtcaatgcg ggcaaacaag 
     4321 gccagtacaa cgtcaatgtg aactatcgcc aaattgctac ctacgacagc aatagcgccc 
     4381 tatcgcccta cgcgggtatt ggtggcaata acctcacgtt accggataac tggataacag 
     4441 caggttcaag caaccaaatg ccactcttga tggacagcct caatgccctc gaactctcac 
     4501 ttaaacgtga gcgcacgggg ttgggatttg aatatcaagg tgaatccctg tggagcacct 
     4561 atgttaacta catgcgtgaa gagaaaaccg gcttaaaaca agcctctggt agcttcttca 
     4621 accaatcgat gatgttagca gagccggtgg attacaccac tgacaccatt gaagcgggtg 
     4681 tcaaactcaa gggtgatcgt tggtttaccg cactcagtta caatgggtca atattcaaaa 
     4741 acgaatacaa ccaattggac tttgaaaatg cttttaaccc cacctttggt gctcaaaccc 
     4801 aaggtacgat ggcactcgat ccggataacc agtcacacac cgtgtcgctg atgggacagt 
     4861 acaacgatgg cagcaacgca ctgtcgggtc gtattctgac cggacaaatg agccaagatc 
     4921 aggcgttagt gacggataac taccgttatg ctaatcagct caataccgat gccgtcgatg 
     4981 ccaaagtcga tctactgggt atgaacctga aagtcgttag caaagtgagc aatgatcttc 
     5041 gcttaacagg tagttacgat tattacgacc gtgacaataa tacccaagta gaagaatgga 
     5101 ctcagatcag catcaacaat gtcaacggta aggtggctta taacacccct tacgataatc 
     5161 gtacgcaacg ctttaaagtt gccgcagatt atcgcattac ccgcgatatc aaactcgatg 
     5221 gtggttatga cttcaaacgt gaccaacgtg attatcaaga ccgtgaaacc acggatgaaa 
     5281 ataccgtttg ggcccgttta cgtgtaaaca gcttcgatac ttgggacatg tgggtaaaag 
     5341 gcagttacgg taaccgtgac ggctcacaat accaagcgtc tgaatggacc tcttctgaaa 
     5401 ccaacagcct gttacgtaag tacaatctgg ctgaccgtga cagaactcaa gtcgaagcac 
     5461 ggatcaccca ttcgccatta gaaagcctga ctatcgatgt tggtgcccgt tacgcgttag 
     5521 atgattatac cgatactgtg attggattaa ctgagtcaaa agacaccagt tatgatgcca 
     5581 acatcagtta tatgatcacc gctgacttac tggcaaccgc cttctacaat taccaaacca 
     5641 ttgagtctga acaggcgggt agcagcaatt acagcacccc aacgtggaca ggctttatag 
     5701 aagatcaggt agatgtggtc ggtgcaggta tcagctacaa caatctgctg gagaacaagt 
     5761 tacgcctagg actggactac acctattcca actccgacag taacactcaa gtcagacaag 
     5821 gtatcactgg cgactatggt gattattttg ccaaagtgca taacattaac ttatacgctc 
     5881 aatatcaagc caccgagaaa ctcgcgctgc gcttcgatta caaaattgag aactataagg 
     5941 acaatgacgc cgcaaatgat atcgccgttg atggcatttg gaacgtcgta ggttttggta 
     6001 gtaacagcca tgactacacc gcacaaatgc tgatgctgag catgagttac aaactctaat 
     6061 actagagtca cactggctca ccttcgggtg ggcctttctg cgtttatata ctagagagag 
     6121 aatataaaaa gccagattat taatccggct tttttattat tttactagta gcggccgctg 
     6181 cagtctagta tagtctggaa cagcgcactt acgggttgct gcgcaaccca agtgctaccg 
     6241 gcgcggcagc gtgacccgtg tcggcggctc caacggctcg ccatcgtcca gaaaacacgg 
     6301 ctcatcgggc atcggcaggc gctgctgccc gcgccgttcc cattcctccg tttcggtcaa 
     6361 ggctggcagg tctggttcca tgcccggaat gccgggctgg ctgggcggct cctcgccggg 
     6421 gccggtcggt agttgctgct cgcccggata cagggtcggg atgcggcgca ggtcgccatg 
     6481 ccccaacagc gattcgtcct ggtcgtcgtg atcaaccacc acggcggcac tgaacaccga 
     6541 caggcgcaac tggtcgcggg gctggcccca cgccacgcgg tcattgacca cgtaggccga 
     6601 cacg 
//
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