
 THE SCIENCE AND APPLICATIONS  
OF  

SYNTHETIC AND SYSTEMS BIOLOGY  

Workshop Summary 

Eileen R. Choffnes, David A. Relman, and Leslie Pray, Rapporteurs  

Forum on Microbial Threats  

Board on Global Health  



          

  
              

 
 

  
   

 
 

            
   

   
  

     
 

           

    
    

  
      

              

          

      

  
 

      

 
  

          
    

           
         

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, N.W. Washington, DC 20001 

NOTICE: The project that is the subject of this report was approved by the Governing 
Board of the National Research Council, whose members are drawn from the councils of 
the National Academy of Sciences, the National Academy of Engineering, and the Institute 
of Medicine. 

Financial support for this project was provided by the U.S. Department of Health and Hu-
man Services: National Institutes of Health, National Institute of Allergy and Infectious 
Diseases, Centers for Disease Control and Prevention, Food and Drug Administration, 
and the Fogarty International Center; U.S. Department of Defense, Department of the 
Army: Global Emerging Infections Surveillance and Response System, Medical Research 
and Materiel Command, and the Defense Threat Reduction Agency; U.S. Department of 
Veterans Affairs; U.S. Department of Homeland Security; U.S. Agency for International 
Development; American Society for Microbiology; sanofi pasteur; Burroughs Wellcome 
Fund; Pfizer, Inc.; GlaxoSmithKline; Infectious Diseases Society of America; and the 
Merck Company Foundation. Any opinions, findings, conclusions, or recommendations 
expressed in this publication are those of the author(s) and do not necessarily reflect the 
view of the organizations or agencies that provided support for this project. 

International Standard Book Number-13: 978-0-309-21939-6 
International Standard Book Number-10: 0-309-21939-6 

Additional copies of this report are available from the National Academies Press, 500 Fifth 
Street, N.W., Lockbox 285, Washington, DC 20055; (800) 624-6242 or (202) 334-3313 
(in the Washington metropolitan area); Internet, http://www.nap.edu. 

For more information about the Institute of Medicine, visit the IOM home page at: www. 
iom.edu. 

Copyright 2011 by the National Academy of Sciences. All rights reserved. 

Printed in the United States of America 

Cover images: (Upper): Adapted from Mayr, E. 2004. De la bacteria la om—Evolutia 
lumii vii. Bucharest, Romania:Humanitas; (Lower): GloFish® fluorescent fish. Genetically 
modified Danio rerio. Photo courtesy of www.glofish.com. 

The serpent has been a symbol of long life, healing, and knowledge among almost all 
cultures and religions since the beginning of recorded history. The serpent adopted as a 
logotype by the Institute of Medicine is a relief carving from ancient Greece, now held by 
the Staatliche Museen in Berlin. 

Suggested citation: IOM (Institute of Medicine). 2011. The Science and Applications of 
Synthetic and Systems Biology. Washington, DC: The National Academies Press. 

http:www.glofish.com
http:http://www.nap.edu


 “Knowing is not enough; we must apply. 
Willing is not enough; we must do.” 

—Goethe 

Advising the Nation. Improving Health. 



  
    

    

       
    
        
        
         
        
         
        
          
             

    
           

 
        
             

   
     

Contents  

Workshop Overview 1 
Workshop Overview References, 93 

Appendixes 

A Contributed Manuscripts 105 

A1 Commercial Applications of Synthetic Biology, 105 
David A. Berry 

A2 Synthetic Biology: Applications Come of Age, 117 
Ahmad S. Khalil and James J. Collins 

A3 The Genome as the Unit of Engineering, 150 
Andrew D. Ellington and Jared Ellefson 

A4  Synthetic Biology—A New Generation of Biofilm Biosensors, 159 
James Chappell and Paul S. Freemont 

A5  Synthetic Biology and the Art of Biosensor Design, 178 
Christopher E. French, Kim de Mora, Nimisha Joshi, Alistair 
Elfick, James Haseloff, and James Ajioka 

A6  Systems Analysis of Adaptive Immunity by Utilization of High-
Throughput Technologies, 202 

Sai T. Reddy and George Georgiou 
A7  The New Science of Sociomicrobiology and the Realm of Synthetic 

and Systems Ecology, 213 
E. Peter Greenberg 

xiii 



 

            
 

              
        

          
      

     
        
         

     
      
     
       
     
         
    
      
            
      
     
     
    
   
          
        
       
          
              

       
         

        
         

    
          

    
            
     

   
              

        
     

         
        

xiv  CONTENTS 

A8  Creation of a Bacterial Cell Controlled by a Chemically Synthesized 
Genome, 222 

Daniel G. Gibson, John I. Glass, Carole Lartigue, Vladimir N. 
Noskov, Ray-Yuan Chuang, Mikkel A. Algire, Gwynedd A. Bend-
ers, Michael G. Montague, Li Ma, Monzia M. Moodie, Chuck 
Merryman, Sanjay Vashee, Radha Krishnakumar, Nacyra Assad-
Garcia,Cynthia Andrews-Pfannkoch, Evgeniya A. Denisova, Lei 
Young, Zhi-Qing Qi, Thomas H. Segall-Shapiro, Christopher H. 
Calvey, Prashanth P. Parmar, Clyde A. Hutchison III, Hamilton 
O. Smith, and J. Craig Venter 

A9  Synthetic Biology “From Scratch,” 236 
Gerald F. Joyce 

A10 Manufacturing Molecules Through Metabolic Engineering, 243 
Jay D. Keasling 

A11  Novel Approaches to Combat Biofilm Drug Tolerance, 254 
Kim Lewis 

A12  Next-Generation Synthetic Gene Networks, 278 
Timothy K. Lu, Ahmad S. Khalil, and James J. Collins 

A13  Engineering Scalable Biological Systems, 310 
Timothy K. Lu 

A14  Metabolic Systems Biology, 325 
Bernhard Palsson 

A15  Systems Vaccinology, 336 
Bali Pulendran, Shuzhao Li, and Helder I. Nakaya 

A16 Solving Vaccine Mysteries: A Systems Biology Perspective, 365 
Lydie Trautmann and Rafick-Pierre Sekaly 

A17  Systems Biology of Vaccination for Seasonal Influenza in Humans, 370 
Helder I. Nakaya, Jens Wrammert, Eva K. Lee, Luigi Racioppi, 
Stephanie Marie-Kunze, W. Nicholas Haining, Anthony R. 
Means, Sudhir P. Kasturi, Nooruddin Khan, Gui-Mei Li, Megan 
McCausland, Vibhu Kanchan, Kenneth E. Kokko, Shuzhao Li, 
Rivka Elbein, Aneesh K. Mehta, Alan Aderem, Kanta Subbarao, 
Rafi Ahmed, and Bali Pulendran 

A18  Synthetic Systems as Microbial Threats: Predictability of Loss-of-
Function Mutations in Engineered Systems, 394 

Sean C. Sleight, Bryan A. Bartley, and Herbert M. Sauro 
A19  Isoprenoid Pathway Optimization for Taxol Precursor Overproduction 

in Escherichia coli, 417 
Parayil Kumaran Ajikumar, Wen-Hai Xiao, Keith E. J. Tyo, Yong 
Wang, Fritz Simeon, Effendi Leonard, Oliver Mucha, Too Heng 
Phon, Blaine Pfeifer, and Gregory Stephanopoulos 

A20 Programming Cells: Towards an Automated ‘Genetic Compiler,’ 429 
Kevin Clancy and Christopher A. Voigt 



 

  
        
    
          

          
      

  
  
  
    
   

CONTENTS xv 

A21 Prokaryotic Gene Clusters: A Rich Toolbox for Synthetic Biology, 449  
Michael Fischbach and Christopher A. Voigt 

A22 The Silicon Trypanosome, 480  
Barbara M. Bakker, R. Luise Krauth-Siegel, Christine Clayton, 
Keith Matthews, Mark Girolami, Hans V. Westerhoff, Paul A. M. 
Michels, Ranier Breitling, and Michael P. Barrett 

B Agenda 495  
C Acronyms 499  
D Glossary 501  
E Forum Member Biographies 511  
F Speaker Biographies 539  



 

 
    

            
 

  
 

   
    

       
   
   

  
       

    
   

           
  

        
      

 
   

          
 

  

       

         
    

 
 
 

 

       
       
      
        
        
       

178 SYNTHETIC AND SYSTEMS BIOLOGY 

Stickler, D. J. 2002. Susceptibility of antibiotic-resistant Gram-negative bacteria to biocides: A 
perspective from the study of catheter biofilms. Journal of Applied Microbiology 92(Suppl): 
163S-170S. 

——. 2008. Bacterial biofilms in patients with indwelling urinary catheters. Nature Clinical Practice 
Urology 5:598-608. 

Stoodley, P., R. Cargo, C. J. Rupp, S. Wilson, and I. Klapper. 2002. Biofilm material properties as 
related to shear-induced deformation and detachment phenomena. Journal of Industrial Micro-
biology and Biotechnology 29:361-367. 

Stricker, J., S. Cookson, M. R. Bennett, W. H. Mather, L. S. Tsimring, and J. Hasty. 2008. A fast, 
robust and tunable synthetic gene oscillator. Nature 456:516-519. 

Tigges, M., T. T. Marquez-Lago, J. Stelling, and M. Fussenegger. 2009. A tunable synthetic mam-
malian oscillator. Nature 457:309-312. 

Van Houdt, R., and C. W. Michiels. 2010. Biofilm formation and the food industry, a focus on the 
bacterial outer surface. Journal of Applied Microbiology 109:1117-1131. 

Weber, W., J. Stelling, M. Rimann, B. Keller, M. Daoud-El Baba, C. C. Weber, D. Aubel, and M. 
Fussenegger. 2007. A synthetic time-delay circuit in mammalian cells and mice. Proceedings of 
the National Academy of Sciences of the United States of America 104:2643-2648. 

Westall, F., M. J. de Wit, J. Dann, S. van der Gaast, C. E. J. de Ronde, and D. Gerneke. 2001. Early 
Archean fossil bacteria and biofilms in hydrothermally-influenced sediments from the Barberton 
greenstone belt, South Africa. Precambrian Research 106:93-116. 

Win, M. N., and C. D. Smolke. 2008. Higher-order cellular information processing with synthetic 
RNA devices. Science 322:456-460. 

Yu, R. C., C. G. Pesce, A. Colman-Lerner, L. Lok, D. Pincus, E. Serra, M. Holl, K. Benjamin, A. 
Gordon, and R. Brent. 2008. Negative feedback that improves information transmission in yeast 
signalling. Nature 456:755-761. 

A5 

SYNTHETIC BIOLOGY AND THE ART OF BIOSENSOR DESIGN 

Christopher E. French, Kim de Mora, Nimisha Joshi,  Alistair Elfick,
James Haseloff, and James Ajioka

30 31 32 33  

34 35  

Introduction 

The term “biosensor” refers to a wide variety of devices. The common ele-
ment is that a biological component provides highly specific recognition of a 
certain target analyte, and this detection event is somehow transduced to give an 
easily detectable, quantifiable response, preferably one that can be easily con-
verted to an electrical signal so that the result can be fed to an electronic device 

30 School of Biological Sciences, University of Edinburgh.  
31 School of Biomedical Sciences, University of Edinburgh.  
32 School of Geosciences, University of Edinburgh.  
33 School of Engineering & Electronics, University of Edinburgh.  
34 Department of Plant Sciences, University of Cambridge.  
35 Department of Pathology, University of Cambridge.  



 

 
 

  
 

  
 
 
 

    
           

 
 
 

 

 

  
      

  
 
 

            
  

  
 

     
 

            
 

  
 
 

  
 

    

 
 

APPENDIX A 179 

for signal processing, data storage, etc. The biological component in many bio-
sensors is either an enzyme, as in the glucose-oxidase–based biosensors used for 
blood glucose monitoring, or an antibody, as in most optical biosensors. Another 
class of biosensor, sometimes also referred to as a bioreporter, uses living cells as 
a component. These cells detect the target analyte via some more-or-less specific 
receptor and generate a detectable response, most commonly by induction of a 
reporter gene. Many such devices have been reported in the scientific literature, 
with detection of mercury and arsenic in the environment being particularly 
common applications. However, very few such devices are commercially avail-
able, the best-known examples being the mutagen-detecting devices such as the 
SOS-Chromotest (Environmental Bio-Detection Products, Inc.) system. Here 
we discuss the reasons for this gap between promise and delivery, and ways in 
which the emerging discipline of synthetic biology may lead to a new generation 
of whole-cell biosensors. 

Whole-Cell Biosensors 

Whole-cell biosensors, or bioreporters, are living cells that indicate the pres-
ence of a target analyte. The most commercially successful by far are nonspecific 
toxicity sensors based on naturally occurring luminescent bacteria such as Vibrio 
harveyi, Vibrio (Photobacterium) fischeri, and Photobacterium phosphoreum. Ex-
amples include MicroTox (Strategic Diagnostics, SDIX) and BioTox (Aboatox). 
In these mainly marine organisms, above a certain population density, light is 
produced continuously by the action of bacterial luciferase (LuxAB), which 
oxidizes a long-chain aldehyde such as tetradecanal in the presence of FMNH2 
and oxygen. Regeneration of the reduced flavin (catalyzed by LuxG) and the 
aldehyde substrate (catalyzed by LuxCDE) requires NADPH and ATP, so any 
toxic substance that interferes with metabolism will reduce light emission, which 
is easily detected using a luminometer. 

However, these systems are nonspecific and are only useful for preliminary 
screening of environmental samples to determine whether or not a toxic sub-
stance is present. The potentially more useful class of bioreporter consists of 
genetically modified microorganisms in which the presence of a specific target 
analyte is linked to a detectable response. The genetic modification involved in 
these cases consists of linking the receptor for the target analyte to induction of 
an easily detectable reporter gene. Commonly used reporter genes are shown in 
Table A5-1. For recent reviews of such systems, see Belkin (2003), Daunert et 
al. (2000), Tecon and van der Meer (2008), and van der Meer and Belkin (2010). 

Synthetic Biology and Whole-Cell Biosensors 

Like “biosensor,” the term “synthetic biology” is widely used by different 
authors to mean different things. In this context, we are using it to refer to a 
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systematic approach to rationalizing genetic modification to make it more like 
other engineering disciplines, in terms of the use of standardized parts that can 
be assembled in a modular way to make a variety of different constructs. Since 
whole-cell biosensors are intrinsically modular, consisting of a recognition ele-
ment coupled to an arbitrarily chosen reporter, synthetic biology seems well 
suited to the development of such devices. 

SYNTHETIC AND SYSTEMS BIOLOGY 

TABLE A5-1 Reporter Genes Commonly Used in Whole-Cell Biosensors 

Reporter Characteristics 

lacZ (ß-galactosidase) Chromogenic (X-gal, o-nitrophenyl galactoside) and 
chemiluminescent substrates are available. In E. coli host 
strains with the lacZ!M15 mutation, only a small peptide 
representing the missing N-terminus, designated lacZ"#, is 
required. 

luxAB (bacterial luciferase) Blue bioluminescence in the presence of added substrate (a 
long-chain aldelhyde, usually decanal). 

luxCDABE (bacterial luciferase) As above; presence of luxCDE allows biosynthesis of the 
substrate so that it need not be added to the reaction. 

Firefly or click-beetle luciferase Bioluminescence in the presence of added substrate 
(D-luciferin). Quantum yield is higher than for bacterial 
luciferase, but the substrate is much more expensive. 
Luminescence is normally green, but color variants are now 
available. 

Fluorescent proteins Fluorescence when stimulated by ultraviolet or visible light. 
The original green fluorescent protein (GFP), still widely used, 
is stimulated best by ultraviolet; enhanced green fluorescent 
protein responds well to blue light, and numerous color 
variants are now available. 

This approach to synthetic biology is associated particularly with MIT, Bio-
Bricks, the Registry of Standard Biological Parts,

See http://partsregistry.org/Main_Page. 

36 and iGEM (the International 
Genetically Engineered Machine competition).

For more information, see the following: iGEM 2006, University of Edinburgh, http://parts. 
mit.edu/wiki/index.php/University_of_Edinburgh_2006; iGEM 2007, University of Cambridge, 
http://parts.mit.edu/iGEM07/index.php/Cambridge; iGEM 2007, University of Glasgow, http://parts. 
mit.edu/igem07/index.php/Glasgow; iGEM 2007, University of Science and Technology, China, 
http://parts.mit.edu/igem07/index.php/USTC; iGEM 2008, Harvard University, http://2008.igem.org/ 
Team:Harvard; iGEM 2009, University of Cambridge, http://2009.igem.org/Team:Cambridge; iGEM 
2010, Bristol Centre for Complexity Studies, http://2010.igem.org/Team:BCCS-Bristol; iGEM 2010, 
Imperial College, London, http://2010.igem.org/Team:Imperial_College_London; and iGEM 2010, 
Peking University, http://2010.igem.org/Team:Peking. 

37 BioBricks (Knight, 2003) are a 
type of standardized biological “part,” consisting of pieces of DNA which con-
form to a certain standard (defined by a document known as RFC10, available 

36 

37 

http://2010.igem.org/Team:Peking
http://2010.igem.org/Team:Imperial_College_London
http://2010.igem.org/Team:BCCS-Bristol
http://2009.igem.org/Team:Cambridge
http:http://2008.igem.org
http://parts.mit.edu/igem07/index.php/USTC
http://parts
http://parts.mit.edu/iGEM07/index.php/Cambridge
http://parts
http://partsregistry.org/Main_Page
http:competition).37
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from the BioBricks Foundation38

See http://www.biobricks.org/. 

) specifying certain characteristics of the ends. 
Each BioBrick may be a protein-coding region, or some other component such 
as a promoter, ribosome binding site, transcription termination sequence, or 
any other piece of DNA that may be useful in making genetic constructs. The 
essential point of this format is that any BioBrick can, through a standardized 
procedure, be combined with any other BioBrick to form a new BioBrick, which 
can then be combined with any other BioBrick, and so on. In this way, quite 
large and complex constructs can be built up fairly quickly. The Registry of 
Standard Biological Parts, currently hosted at MIT, was established to store both 
the DNA of these parts and also associated information such as DNA sequence, 
performance characteristics, and user experience. The intention was, and is, that 
this library of BioBricks and associated information should become a valuable 
resource for synthetic biologists. 

To demonstrate the potential of this approach to synthetic biology, the iGEM 
competition was established in 2005. Each year, interdisciplinary teams of under-
graduates consisting of a mixture of biologists, engineers, and computer scientists 
compete over the summer vacation period to conceive, design, mathematically 
model, construct, and test novel genetically modified systems made using Bio-
Bricks from the Registry, as well as new BioBricks created specifically for the 
project. All new BioBricks made are deposited in the Registry and are available 
for use by future teams. iGEM projects, completed on a short timescale by un-
dergraduate students, are generally not nearly as well characterized as systems 
reported in the peer-reviewed literature; however, they are often based on highly 
creative ideas and generally include a mathematical modeling component far in 
excess that usually found in biological publications. They can therefore be a very 
interesting way to follow possible future application areas in synthetic biology. 

Since biosensors are conceptually simple devices with a clear real-world 
application, and many opportunities for elaboration in terms of novel input and 
output modalities, in vivo signal processing, and other aspects, they are a popular 
choice of project, and a number of interesting innovations have been reported as a 
result of iGEM projects. We refer to a number of these later in this report. All in-
formation relating to previous iGEM projects is available via the relevant websites. 

Arsenic Biosensors 

Arsenic is a particularly attractive target for whole-cell biosensors, in that it 
is a major groundwater contaminant in Bangladesh, West Bengal, and a number 
of other regions (Meharg, 2005; Smith et al., 2000). This only came to light in 
the 1980s, and it is a major and increasing public health issue. The problem 
initially arose when, to combat waterborne diarrheal diseases caused by con-
sumption of contaminated surface water, nongovernmental organizations drilled 
some millions of tube wells to supply clean drinking water. Unexpectedly, it was 

38 

http:http://www.biobricks.org


 

 
 
 
 

             
 
 
 

     
 

  

    
 

          
   

  
 

            
  

  
  

 
     

 
 

            
 
 

  
 
 

  
  

     

   

 
 

182 SYNTHETIC AND SYSTEMS BIOLOGY 

discovered some years later that many of these produced water with unaccept-
ably high levels of arsenic. The current recommended World Health Organization 
(WHO) limit for drinking water is 10 ppb arsenic, while Bangladesh and some 
other countries maintain an earlier limit of 50 ppb, but many wells exceed this by 
a large margin. Chronic consumption of water with high arsenic concentrations 
leads to arsenicosis, resulting in skin lesions and various cancers. Thus, there is 
a clear and present need for cheap and simple tests for monitoring arsenic levels 
in drinking water. Current field test kits are based around the Gutzeit method, 
which involves reduction of arsenate to toxic arsine gas, and the detection of 
this as a color spot following reaction with mercuric salts. Such tests reportedly 
are unreliable at low but still significant arsenic concentrations, and disposal of 
mercuric salts poses its own environmental issues. Thus there is a clear potential 
niche for a simple arsenic biosensor device (Diesel et al., 2009; M. Owens, En-
gineers Without Borders, personal communication). 

Most early arsenic biosensors were based on the arsenic detoxification 
operons of Staphylococcus plasmid pI258 and Escherichia coli plasmid R773. 
The former consists simply of the ars promoter controlling genes arsR, arsB, 
and arsC, encoding the repressor, arsenite efflux pump, and arsenate reductase, 
respectively, whereas the latter has a relatively complex structure, arsRDABC, 
with two separate repressors, ArsR and ArsD, which control the operon with 
different affinities (Oremland and Stolz, 2003). ArsD is also reported to act as a 
metallochaperone, carrying arsenite to the efflux pump formed by ArsAB (Lin et 
al., 2006). Later systems were based on the simpler E. coli chromosomal arsenic 
detoxification operon (Cai and DuBow, 1996; Diorio et al., 1995), which consists 
of the ars promoter followed by arsR, arsB, and arsC, and the similar operon of 
Bacillus subtilis (Sato and Kobayashi, 1998), which is discussed further below. 
In either case, the preparation of the biosensor organism is straightforward—the 
reporter gene is simply inserted adjacent to the controlled promoter so that induc-
tion of the promoter results in expression of the reporter gene, giving an easily de-
tectable signal (usually a color change, luminescence, or fluorescence). A number 
of systems are reportedly at or near commercialization; for example, the Aboatox 
BioTox Heavy Metal Assay kits, developed at the University of Turku, use E. coli 
as host, with firefly luciferase as the reporter gene. Stocker et al. (2003) described 
production of a set of E. coli–based arsenic bioreporters using ß-galactosidase 
with a chromogenic substrate, bacterial luciferase, or green fluorescent protein 
(GFP) as reporter; one of these, based on the luciferase reporter gene, has been 
field tested in Vietnam (Trang et al., 2005) and was reported to give good results 
in comparison to chemical field tests. Whole-cell arsenic biosensors have been 
reviewed recently by Diesel et al. (2009). 

The Edinburgh Arsenic Biosensor 

One example which we consider in some detail is the first biosensor project 
to be submitted to iGEM: the arsenic biosensor submitted for iGEM 2006 by the 
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team from the University of Edinburgh, under the supervision of C. French and 
A. Elfick. (K. de Mora was a student member of this iGEM team.) The intention 
was to develop a device that would be suitable for field use in developing coun-
tries. It should therefore be cheap, simple to use, and should deliver an output 
that could be assessed by eye, without requiring expensive electrical equipment, 
but should also give a quantifiable response using cheap equipment where this 
was required. For this reason the standard reporters based on luminescence and 
fluorescence were not considered appropriate. Instead, it was decided that the 
output should be in the form of a pH change. This would give a bright and easily 
assessed visible response using a pH indicator chemical, and it could also give a 
quantitative electrical response using a cheap glass pH electrode or similar solid-
state device (ISFET). 

For practical reasons, it was decided to use a standard laboratory host strain 
of Escherichia coli. Such organisms are easy to manipulate, carry multiple dis-
abling mutations that make them harmless to humans and unable to propagate in 
the environment, and grow well at temperatures up to 45°C. E. coli and related 
organisms naturally ferment a variety of sugars, including lactose, via the mixed 
acid pathway, resulting in the production of acetic, lactic, and succinic acids, 
which can rapidly lower the pH of the medium below 4.5. Many laboratory 
strains carry a deletion in the gene lacZ, encoding ß-galactosidase, the initial 
enzyme of lactose degradation, so that a nonfunctional truncated LacZ protein, 
missing the first few amino acids, is produced. This can be complemented by a 
short peptide known as the alpha peptide, consisting of the first 50 to 70 amino 
acids of LacZ. This is encoded by a short open reading frame known as lacZ!". 
Thus, to generate an acid response, it was only necessary to use such a lactose-
defective host strain, such as E. coli JM109, and place the lacZ!" gene under the 
control of the ars promoter in a standard Registry multicopy plasmid, pSB1A2. 
Thus, in the presence of arsenate or arsenite, expression of the LacZ alpha peptide 
would be induced, complementing the truncated LacZ and allowing rapid fer-
mentation of lactose to acids, lowering the pH. To generate an alkaline response, 
the urease genes, ureABC, of Bacillus subtilis (Kim et al., 2005) were chosen. 
(Uropathogenic strains of E. coli also possess urease genes, but these are longer 
and more complex than those of B. subtilis.) Expression of these genes allows 
conversion of urea to ammonia and carbon dioxide and can raise the pH of the 
medium above 10. Both acid- and alkali-producing systems were tested and were 
found to work well (Aleksic et al., 2007). 

The original design of the arsenic biosensor submitted for iGEM 2006 was a 
complex system, with a multistage output. This is discussed further below. How-
ever, the practical demonstration provided consisted only of the acid-generating 
system, which was found to give robust and reliable responses to arsenic concen-
trations as low as 2.5 ppb, with the time of pH change being related to the arsenic 
concentration in a simple and reproducible way (Aleksic et al., 2007; Joshi et al., 
2009). This construct is available from the Registry of Standard Biological Parts 
(BBa_J33203), as are its components, the ars promoter and associated arsR gene 



Figure A5-1.eps
bitmap

 

  

 
          

            
 
 
 
 
 

  
        

 
 
 

 
 
 
 

           

  
 
 
 
 

   

184 SYNTHETIC AND SYSTEMS BIOLOGY 

(BBa_J33201) and the lacZ!" reporter gene (BBa_J33202). Interestingly, during 
early testing to determine whether buffer ions expected to be present in ground-
water might interfere with the pH response, we found that bicarbonate ions actu-
ally increase the sensitivity of the response, leading to induction at much lower 
arsenate levels (Joshi et al., 2009). The reason for this is not clear, but it may be 
due to altered speciation or uptake of arsenate (de Mora et al., 2011). 

The original concept for this biosensor system involved use of a universal 
pH indicator solution which gives a strong color response—blue in alkaline 
conditions, green in neutral conditions, and red in acidic conditions—coupled 
with quantitation via a glass pH electrode. However, it became apparent that the 
red component of the universal pH indicator, as well as pure methyl red, were 
rapidly bleached in the presence of living cells under the conditions used. This 
was therefore replaced with bromothymol blue, which is blue under alkaline 
conditions and yellow under acid conditions, with pKa around 7.3 (Figure A5-1). 

FIGURE A5-1 Demonstration of the Edinburgh pH-based arsenic biosensor, Escherichia 
coli JM109/pSB1A2-BBa_J33203 with bromothymol blue as pH indicator, following 
static overnight incubation. From left to right: arsenic-free control; 5, 10, 25, 50, and 100 
ppb arsenic as sodium arsenate; and cell-free control with 100 ppb arsenate. Note the 
increasing size of the cell pellet in tubes with increasing arsenic concentrations. Color 
change occurs more rapidly in samples with increasing arsenic concentration (not shown). 
SOURCE: C. French, unpublished. 

For quantitative monitoring of multiple samples simultaneously, as might 
be useful in a local or regional testing laboratory, an inexpensive system was 
developed based on the use of freeze-dried cells together with a webcam; fol-
lowing aseptic addition of groundwater samples to freeze-dried cells and sterile 
medium, the webcam would monitor the color of multiple tubes simultaneously, 
and software would extract the pixels representing the tubes and monitor the color 
of each over time. From these data, the time of color change could be extracted, 
and this was found to correlate well with arsenic levels in model groundwaters 
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and also in real arsenic-contaminated groundwater samples from Hungary (de 
Mora et al., 2011). 

This system seems well suited for use in water quality laboratories at a local 
or regional level. However, our original aim was to develop a system that could 
be used by relatively unskilled users in the field, so that local people could easily 
monitor the quality of their own well water. This poses several further issues. One 
technical issue is that any contamination with lactose-degrading bacteria will lead 
to false-positive results. To avoid this, water samples must be sterilized prior to 
introduction into the test device. To overcome this problem, we envisage a dispos-
able plastic device containing freeze-dried cells and medium components, with 
an integral sterile filter through which the water sample is introduced. A second 
potential complicating factor is the temperature dependence of the rapidity of 
color change. This requires further investigation. Storage lifetime under relevant 
conditions also requires further research. However, we are confident that these 
issues can be overcome, and that this system can form the basis of a simple, 
cheap, sensitive, and reliable field test for arsenic concentration in groundwater. 

One nontechnical issue which must first be addressed is the regulatory and 
safety issues associated with use of live genetically modified bacteria outside of 
a contained laboratory context. As noted above, the host strains used are disabled 
and are unable to colonize humans or to propagate in the environment in competi-
tion with wild-type bacteria (Chart et al., 2001). Nevertheless, depending on the 
jurisdiction, there are many regulatory hurdles associated with the use of geneti-
cally modified mciroorganisms in poorly contained applications. This is discussed 
further below. In the meantime, we are focusing our attention on development 
of a device suitable for use in local or regional laboratories. A company, Lumin 
Sensors, has been formed to explore these possibilities (www.luminsensors.com). 

In the remainder of this paper, we consider some of the ways synthetic 
biology can improve the performance of whole-cell biosensors and lead to the 
development of a new generation of devices with improved performance. 

Better Biosensors Through Synthetic Biology 

Alternative Host (Chassis) Organisms 

Synthetic biology generally involves the introduction of a new genetic sys-
tem into a host organism, which in the context of synthetic biology is often called 
a “chassis.” The great majority of whole-cell biosensors reported in the literature 
have used E. coli as a host organism, due to familiarity, ease of manipulation, 
and availability of a wide variety of vector systems and other tools. However, E. 
coli has a number of characteristics which may mean that it is not necessarily the 
ideal chassis for any given purpose. For example, as a Gram-negative bacterium, 
it produces and sheds lipopolysaccharide (endotoxin), a powerful activator of the 
innate immune system; hence, it is generally unsuitable for any in vivo uses. Its 

http:www.luminsensors.com
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outer membrane prevents large analytes such as peptides from approaching the 
cell membrane. Unlike many other bacteria, it generally does not secrete most 
proteins effectively into the medium, unless specific modifications are introduced 
to allow it. Most significantly in terms of biosensor applications, E. coli does not 
naturally produce dormant states such as spores, meaning that freeze drying is 
likely to be required for storage and distribution. While freeze drying of bacte-
rial cells is a well-understood process, this adds an extra level of complexity and 
expense to the manufacturing process. Some other potential hosts have much 
better characteristics in this regard. Most attention has been paid to Bacillus 
subtilis, a low-GC Gram-positive soil bacterium. B. subtilis is used as a model 
Gram-positive bacterium; its physiology is therefore well studied, and a number 
of vector systems and other tools are available, though in both characteristics it 
lags well behind E. coli. In contrast to E. coli, B. subtilis is naturally competent 
during a certain stage of its life cycle, and, unlike E. coli, will happily take up 
large pieces of linear DNA and integrate them onto its chromosome by homolo-
gous recombination. Also, and more importantly, B. subtilis naturally forms a 
dormant resting state known as endospores (Errington, 2003). When conditions 
become unfavorable for growth, each cell undergoes an asymmetrical cell divi-
sion resulting in a large “mother cell” and a small “forespore.” The mother cell 
engulfs the forespore and produces layers of protein coats to surround it, while 
the forespore produces small acid-soluble proteins and calcium dipicolinate, 
which act to protect its nucleic acids. When this process is complete, the mother 
cell lyses to release the mature endospore. The spores can simply be harvested 
and dried for storage and distribution. Endospores are extremely tolerant to heat, 
drying, and other stresses. There are well-attested reports of endospores surviv-
ing for hundreds and even thousands of years in dry conditions (Nicholson et 
al., 2000), as well as more controversial reports of survival for many millions of 
years in unusual contexts such as in the guts of insects preserved in amber (Cano 
and Borucki, 1995). 

B. subtilis possesses an arsenic detoxification operon similar to that found 
on the E. coli chromosome (Sato and Kobayashi, 1998); thus, arsenic biosensors 
can be prepared in a similar way to that described above, either by adding the ars 
promoter and arsR regulatory gene to a reporter gene on a multicopy plasmid, or 
by introduction of such a reporter gene to the chromosome downstream of the ars 
promoter. As a demonstration of principle, we have constructed such a system, 
designated a “Bacillosensor,” using the plasmid vector pTG262 and the reporter 
gene xylE of Pseudomonas putida, which encodes catechol-2,3-dioxygenase. 
This enzyme acts on the cheap substrate catechol to produce a bright yellow 
compound, 2-hydroxy-cis,cis-muconic semialdehyde. This system was found to 
be sensitive to arsenic levels well below the WHO recommended limit of 10 ppb 
(Figure A5-2). Spores could be boiled for 2 minutes prior to use in the assay; 
this would not only kill competing organisms but also activate the spores for 
rapid germination. The ability to remove most contaminating organisms from 
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the sample simply by heat treatment offers a considerable potential advantage 
for field use of such devices, eliminating the need for filter sterilization or similar 
treatments. 

FIGURE A5-2 Detection of arsenic by B. subtilis 168/pTG262-arsR-xylE: absorbance 
at 377 nm vs. arsenic concentration (ppb arsenic as sodium arsenate). The vector and 
BioBrick components used to make this device (BBa_J33206, BBa_J33204) are available 
from the Registry of Standard Biological Parts. Conditions of the assay were as described 
by Joshi et al. (2009). 
SOURCE: L. Montgomery and C. French, unpublished. 

APPENDIX A 187 

Several reports in the literature have also described bioreporters based on B. 
subtilis and related organisms. Tauriainen et al. (1997, 1998) reported the use of 
B. subtilis as a host for firefly luciferase-based bioreporters for arsenic, antimony, 
cadmium, and lead but did not specifically describe the use of endospores in the 
assays. More recently, Date et al. (2007) reported the construction of bioreporters 
for arsenic and zinc based on endospores of B. subtilis and Bacillus megaterium, 
with ß-galactosidase plus a chemiluminescent substrate, or enhanced green fluo-
rescent protein, as reporter genes. The genetically modified spores could be stored 
at room temperature for at least 6 months. The same authors later described in-
corporation of such endospore-based bioreporters into microfluidic devices (Date 
et al., 2010, discussed further below). Fantino et al. (2009) reported the construc-
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tion of a device designated “Sposensor,” incorporating B. subtilis endospores 
engineered to produce ß-galactosidase in response to the target analyte. Systems 
responsive to zinc and bacitracin were demonstrated using a chromogenic sub-
strate with spores dried on filter paper discs. 

Another potentially interesting host is the yeast Saccharomyces cerevisiae. 
Again, this is a model organism, well studied, and for which numerous vector 
systems and other genetic modification tools are available. It can be stored and 
distributed in a “dry active” state (Baronian, 2003). However, as a eukaryote, 
S. cerevisiae has more complex regulatory systems than bacteria such as E. coli 
and B. subtilis, and to date there have been relatively few reports of its use as a 
host for bioreporter applications. One example is a nonspecific toxicity reporter 
described by Välimaa et al. (2008), using S. cerevisiae modified to produce firefly 
luciferase; as in the MicroTox system described above, toxic substances reduced 
the level of luminescence observed. S. cerevisiae has also been used as a platform 
for analyte-specific biosensors. For example, Leskinen et al. (2003) reported con-
struction of a yeast-based bioreporter for copper ions, with firefly luciferase under 
control of the copper-responsive CUP1 promoter. This was used in environmental 
analysis for bioavailable copper (Peltola et al., 2005). Some further examples are 
described by Baronian (2003). With further development, analyte-specific yeast-
based biosensors could be a useful addition to the biosensor toolkit. 

Detection of Extracellular Analytes 

In the examples discussed so far, the signal has been generated internally, ei-
ther as a stress response (as in the case of the SOS-Chromotest) or else by binding 
of an intracellular protein, such as ArsR, to an analyte that has been internalized 
(arsenate is probably taken up in error by the phosphate uptake machinery). For 
medical applications, it would be advantageous to be able to detect and respond 
to analytes such as peptides, which do not naturally enter bacterial or fungal 
cells. However, bacteria are able to sense and respond to extracellular analytes 
via “two-component” systems. In these cases, one component is a sensor kinase 
that spans the cell membrane, and the second is a response regulator protein 
that binds DNA to activate or repress transcription from a given promoter. The 
extracellular analyte binds to the extracellular domain of the sensor kinase, and 
this increases or decreases the kinase activity of the intracellular domain. This 
alters the tendency of the kinase domain to phosphorylate the response regulator 
protein, which in turn alters its propensity to bind to and activate or repress the 
promoter(s) in question. Most bacteria possess multiple two-component sensor 
systems responding to a variety of different stimuli, including osmotic strength of 
the extracellular medium, extracellular phosphate levels, and the presence of vari-
ous small molecules such as sugars and amino acids. One interesting subgroup 
consists of two-component sensor systems in Gram-positive bacteria such as 
Bacillus, Streptococcus, and Enterococcus, which sense and respond to the pres-
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ence of short-peptide pheromones produced by other cells of the same species, 
a phenomenon analogous to the more familiar N-acyl homoserine lactone–based 
quorum-sensing systems of Gram-negative bacteria. One might imagine that such 
systems could be modified, perhaps by rational engineering or directed evolution, 
to respond instead to some peptide of analytical interest. 

There are two interesting points regarding two-component sensor systems. 
One is that these systems show a surprising degree of modularity. A number of 
reports have described cases where the extracellular domain of one sensor kinase 
has been fused to the intracellular domain of another, giving a hybrid protein 
that responds to the normal stimulus of the first sensor kinase by activating the 
normal response regulator of the second. One well-known example is the report 
of Levskaya et al. (2005) describing fusion of the extracellular domain of the 
light-sensing domain of a cyanobacterial phytochrome, Cph1, to the intracellular 
domain of an E. coli osmotic stress sensor, EnvZ; the hybrid protein, Cph8, re-
sponded to red light by activating the response regulator, OmpR, which normally 
responds to EnvZ. When a promoter controlled by OmpR was fused to a pigment-
producing gene, the resulting genetically modified cells responded to red light by 
producing a pigment, allowing “bacterial photographs” to be made by focusing 
images onto a plate of the bacteria (Levskaya et al., 2005). Another example is 
fusion of the extracellular domain of a chemotaxis receptor, Trg, which responds 
to the presence of ribose, among other chemoattractants, by controlling the cell’s 
motility apparatus, to the intracellular domain of EnvZ (Baumgartner et al., 
1994). (In this case, the interaction is indirect: ribose binds to periplasmic ribose 
binding protein, which then interacts with the extracellular domain of Trg.) In 
the presence of the hybrid protein, designated Trz, an OmpR-controlled promoter 
(specifically, the ompC promoter) was found to respond to the presence of ribose. 
Recent structural studies have begun to offer some insight into the basis of com-
munication between extracellular and intracellular domains in two-component 
sensor kinases (Casino et al., 2010), which may allow more rational engineering 
of such hybrid proteins. 

The second point is that it is possible to engineer the recognition elements 
of such sensors to respond to nonnatural target molecules. For example, Looger 
et al. (2003) reported rational reengineering of the ribose binding protein, which 
binds ribose and interacts with the extracellular domain of the hybrid Trz sensor 
kinase mentioned above, so that it would respond to lactate or to 2,4,6-trinitro-
toluene (TNT). In the presence of these molecules, OmpR-controlled promoters 
were reported to be activated. This opens the possibility that it might be possible 
to use such a platform as a “universal bioreporter” by generating a library of reen-
gineered sensor kinases or associated binding proteins to respond to any analyte 
of interest. If such rational reengineering proved challenging in the general case, 
another interesting possibility would be to attempt fusion of the extracellular 
domain of such a sensor to some binding molecule such as a nanobody (variable 
region of a camelid heavy-chain-only antibody) or scFv fragment of an antibody, 
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so that any analyte to which an antibody could be raised could be detected by a 
bioreporter. Other protein-based scaffolds for specific recognition are also under 
development (Hosse et al., 2006; Nuttall and Walsh, 2008) and might also be 
suitable for such applications. Alternatively, extracellular domains able to bind a 
desired target analyte might be selected from a library of mutants by a technique 
such as phage display or cell surface display (Benhar, 2001); this might also en-
able simple screening for clones which were able not only to bind to the analyte 
of interest but also to generate the appropriate response on binding. 

An interesting, but rather application-specific, approach to the detection of 
extracellular analytes via two-component sensing systems was proposed by the 
2010 iGEM team of Imperial College, London. In this case, the objective was to 
detect cercaria (larvae) of the parasite Schistosoma in water. It was proposed that 
a protease produced by the parasite could be detected by cleavage of an engi-
neered substrate to release the autoinducer peptide of Streptococcus pneumoniae; 
this peptide would then be detected by the two-component sensor system ComDE 
of S. pneumoniae expressed in B. subtilis. A similar system might be used to 
detect other proteases or hydrolytic enzymes of biological interest. 

Another possible platform for detection of extracellular peptides would be 
the yeast mating peptide sensing system. In Saccharomyces cerevisiae, mating 
peptides (a and !) are detected by G-protein coupled receptors, Ste2 and Ste3, 
which initiate an intracellular signalling pathway (Bardwell, 2004; Naider and 
Becker, 2004). As noted above, S. cerevisiae is arguably an underexploited 
platform for biosensor development, with much potential for investigation. One 
interesting example of a yeast-based sensor system was reported by Chen and 
Weiss (2005). In this case, a cytokinin (plant hormone) was detected by yeast 
cells expressing Arabidopsis thaliana cytokinin receptor Atcre1, a two-compo-
nent-type sensor kinase, which apparently is fortuitously able to interact with 
the endogenous yeast response regulator Ypd1 in the absence of Ypd1’s normal 
sensor kinase partner, Sln1 (Inoue et al., 2001). The engineered “receiver” cells 
expressed GFP from a Ypd1-activated promoter in the presence of cytokinin. 

Animal cells have numerous and varied extracellular receptors but, with cur-
rent techniques, probably lack the necessary robustness to be generally useful as 
a biosensor platform except possibly for specialized clinical uses. 

Modulation of Sensitivity and Dynamic Range 

The critical parameters in the performance of a sensor are the sensitivity 
(the lowest analyte concentration to which a detectable response is seen) and the 
dynamic range (in this context, the range of analyte concentrations over which the 
analyte concentration can be estimated based on the response; that is, between the 
sensitivity limit and the concentration at which the response saturates). In simple 
whole-cell biosensors such as those described above, a hyperbolic or sigmoidal 
response is seen, and it may be that the response curve initially obtained is not in 
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the desired range for the planned application. Obviously, one critical parameter is 
the affinity of the receptor for the analyte; however, in practice, many other fac-
tors are important, making analysis rather complicated (for a more detailed dis-
cussion of such issues, see van der Meer et al., 2004). For example, in the case of 
arsenic biosensors, arsenate is first taken up by the cell (probably mistakenly, via 
the phosphate uptake system). The characteristics of uptake determine the ratio 
between extracellular and intracellular arsenate concentrations. It then interacts 
with the ArsR repressor with a certain affinity, and interferes with the binding of 
the repressor to the ars promoter; both of these interactions have a characteristic 
affinity. Within a given cell, the numbers of arsenate anions, ArsR repressor 
molecules, and promoter sites are also all limited, so the relative numbers of 
these will also strongly affect the interaction. Finally, when the repressor is not 
bound to the promoter, and the promoter is thus “active,” RNA polymerase will 
bind the promoter with a certain affinity, and begin transcription with a certain 
efficiency. The actual level of arsenate repressor and reporter protein molecules 
generated will be strongly affected by the rate of messenger RNA synthesis, the 
rate of mRNA degradation, the affinity of ribosomes for the ribosome binding 
sites on the mRNA, and the degradation rate of the proteins. Thus, many steps 
intervene between the extracellular arsenate concentration and the level of the 
reporter protein. This means that, in practice, it is possible to modulate the sen-
sitivity and dynamic range of the sensor without actually altering the receptor at 
all, simply by making minor changes to factors such as the strength of the ribo-
some binding sites. 

This type of experiment is greatly facilitated by the modular, composable 
nature of BioBricks and the availability of a library of ribosome binding sites of 
different strengths in the Registry of Standard Biological Parts. To give one trivial 
example, we assembled an alternative version of the simple arsenic biosensor 
construct BBa_J33203, the differences being that the reporter gene was moved 
to a position between the promoter and the arsR gene encoding the repressor, 
and the native ribosome binding site of arsR was replaced by a strong synthetic 
ribosome binding site, BBa_J15001. The response characteristics of this modified 
construct were quite different from those of the original construct (Figure A5-3). 
While the mechanism of this was not investigated, one plausible explanation 
would be an increased level of expression of the ArsR repressor due to the stron-
ger ribosome binding site. 

More profound reorganizations of the arsenic recognition system have also 
been investigated. For example, a second copy of the ArsR-binding site was intro-
duced between arsR and the reporter gene, with the aim of decreasing background 
expression in the absence of arsenic. This led to considerably improved induction 
characteristics (Stocker et al., 2003). It was further reported that modification of 
the activity or synthesis rate of the reporter enzyme (cytochrome c peroxidase 
or ß-galactosidase) led to strong changes in the system response to given arsenic 
concentrations (Wackwitz et al., 2008), allowing the generation of an array of 
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reporter strains with different response characteristics (discussed further below). 
In a similar investigation, using mercury biosensors, the 2010 Peking University 
iGEM team investigated the effects of placing the regulatory gene merR under 
the control of a variety of promoters of different strengths and found that this 
resulted in a wide variety of different sigmoidal response curves. A similar effect 
was achieved by screening a library of mutants with altered MerR-binding sites in 
the mercury-responsive promoter. Thus, a variety of simple modifications to the 
system can be used to achieve alterations in the sensitivity and dynamic range of 
such sensors. The composable nature of BioBricks, together with other assembly 
strategies used in synthetic biology, make it easy to generate and screen a large 
number of such systems to find a set with the desired characteristics. 

FIGURE A5-3 Altered response characteristics of a whole-cell arsenic biosensor through 
reassembly of the components. (A) Original Edinburgh arsenic biosensor, consisting of 
the E. coli chromosomal ars promoter and arsR gene (BBa_J33201) followed by lacZ!" 
(BBa_J33202). Both arsR and lacZ!" have their native ribosome binding site. (B) Reas-
sembled operon consisting of ars promoter (BBa_J15301), strong synthetic ribosome 
binding site (BBa_J15001), lacZ!" coding sequence (BBa_J15103), ribosome binding site 
(BBa_J15001), and arsR coding sequence (BBa_J15101). Diamonds, time zero; squares, 
6 hours; triangles, 24 hours. The vector was pSB1A2 and host was E. coli JM109 in all 
cases. Assay conditions were as described by Joshi et al. (2009). All components and as-
sembled constructs are available from the Registry of Standard Biological Parts. 
SOURCE: X. Wang and C. French, unpublished. 

SYNTHETIC AND SYSTEMS BIOLOGY 

It is also possible to use rational design principles to modify the dynamic 
range of a sensor, for example, by amplifying a weak transcriptional signal. One 
way to do this is through the use of genetic “amplifiers.” One set of such devices, 
submitted and tested by iGEM teams from the University of Cambridge in 2007 
and 2009, consists of bacteriophage activator-promoter pairs. Rather than the 
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analyte-responsive promoter deriving the reporter gene directly, the promoter 
drives expression of an activator protein, which activates a second promoter, 
which controls the reporter gene. This gives a genetic “amplification” effect. A 
small library of cross-reactive activators and promoters allows a mix-and-match 
approach to select a pair that gives the desired response characteristics. In these 
projects, the promoters came from bacteriophages P2 (promoters PF, PO, PP, and 
PV) and P4 (promoters Psid and PLL), and the activators from bacteriophages P2 
(Ogr), P4 (! protein), PSP3 (Pag), and "R73 (! protein) (Julien and Calendar, 
1996). Fifteen promoter-activator combinations were characterized, allowing the 
biosensor designer to choose a pair with the desired response characteristics. 

The availability of a number of similar biosensors with different response 
characteristics, as described above, allows the preparation of “bar graph”-like 
arrays of sensors to obtain a quantitative output over a wider range of analyte 
concentrations than any single sensor could achieve. This was proposed by 
Wackwitz et al. (2008), who used the term “traffic light biosensors” to describe 
such devices. In principle, such devices should not require calibration (van der 
Meer and Belkin, 2010). 

Another issue with induction-based whole-cell biosensors is the time re-
quired for induction; few systems in the literature show detectable responses 
in less than 30 minutes or so, and several hours is more typical. For many ap-
plications, it would be advantageous to obtain a faster response. One ingenious 
approach to this problem was presented by the Imperial College iGEM team of 
2010. In this case, the reporter enzyme is presynthesized in the cell in an inactive 
form. The analyte-responsive promoter drives expression of a protease, which 
cleaves and activates the reporter. Since each molecule of protease can rapidly 
activate multiple molecules of the reporter protein, this can potentially give a 
much faster response. In the case of the Imperial College iGEM project, the 
reporter, catechol-2,3-dioxygenase (XylE), was synthesised as an inactive fusion 
with GFP, joined by a linker which could be cleaved by site-specific TEV prote-
ase. Detection of the target analyte, in this case a peptide released by a protease 
of the parasite Schistosoma, led to induction of TEV protease expression and 
consequent cleavage of the linker, allowing rapid formation of active catechol-
2,3-dioxygenase tetramers. 

In Vivo Signal Processing and Multiplex Output 

In addition to tuning of response characteristics, it is possible to introduce 
more complex forms of in vivo signal processing. One simple example is a ge-
netic inverter, in which a promoter that would normally activate transcription is 
instead used to repress it. This is accomplished by having the analyte-responsive 
promoter drive production of a repressor, which represses expression from a 
second promoter driving the reporter gene. Three well-characterized repressor-
promoter pairs are widely used in such systems: the LacI/lac promoter pair, bac-
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teriophage ! cI/PL or PR pair, and the TetR-tet promoter pair (see, for example, 
Elowitz and Leibler, 2000). These repressor-promoter pairs are analogous to 
insulated wires used in an electronic circuit to communicate between different 
parts of the device. For complex devices, it would clearly be useful to have more 
than three such “wires” available. One interesting approach to this was reported 
by the USTC iGEM team of 2007 (following work described by Sartorius et al., 
1989). In this case, mutations were made to the bases of the lac operator site 
involved in binding of the repressor LacI, and also to the amino acids of LacI 
involved in this binding. The libraries of mutant lac promoters and LacI repres-
sors were then analyzed to determine which pairs interacted efficiently. From this 
experiment, multiple repressor-promoter pairs were chosen that did not crosstalk. 
Furthermore, these were used to generate biological equivalents of several logic 
gates. The simplest of these is the NOT gate, in which activation of one promoter 
leads to repression of another. This is simply achieved by having the first pro-
moter drive expression of a repressor which represses the second, as described 
above. More complex gates include NAND and NOR. In the former case, binding 
of two different repressors is required to inactivate the second promoter; in the 
latter case, binding of either of two repressors is sufficient to achieve this effect. 
From combinations of such gates, more complex circuits can be assembled. Such 
logic systems can also be extended to systems consisting of several different types 
of engineered cell, with the cells communicating via quorum-sensing signals 
(Tamsir et al., 2010). 

The term “traffic-light sensors,” discussed above, is also applied to a class 
of devices that have been proposed and modeled, but, so far as we know, never 
demonstrated in practice, in which discrete, different outputs are activated at 
different analyte levels by in vivo signal processing within a single bioreporter 
organism. The originally proposed iGEM 2006 Edinburgh arsenic biosensor fell 
into this category, giving an alkaline response at very low arsenate concentra-
tions, a neutral pH at moderate arsenate concentrations, and an acidic response at 
dangerously high arsenate levels (Aleksic et al., 2007). This was to be achieved 
through the use of two separate repressors, with different affinities for arsenate, 
controlling two different reporters: urease for an alkaline response, and ß-galac-
tosidase for the acidic response. Response of the high-affinity repressor-promoter 
pair was inverted via a repressor, so that the presence of a low concentration of 
arsenate led to production of a repressor that switched off production of urease, 
whereas higher levels of arsenate switched on production of ß-galactosidase. A 
similar arrangement of two different repressor systems can be used to generate a 
genetic “band detector,” which responds only to analyte concentrations within a 
certain concentration range. 
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Visual Outputs 

While the majority of reported arsenic sensors use luminescence or fluo-
rescence as output, it might be advantageous in some cases to have an output 
that can be easily detected by eye. The use of enzymes such as ß-galactosidase 
and catechol-2,3-dioxygenase, together with chromogenic substrates, offers one 
route to achieving this end. An alternative is the pH-based approach used in the 
Edinburgh arsenic biosensor described above; this is useful in that pH changes, 
together with standard pH indicators, give very strong and easily detected color 
changes, but they can also be quantified using an inexpensive pH electrode. In 
some cases it might be preferable to have cells produce an endogenous pig-
ment in response to the target analyte. Several such examples have been re-
ported. Fujimoto et al. (2006) described a system in which the photosynthetic 
bacterium Rhodovulum sulfidophilum was engineered to place the endogenous 
carotenoid pigment gene crtA under the control of the E. coli ars promoter, so 
that the presence of arsenite led to a change in cell pigmentation from yellow 
to red. Subsequently, Yoshida et al. (2008) reported a similar system based on 
Rhodopseudomonas palustris. The combinatorial nature of synthetic biology 
components, together with the possibility of multistage outputs discussed above, 
opens the possibility of systems in which a range of discrete colors is produced 
for different levels or combinations of analytes. To facilitate the construction of 
such devices, the University of Cambridge iGEM team, 2009, presented a set 
of modular BioBrick components that could generate a variety of carotenoid 
and indole-based pigments using different combinations of components from the 
carotenoid and violacein biosynthetic pathways (Figure A5-4). As with all of 
the iGEM entries discussed in this paper, these genetic modules are freely avail-
able from the Registry of Standard Biological Parts. 

FIGURE A5-4 Escherichia coli cells producing a variety of pigments. From left to right, 
the first four tubes are derived from the carotenoid biosynthesis pathway, the last three 
from the violacein biosynthesis pathway. All of these pigment-producing pathways are 
available in BioBrick format from the Registry of Standard Biological Parts. 
SOURCE: University of Cambridge, iGEM 2009. 
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Integration of Biological and Electronic Components 

For data processing and storage, it is advantageous if biosensor outputs 
can easily be converted into electrical signals that can be read by a computer. 
A number of integrated biological-electrical devices have been reported. One 
example is the Bioluminescent Bioreporter Integrated Circuit (Nivens et al., 
2004; Vijayaraghavan et al., 2007), in which luminescence emitted by bacterial 
luciferase is detected by a Complementary Metal-Oxide Semiconductor (CMOS) 
microluminometer incorporated with signal processing circuitry and other rel-
evant components on a “biochip.” Several recent reports have described the inte-
gration of bioreporter cells into microfluidic devices. For example, Diesel et al. 
(2009) reported incorporation of an E. coli GFP-based arsenic bioreporter into a 
microfluidic device. Fluorescence from approximately 200 cells within the detec-
tion cavity was imaged using a camera. Date et al. (2010) reported the integration 
of Bacillus endospore-based biosensors for arsenic and zinc (described above) 
into a centrifugal microfluidic platform, in which pumping is provided by rotation 
of a disc-shaped substrate. Luminescence and fluorescence measurements were 
performed using separate laboratory instruments with fiber-optic probes held 
above the detection chambers of the microfluidic device. Storage and germination 
of endospores, and sensitive detection of the analytes, were reported. 

Whereas these devices use “conventional outputs (fluorescence and lumines-
cence), other reporter systems can give an electrical output directly, which may be 
more convenient for incorporation into simple devices for field use. One example 
is the Edinburgh arsenic biosensor described above. The pH response can easily 
be converted to a voltage signal using a standard glass pH electrode, or an equiva-
lent solid-state device (ion selective field effect transistor). An alternative is the 
generation of an amperometric signal via a device similar to a microbial fuel cell. 
Bacteria respire by transferring electrons from a donor (such as a sugar) to an ac-
ceptor (such as oxygen). This electron transfer occurs at the cell membrane. Many 
bacteria can instead transfer electrons to or from an electrode, generating an 
electrical current; others can do so in the presence of electron shuttle molecules 
known as mediators (Lovley, 2006). An amperometric signal can be generated by 
placing synthesis of such a mediator, or of an essential component of the electron 
transfer apparatus, under the control of an analyte-responsive promoter. Both of 
these approaches have been described by iGEM teams. The iGEM 2007 entry 
from the University of Glasgow described a system for biosynthesis of pyocya-
nin, a redox-active metabolite of Pseudomonas aeruginosa, which could act as 
a mediator to transport electrons between the bacterial respiratory chain and an 
electrode. The iGEM 2008 entry from Harvard University took advantage of a 
naturally “electricigenic” bacterium, Shewanella oneidensis, by controlling syn-
thesis of one of the outer membrane proteins, MtrB, required for efficient transfer 
of electrons to an electrode. Either of these approaches can allow controllable 
generation of an electrical current induced by the presence of a target analyte. 
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Regulatory Issues Related to Field Use of Whole-Cell Biosensors 

The Edinburgh arsenic biosensor described above was designed to be used 
in the field in the form of a contained disposable device. Some other bioreporters 
have been designed for more direct use in the field. One of the earliest examples 
to be tested was that of Ripp et al. (2000), reportedly the first genetically modified 
microorganisms to be approved for field testing for a bioremediation application 
in the United States, in which a strain of Pseudomonas fluorescens modified to 
produce a luminescent signal in the presence of aromatic hydrocarbons was in-
troduced into the soil in a contaminated site, and its persistence monitored over 
a 2-year period. While this organism was designed to persist in the environment 
for a prolonged period, there are other cases where the bioreporter only needs to 
survive for a few hours—just long enough to report on the conditions in which 
it finds itself. One well-known example is the Microbial Mine Detection System 
developed at Oak Ridge National Laboratories. This consisted of a strain of Pseu-
domonas modified to produce GFP in the presence of explosives leaking from 
land mines (discussed by Habib, 2007). The positions of the land mines could 
then be mapped using an ultraviolet lamp. This system was reportedly field tested 
with good results. Another example was reported by the iGEM team of the Bris-
tol Centre for Complexity Studies (BCCS) in 2010. In this case, the bioreporter 
consisted of E. coli cells modified to indicate the presence of nitrate by producing 
a fluorescent response. These cells, encapsulated in a hydrophilic gel, were to be 
spread over the soil and left for several hours to express the fluorescent protein, 
after which the nitrate levels in the field could be mapped by a mobile device, 
providing information useful in agriculture. 

On consideration of the examples described above, we can distinguish be-
tween four different cases: 

1.  bioreporters designed to be used within the confines of a laboratory (e.g., 
the SOS-Chromotest); 

2.  bioreporters designed to be used in a contained device, but outside of a 
laboratory (e.g., the Edinburgh arsenic biosensor); 

3.  bioreporters designed to be exposed directly to the environment, but not 
to survive longer than required to report the levels of the target analyte 
(e.g., the MMDS and Bristol nitrate sensor); and 

4.  bioreporters designed to survive and persist in the field for long periods 
(e.g., the bioremediation monitoring system of Ripp et al., 2000). 

Unfortunately, current regulatory regimes in the United Kingdom and Eu-
ropean Union do not appear to distinguish between cases 2, 3, and 4. Case 1 is 
unproblematic; such “contained use” applications are dealt with in the United 
Kingdom by the Health and Safety Executive under the Genetically Modified 
Organisms (Contained Use) Regulations 2000, whereas “uncontained uses” are 
dealt with by the Department for the Environment, Food and Rural Affairs un-
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der the Genetically Modified Organisms (Deliberate Release) Regulations 2002 
(which implement EU Directive 2001/18/EC). Whereas this is wholly appropriate 
for case 4, where such organisms are designed to persist in the environment, no 
provision seems to be made for cases 2 or 3, where organisms may be specifically 
designed not to survive in the environment, thereby minimizing any threat to 
ecosystems. This is a serious inhibiting factor in the use of genetically modified 
whole-cell biosensors or bioreporters outside of the laboratory, as expensive field 
trials with extensive postrelease monitoring are required. We feel that it would be 
useful if future legislation took this into account. In the United States, the situ-
ation is less clear to us; the relevant federal legislation appears to be the Toxic 
Substances Control Act (Sayre and Seidler, 2005). In the absence of specific legal 
and regulatory expertise, we will refrain from further comment. However, it is 
clear that until these regulatory issues are addressed, it will not be possible to use 
genetically modified bioreporter organisms on a large scale in the field, despite 
their obvious potential. 

Conclusions 

Sensitive and highly specific response to various molecules is one of the core 
functions of biological systems. As such, whole-cell biosensors offer a versatile 
and widely applicable method for detecting the presence of a wide range of ana-
lytes. The techniques of synthetic biology offer numerous possible improvements 
in terms of response tuning, in vivo signal processing, and direct interface with 
electronic devices for further signal processing and output. However, regulatory 
issues will need to be clarified before such devices can fulfill their true potential 
as highly sensitive, inexpensive sensors for field use. 
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