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Cos’è	la	Biologia	Sintetica	?	

“Chiedendo	a	5	studiosi	di	Biologia	Sintetica	cos’è	la	Biologia	Sintetica	otterrete	6	risposte	
differenti.”		
	

Kristala	L.	Jones	Prather,	Prof.ssa	di	Ingegneria	Genetica	e	Biologia	Sintetica	al	MIT	

	
	
La	Biologia	Sintetica	è	situata	al	confine	tra	Biologia	ed	Ingegneria,	e	mira	a	progettare	e	
realizzare	nuovi	componenti,	sistemi	e	organismi	bio-ispirati	non	esistenti	in	natura.	
	
I	principi	alla	base	della	biologia	sintetica	sono	la	standardizzazione	e	la	modularità	delle	
componenti,	e	l’ortogonalità	dei	processi.	
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It leads us from analyzing complex molecular 
processes inside the cell to generating novel 
cellular functions and novel single-cell organ-
isms. As such, synthetic biology comprises our 
full-blown ability to technically manipulate 
genetic, metabolic and signaling processes 
inside and in between cells. It is turning us 
into creators of the most basic parts of living 
nature. Synthetic biology opens up the possi-
bility to augment nature with neo-microbes by 
an effort of engineering, thus aiming at con-
trolling the uncontrollable. Philosophically 
speaking, the project of synthetic biology 
crystallizes in one single question: can we or 
should we, undoubtedly being part of nature, 
understand ourselves as co-creators of the 
evolution?

George Church, professor, 
Department of Genetics, 
Harvard Medical School, 
Boston, Massachusetts. 

Genetic engineering focuses on individual 
genes (typically cloning and overexpression). 
The logical extension of that to system-wide 
change is genome engineering. Intermediate 
between these is metabolic engineering, 
which involves optimizing several genes at 
once. Synthetic biology is ‘meta’ to all of these 
in establishing standards for modules, inten-
tionally interoperable in their assembly and 
functioning. Hierarchical properties permit 
computer-aided design at different levels of 
abstraction, from the sub-molecular level to 
supra-ecosystem levels.

Andrew D. Ellington, 
professor, Institute for 
Cellular and Molecular 
Biology, University of Texas, 
Austin, Texas. 

These words [synthetic biology] don’t have 
much meaning. The definition of a new field 
is either based on a discovery or redefinition, 
and—because I can’t point to a single great dis-
covery in this field—synthetic biology is really 
more about a redefinition of biotechnology. It 
encompasses the rather old notion that you can 
engineer living systems, but updates that notion 
with the universal realization that the ability to 
synthesize lots of DNA and do mathematical 
modeling is a very powerful combination. But 
I’d say synthetic biology’s key utility is to excite 
engineers, undergraduates and funding agen-
cies. Its key disadvantage is to create hysteria in 
the defense community.

networks, organisms and ecosystems—by 
programming them, or reprogramming them, 
at the level of the DNA code. The new name 
‘synthetic biology’ reflects an explosion in our 
ability to genetically engineer increasingly 
complex systems and the desire of scientists 
and engineers from fields outside molecu-
lar biology and genetics to participate in the 
fun, contributing to the technology and its  
applications.

David Berry, partner,  
Flagship Ventures, 
Cambridge, Massachusetts.

The term synthetic biology should really be 
synthetic biotechnology. The reason for that is, 
effectively, it is using tools of modern biology, 
including DNA sequencing, DNA synthesis, 
cell analytics, etc., to design biological tools to 
accomplish tasks. The goal is to leverage expo-
nential information-generation with the preci-
sion of biology to create these tools. The use of 
them can be broad, including sense-response 
proteins or cells, engineered biocatalysts, or cells 
that undergo conversions. On this last point, the 
difference between metabolic engineering and 
synthetic biotechnology is that only with the lat-
ter can you design cells that accomplish a task 
that is independent from what the cell normally 
does—that is, causing a heterotrophic organism 
to be autotrophic, not improving a yeast’s ability 
to make ethanol.

Joachim Boldt, assistant 
professor, and Oliver Müller, 
junior research group leader, 
Department of Medical 
Ethics and the History 
of Medicine, Freiburg 
University, Germany. 

Synthetic chemistry has shown the way: from 
systematic analysis of chemical processes to 
synthesis of novel products. Synthetic biology 
does the same, but in the realm of the living. 

Similar to other new and trendy fields, synthetic 
biology has been defined so loosely that it can 
seem like all things to all people. Traditional 
genetic or metabolic engineering has been 
rebranded as synthetic biology, often to take 
advantage of the hype cycle that fuels investor 
interest. Below, 20 experts give their own defini-
tions. The diversity of responses indicates that 
consensus as to the meaning of synthetic biology 
still lies some way off.

Adam Arkin, professor, 
Department of 
Bioengineering, University 
of California, Berkeley, 
California. 

Synthetic biology aims to make the engineer-
ing of new function in biology faster, cost 
effective, scalable, predictable, transparent 
and safe. It focuses on improvement of stan-
dard genetic engineering technology; develop-
ment of standards for genetic assembly and 
rapid characterization; creation of families of 
genetic ‘parts’ that behave reliably in desig-
nated hosts and have no undesigned interac-
tions; and generation of safe, robust host cells. 
That is, it aims to remove the burden of syn-
thesis and endless rounds of optimization of 
functional performance and thereby facilitate 
the design of increasingly complex systems. 
Although chemical production is the most 
powerful current application, synthetic biol-
ogy seeks to address a much broader class of 
problems, including programmable materials, 
therapeutic organisms and systems that sup-
port agricultural and environmental services. 
Many of these systems will be engineered for 
operation beyond the bioreactor, requiring 
sophisticated sensing, computing and actuat-
ing systems to perform effectively and safely in 
complex environments.

Frances Arnold, professor, 
Division of Chemistry and 
Chemical Engineering, California 
Institute of Technology, 
Pasadena, California.

Synthetic biologists construct new biologi-
cal entities—molecules, pathways, regulatory 

What’s in a name?
Defining an emerging field can be challenging. Nature Biotechnology 
asked 20 experts for their views on the term ‘synthetic biology’.
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Cos’è	la	Biologia	Sintetica	?	

La	 standardizzazione	 e	 la	modularità	 sono	 necessarie	 per	 poter	 arrivare	 a	 generare	
sistemi	 artificiali	 complessi,	 secondo	 una	 modalità	 progettuale	 simile	 a	 quella	
ingegneristica.		
	
Potreste	costruire	un	grattacielo	o	una	portaerei	con	viti,	bulloni	e	travi	di	acciaio	tutti	
di	dimensioni	diverse?	

Ingegneria	genetica	 Biologia	sintetica	



Cos’è	la	Biologia	Sintetica	?	

La	 standardizzazione	 e	 la	modularità	 sono	 necessarie	 per	 poter	 arrivare	 a	 generare	
sistemi	 artificiali	 complessi,	 secondo	 una	 modalità	 progettuale	 simile	 a	 quella	
ingegneristica.		
	
Potreste	costruire	un	grattacielo	o	una	portaerei	con	viti,	bulloni	e	travi	di	acciaio	tutti	
di	dimensioni	diverse?	

arco	romano:	parte	standard	



Cos’è	la	Biologia	Sintetica	?	

L’ortogonalità,	ovvero	la	mancanza	di	 interazione	tra	vari	processi,	è	necessaria	per	poter	
ottenere	un	processo	controllabile	e	prevedibile.	Cosa	succederebbe	se	 il	vostro	processo	
alterasse	 altri	 processi	 che	 sono	 correlati	 con	 esso?	 Potrebbe	 esserne	 a	 sua	 volta	
influenzato?	 Come	 possiamo	 prevedere	 l’andamento	 di	 un	 processo	 che	 interagisce	 con	
altri	 processi?	 Quando	 le	 interazioni	 diventano	 molteplici	 e	 reciproche,	 il	 sistema	 può	
divenire	caotico.	
	
	
	
	
	
	
	
	
	
	
	
	
E’	importante	valutare	in	quale	background	cellulare	si	vuole	inserire	un	sistema	genetico/
metabolico	 sintetico,	 così	 da	 non	 avere	 interferenze	 con	 i	 processi	 endogeni.	 Bisogna	
definire	uno	“chassis”!	



Cos’è	la	Biologia	Sintetica	?	

Per	prevedere	 il	 comportamento	dei	nuovi	 circuiti	 genetici	generati	per	 funzionalizzare	 le	
cellule	una	volta	che	questi	vengono	inseriti	all’interno	di	uno	chassis,	 la	biologia	sintetica	
spesso	si	avvale	di	simulazioni	al	computer	(modelli	in	silico).	
I	modelli	 in	 silico	 consentono	 di	 effettuare	 con	 grande	 facilità	 simulazioni	 in	 condizioni	
difficili	da	riprodurre	sperimentalmente.	Inoltre,	i	modelli	in	silico	permettono	di	“gestire	la	
complessità”	e	sono	predittivi.	
	

 



Cosa	sono	i	BioBricks	?	

Vengono	definiti	come	BioBricks	delle	sequenze	di	DNA	standard	che	codificano	per	ben	
definite	strutture	e	funzioni.	Tali	sequenze	di	DNA	sono	progettate	per	essere	composte	in	
modo	modulare	ed	incorporate	in	cellule	procariotiche	od	eucariotiche	al	fine	di	costruire	

nuovi	sistemi	genetici.		
	
	

I	BioBricks	rappresentano	uno	sforzo	per	introdurre	i	principi	ingegneristici	della	modularità	
e	della	standardizzazione	nella	biologia	sintetica.		

	
	

Grazie	alla	combinazione	di	“parts”	come	promotori,	RBS,	geni	(codificanti	per	proteine	o	
domini	di	proteine)	e	terminatori	si	possono	generare	nuovi	circuiti	genetici	con	nuove	

funzionalità	e	sistemi	di	regolazione	ad	hoc,	noti	come	“devices”.	



Cosa	sono	i	BioBricks	?	



Cosa	sono	i	BioBricks	?	



Cosa	sono	i	BioBricks	?	



Cosa	sono	i	BioBricks	?	

Promotori	costitutivi	

Promotori	la	cui	espressione	
è	indotta	da	metalli	



Cosa	sono	i	BioBricks	?	

Alcuni	“devices”	si	possono	trovare	già	assemblati.	



Possiamo	rendere	un	batterio	innocuo	un	killer	di	patogeni	
mediante	l’utilizzo	di	BioBricks?		

Engineering microbes to sense and eradicate
Pseudomonas aeruginosa, a human pathogen
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Synthetic biology aims to systematically design and construct novel biological systems that address
energy, environment, and health issues. Herein, we describe the development of a synthetic genetic
system, which comprises quorum sensing, killing, and lysing devices, that enables Escherichia coli
to sense and kill a pathogenic Pseudomonas aeruginosa strain through the production and release of
pyocin. The sensing, killing, and lysing devices were characterized to elucidate their detection,
antimicrobial and pyocin release functionalities, which subsequently aided in the construction of
the final system and the verification of its designed behavior. We demonstrated that our engineered
E. coli sensed and killed planktonic P. aeruginosa, evidenced by 99% reduction in the viable cells.
Moreover, we showed that our engineered E. coli inhibited the formation of P. aeruginosa biofilm by
close to 90%, leading to much sparser and thinner biofilm matrices. These results suggest that E. coli
carrying our synthetic genetic system may provide a novel synthetic biology-driven antimicrobial
strategy that could potentially be applied to fighting P. aeruginosa and other infectious pathogens.
Molecular Systems Biology 7: 521; published online 16 August 2011; doi:10.1038/msb.2011.55
Subject Categories: synthetic biology; microbiology & pathogens
Keywords: genetic circuits; Pseudomonas aeruginosa; pyocin; quorum sensing; synthetic biology

Introduction

Synthetic biology aims to engineer genetically modified
biological systems that perform novel functions that do not
exist in nature, with reusable, standard interchangeable
biological parts. The use of these standard biological parts
enables the exploitation of common engineering principles
such as standardization, decoupling, and abstraction for
synthetic biology (Endy, 2005). With this engineering frame-
work in place, synthetic biology has the potential to make the
construction of novel biological systems a predictable, reliable,
systematic process. While the development of most synthetic
biological systems remains largely ad hoc, recent efforts to
implement an engineering framework in synthetic biology
have provided long-awaited evidences that engineering
principles can facilitate the construction of novel biological
systems. Synthetic biology has so far demonstrated that its
framework can be applied to a wide range of areas such as
energy, environment, and health care. For example, novel
biological systems have been constructed to produce drugs
(Ro et al, 2006) and biofuels (Steen et al, 2010), to degrade
containments in water (Sinha et al, 2010), and to kill cancer
cells (Anderson et al, 2006).

Despite these encouraging advances, synthetic biology has
not yet been exploited to develop new strategies for tackling
infectious disease, a leading cause of death worldwide,
especially in poor countries. Given the stalled development
of new antibiotics and the increasing emergence of multidrug-
resistant pathogens, using synthetic biology to design new
treatment regimens for infectious disease could address an
urgent need. Consequently, in this study, we have made
progress toward developing a novel antimicrobial strategy,
based on an engineered microbial system, using the synthetic
biology framework. Toward this aim, we designed and
constructed a genetic system, based on standardization,
decoupling, and abstraction, that allows sensing and killing
of Pseudomonas aeruginosa, a human pathogen, in a non-
pathogenic chassis, Escherichia coli. The biological parts of our
devices were designed and synthesized in compliance with the
BioBrick assembly standards (Canton et al, 2008). Each of the
biological devices was characterized to understand its
behavior, and the correlation between the input and output
of one key biological device was studied in detail.

P. aeruginosa colonizes the respiratory and gastrointestinal
tract (Fujitani et al, 2011), and causes life-threatening
infections to the patients with immunodeficiency such as
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In	questo	lavoro	un	ceppo	di	E.	coli	di	laboratorio	(non	patogeno)	è	stato	
ingegnerizzato	mediante	BioBriks	per	produrre	una	tossina	in	grado	di	uccidere	il	

patogeno	umano	P.	aeruginosa.	Il	ceppo	di	E.	coli	ingegnerizzato	mediante	BioBricks	
produce	la	tossina	solo	quando	si	trova	in	presenza	di	tale	patogeno.	

“Pathogen	sensing	and	killing	system”	



sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
concentrations. (B) Time-averaged GFP production rate per cell at different input 3OC12HSL concentrations, showing that the optimal operating concentrations for the
sensing device range from 1.0E-7 to 1.0E-6 M 3OC12HSL. Error bar represents the standard deviation of statistical means between 20 and 80 m after induction. The
experiment was performed with six replicates. Source data is available for this figure at www.nature.com/msb.

Our engineered E. coli

P. aeruginosa 

PluxRlasR Lysis E7 Pyocin S5
PluxRPtetR

3OC12 HSL

Pyocin S5 protein

Lysis E7 protein 

lasR protein

PluxR activator Quorum sensing

Pathogen inhibition

Lysis activationPyocin accumulation

Figure 1 Schematic of ‘Pathogen Sensing and Killing’ system. luxR promoter is activated by LasR-3OC12HSL complex, leading to production of E7 lysis protein and S5
pyocin within E. coli chassis. After the E7 protein attains the threshold concentration that causes the chassis to lyse, the accumulated S5 is released into the exogenous
environment and kills P. aeruginosa.

Engineered microbes that sense and kill a pathogen
N Saeidi et al
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Circuito	regolativo	sintetico	generato	mediante	Biobricks.	

Nel	ceppo	di	E.	coli	è	stato	inserito	il	gene	lasR,	codificante	per	il	recettore	LasR,	attivato	dalla	
molecola	segnale	del	QS	di	P.	aeruginosa	3OC12-HSL,	il	gene	per	la	“tossina”	piocina	S5	ed	il	gene	per	
la	lisina	E7.	Il	gene	lasR	è	espresso	in	modo	costitutivo,	mentre	i	geni	per	la	piocina	S5	e	la	lisina	E7	

sono	sotto	il	controllo	di	un	promotore	attivato	dal	complesso	LasR/3OC12-HSL.		
Quando	il	ceppo	di	E.	coli	“sente”	P.	aeruginosa,	produce	la	piocina	S5	e	la	rilascia	(lisando).	

Possiamo	rendere	un	batterio	innocuo	un	killer	di	patogeni	
mediante	l’utilizzo	di	BioBricks?		



sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
concentrations. (B) Time-averaged GFP production rate per cell at different input 3OC12HSL concentrations, showing that the optimal operating concentrations for the
sensing device range from 1.0E-7 to 1.0E-6 M 3OC12HSL. Error bar represents the standard deviation of statistical means between 20 and 80 m after induction. The
experiment was performed with six replicates. Source data is available for this figure at www.nature.com/msb.
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sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
concentrations. (B) Time-averaged GFP production rate per cell at different input 3OC12HSL concentrations, showing that the optimal operating concentrations for the
sensing device range from 1.0E-7 to 1.0E-6 M 3OC12HSL. Error bar represents the standard deviation of statistical means between 20 and 80 m after induction. The
experiment was performed with six replicates. Source data is available for this figure at www.nature.com/msb.
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Figure 1 Schematic of ‘Pathogen Sensing and Killing’ system. luxR promoter is activated by LasR-3OC12HSL complex, leading to production of E7 lysis protein and S5
pyocin within E. coli chassis. After the E7 protein attains the threshold concentration that causes the chassis to lyse, the accumulated S5 is released into the exogenous
environment and kills P. aeruginosa.
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1.0E-6 M 3OC12HSL using the LIVE/DEAD cell viability assay.
As seen under microscope, many P. aeruginosa cells exposed
to the supernatant of the engineered E. coli were stained with
the PI dye, which stains a dead cell, whereas those that were
incubated with the wild-type E. coli were mostly stained with
the SYTO 9 dye, which stains a live cell (Supplementary Figure
2B). This result suggests that our engineered E. coli carrying
the final system can kill P. aeruginosa in response to as low as
1.0E-6 M 3OC12HSL. Since our earlier estimation indicated
that the concentration of 3OC12HSL natively produced by
P. aeruginosa was B1.0E-6 M, this outcome may imply that
this killing activity would be sustained against P. aeruginosa in
response to its producing 3OC12HSL.

Therefore, subsequently, to confirm the killing activity by
the native 3OC12HSL produced by P. aeruginosa, the filtered
supernatant of P. aeruginosa cultures was mixed with the

E. coli cultures, whose supernatant was then added to
P. aeruginosa-grown agars. Figure 5A shows that P. aeruginosa
growth was significantly inhibited by the engineered E. coli
cultures exposed to the supernatant of P. aeruginosa cultures,
while neither with the wild-type E. coli cells nor without the
P. aeruginosa supernatant led to growth inhibition. This result
indicates that our final system produces pyocin S5 and E7 in
response to the 3OC12HSL natively produced by P. aeruginosa,
which resulted in the killing of P. aeruginosa.

To further visualize the inhibition effects on P. aeruginosa by
our engineered E. coli, P. aeruginosa cells were stained using
the LIVE/DEAD cell viability assay. Figure 5B shows that many
P. aeruginosa cells exposed to the supernatant of the
engineered E. coli induced with native 3OC12HSL were stained
with the PI dye, whereas the cells incubated with the wild-type
E. coli were mostly stained with the SYTO 9 dye (green). This
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Figure 3 Characterization results of lysis device using 3OC12 HSL. (A) Growth curve of E. coli expressing E7 lysis protein after induction with different concentrations of
3OC12 HSL. (B, C) Effects of lysis protein on E. coli surface morphology as observed using FESEM. The results show that the surface of the E. coli was damaged when
E. coli carrying pTetR-LasR-pLuxR-E7 and E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final system) were induced with 3OC12 HSL. Scale bar: 1 mm. Error bar
represents the standard deviation of four replicates. Source data is available for this figure at www.nature.com/msb.
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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P.	aeruginosa	cells	imaged	with	
LIVE/DEAD	staining.		

range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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The	engineered	E.	coli	strain		can	detect	
and	kill	P.	aeruginosa.	
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results imply that the formation of Pseudomonas biofilm was inhibited by close to 90% with the engineered E. coli carrying the final system (pTetR-LasR-pLuxR-S5-pLuxR-
E7) as compared with biofilm grown with wild-type E. coli or incomplete E. coli system missing either pyocin S5 or E7 lysis genes. P. aeruginosa PAO1, which pyocin S5 was
derived from, was included as a negative control. Error bar represents the standard deviation of six replicates. (B) Biofilm inhibition observed under CLSM microscopy.
Pseudomonas biofilm with green fluorescence was grown on glass slide in the presence of the engineered E. coli and visualized under CLSM microscope after 18 h. Images
reconstructed from biofilm Z-stacks using Zeiss 2.5D software implied that the initialization and progression of biofilm cells into multilayers were strongly inhibited for
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Questo	batterio	ingegnerizzato	può	essere	
considerato	un	sistema	di		
intelligent	drug	delivery.	



Lo	stesso	approccio	è	stato	utilizzato	per	ingegnerizzare	probiotici	



Terapie	attualmente	utilizzate	nella	cura	dei	tumori	

•  Chirurgia	

•  Radioterapia	

•  Chemioterapia	

Asportazione	fisica	della	
massa	tumorale	

Irradiazione	con	raggi	
ionizzanti	

Utilizzo	di	farmaci	
antitumorali	



Bassa	selettività	per	le	cellule	
tumorali	

Scarsa	capacità	di	raggiungere	e	di	
penetrare	i	tessuti	tumorali	

Incapacità	di	trattare	le	metastasi	

Limiti	delle	terapie	attualmente	
utilizzate	

Migliorare	le	attuali	
terapie	o	ricercarne	di	
nuove	



I	batteri	sono	promettenti	agenti	antitumorali	

	1868	

1882	

1893	

	1936	

Karl	 David	 Wilhelm	 Busch	 induce	 volontariamente	 l’infezione	 erisipela	 in	 una	 ragazza	
affetta	da	tumore,	ed	osserva	un’evidente	regressione	della	massa	tumorale.	

Friedrich	Fehleisen	individua	l’agente	eziologico	dell’erisipela,	Streptococcus	pyogenes,	lo	
inocula	 in	 7	 pazienti	 affetti	 da	 tumore,	 ed	 osserva	 regressione	 totale	 del	 tumore	 in	 3	
pazienti.	

William	Bradley	Coley	studia	gli	effetti	antitumorali	di	un	preparato	ottenuto	filtrando	una	
co-coltura	 dei	 batteri	S.	 pyogenes	e	Serratia	marcescens.	Questo	 preparato,	 noto	 come	
“tossina”	di	Coley,	porta	alla	regressione	dei	tumori	solidi	 in	molti	dei	pazienti	seguiti	da	
Coley.	

William	Coley	muore	dopo	aver	trattato	con	la	sua	“tossina”	più	di	mille	pazienti	affetti	da	
tumore.	Il	medico	riporta	che	tale	trattamento	è	risultato	efficace	in	oltre	il	50%	dei	casi.	

	1899	 La	 Parke-Davis	 &	 Company,	 un'importante	 casa	 farmaceutica	 americana,	 inizia	 la	
produzione	su	larga	scala	della	“tossina”	di	Coley.	

	1952	
La	Parke-Davis	&	Company	smette	di	produrre	la	“tossina”	di	Coley,	che	10	anni	dopo	non	
viene	riconosciuta	dalla	Food	and	Drug	Administration	come	farmaco	antitumorale.	



Bacteria	are	promising	anti-tumour	agents	

! 2!

meglio le metodiche e gli approcci che potrebbero portare, nel prossimo futuro, allo sviluppo di 

microrganismi ingegnerizzati utilizzabili come nuovi agenti antitumorali. 
 

 
 

Figura 1: Grafico in cui è riportato il numero di lavori scientifici pubblicati ogni anno identificabili sul sito PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) con le parole chiave “bacteria AND tumor AND therapy”. 

 

1.1 Dalle prime osservazioni di Busch alla “tossina” di Coley 

Una prima evidenza storica del possibile utilizzo di microrganismi per il trattamento di tumori 

risale al 1868, quando il chirurgo tedesco Karl David Wilhelm Busch applicò intenzionalmente sul 

collo di una ragazza di diciannove anni, che presentava in tale sito un tumore “grande quanto la 

testa di un neonato”, delle bende precedentemente utilizzate da un paziente affetto da erisipela 

(Busch, 1868). L’erisipela è un'infezione batterica acuta della pelle, che coinvolge il derma 

profondo ed in parte l'ipoderma, e che era molto diffusa nei secoli scorsi, con un tasso di mortalità 

di quasi il 100% in bambini ed anziani (Bisno e Stevens, 1996). La giovane donna contrasse la 

malattia e presentò i sintomi relativi, ma il tumore al collo regredì fino a divenire “paragonabile alla 

grandezza di una mela”. Dopo aver curato l’erisipela, però, il tumore riprese a crescere. Il tentativo 

del medico tedesco fu primariamente quello di indurre sintomi febbrili nel paziente, in modo da 

studiarne gli effetti sul tumore (Busch, 1868). 

Quattordici anni dopo, un altro medico tedesco, Friedrich Fehleisen, identificò l’agente 

eziologico dell’erisipela, attualmente noto come Streptococcus pyogenes, lo coltivò in vitro e lo 

iniettò a sette pazienti affetti da tumore, ottenendo tre casi di completa remissione (Fehleisen, 

1882). 

Scientific	manuscripts	retrieved	in	Pubmed	(www.ncbi.nlm.nih.gov/pubmed)		

with	the	query	“bacteria	AND	tumour	AND	therapy”.	
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Many	genera	of	bacteria	have	been	shown	to	preferentially	accumulate	in	tumours,	
including	Salmonella,	Escherichia,	Clostridium	and	Bifidobacterium.	Bacteria	administered	by	

tail	vein	injection	co-localize	with	solid	tumours.	
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Abstract

The ability to track microbes in real time in vivo is of enormous value for preclinical investigations in infectious disease or
gene therapy research. Bacteria present an attractive class of vector for cancer therapy, possessing a natural ability to grow
preferentially within tumours following systemic administration. Bioluminescent Imaging (BLI) represents a powerful tool for
use with bacteria engineered to express reporter genes such as lux. BLI is traditionally used as a 2D modality resulting in
images that are limited in their ability to anatomically locate cell populations. Use of 3D diffuse optical tomography can
localize the signals but still need to be combined with an anatomical imaging modality like micro-Computed Tomography
(mCT) for interpretation. In this study, the non-pathogenic commensal bacteria E.coli K-12 MG1655 and Bifidobacterium breve
UCC2003, or Salmonella Typhimurium SL7207 each expressing the luxABCDE operon were intravenously (IV) administered to
mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
optical imaging was supported by ex vivo histological analyses. In vivo imaging of orally-administered commensal bacteria
in the gastrointestinal tract (GIT) was also achieved using 3D BLI. This study demonstrates for the first time the potential to
simultaneously image multiple BLI reporter genes three dimensionally in vivo using approaches that provide unique
information on spatial locations.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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e.g.	E.	coli		MG1655	co-localization	with	melanoma	B16,	carcinoma	FaDu,	e	glioblastoma	U87.	

Bacteria	co-localize	with	different	tumour	types.	
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UCC2003, or Salmonella Typhimurium SL7207 each expressing the luxABCDE operon were intravenously (IV) administered to
mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
optical imaging was supported by ex vivo histological analyses. In vivo imaging of orally-administered commensal bacteria
in the gastrointestinal tract (GIT) was also achieved using 3D BLI. This study demonstrates for the first time the potential to
simultaneously image multiple BLI reporter genes three dimensionally in vivo using approaches that provide unique
information on spatial locations.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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This	ability	is	partly	due	to	the	”enanched	permeability	and	retention	effect”.	

Possiamo+rendere+un+baVerio+innocuo+un+killer+di+tumori+?++
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mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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Bacteria	also	co-localize	with	lung	
and	liver	metastasis.	

Figure 5. Salmonella targets breast cancer metastases
Contiguous hepatic (A, B) and pulmonary (C, D) sections were stained with hematoxylin
and eosin (A, C) and Salmonella immunohistochemistry (brown in B, D). A–B, Salmonella
accumulated in hepatic metastases with greater specificity than normal liver parenchyma.
Bacterial colonies (boundary indicated with dark arrows in B) colocalized with metastatic
tissue (boundary indicated with white arrows in A). Scale bars are 250μm. C–D, Salmonella
(e.g. white arrow) accumulated in small pulmonary micro-metastases. The micro-metastasis
encased a vascular channel containing an inflammatory infiltrate (black arrow). Scale bars
are 50μm.
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In tumors Salmonella migrate away from vasculature toward the
transition zone and induce apoptosis
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Abstract
Motile bacteria can overcome diffusion resistances that substantially reduce the efficacy of
standard cancer therapies. Many reports have also recently described the ability of Salmonella to
deliver therapeutic molecules to tumors. Despite this potential, little is known about the
spatiotemporal dynamics of bacterial accumulation in solid tumors. Ultimately this timing will
affect how these microbes are used therapeutically. To determine how bacteria localize, we
intravenously injected Salmonella typhimurium into BALB/c mice with 4T1 mammary carcinoma
and measured the average bacterial content as a function of time. Immunohistochemistry was used
to measure the extent of apoptosis; the average distance of bacteria from tumor vasculature; and
the location of bacteria in four different regions: the core, transition, body and edge. Bacteria
accumulation was also measured in pulmonary and hepatic metastases. The doubling time of
bacterial colonies in tumors was measured to be 16.8 hours, and colonization was determined to
delay tumor growth by 48 hours. From 12 and 48 hours after injection, the average distance
between bacterial colonies and functional vasculature significantly increased from 130 to 310μm.
After 48 hours, bacteria migrated away from the tumor edge toward the central core and induced
apoptosis. After 96 hours, bacteria began to marginate to the tumor transition zone. All observed
metastases contained Salmonella and the extent of bacterial co-localization with metastatic tissue
was 44% compared to 0.5% with normal liver parenchyma. These results demonstrate that
Salmonella can penetrate tumor tissue and can selectively target metastases, two critical
characteristics of a targeted cancer therapeutic.

Keywords

Bacteriolytic Therapy; Attenuated Salmonella typhimurium; Tumor Transition Zone; Apoptosis;
Metastases

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
*Corresponding Author: Neil S. Forbes, Ph.D., Department of Chemical Engineering, University of Massachusetts Amherst, 101
Goessmann Laboratory, 686 North Pleasant Street, Amherst, MA 01003, 413-577-0132 (office), 413-545-1647 (FAX),
forbes@ecs.umass.edu.

NIH Public Access
Author Manuscript
Cancer Gene Ther. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Cancer Gene Ther. 2011 July ; 18(7): 457–466. doi:10.1038/cgt.2011.10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

In tumors Salmonella migrate away from vasculature toward the
transition zone and induce apoptosis

Sabha Ganai1,2, Richard B. Arenas1,2,3, Jeremy P. Sauer4, Brooke Bentley3, and Neil S.
Forbes2,3,4,*

1 Department of Surgery, Baystate Medical Center / Tufts University School of Medicine,
Springfield, Massachusetts
2 Program in Molecular and Cellular Biology, University of Massachusetts Amherst, Amherst,
Massachusetts
3 Pioneer Valley Life Sciences Institute, Springfield, Massachusetts
4 Department of Chemical Engineering, University of Massachusetts Amherst, Amherst,
Massachusetts

Abstract
Motile bacteria can overcome diffusion resistances that substantially reduce the efficacy of
standard cancer therapies. Many reports have also recently described the ability of Salmonella to
deliver therapeutic molecules to tumors. Despite this potential, little is known about the
spatiotemporal dynamics of bacterial accumulation in solid tumors. Ultimately this timing will
affect how these microbes are used therapeutically. To determine how bacteria localize, we
intravenously injected Salmonella typhimurium into BALB/c mice with 4T1 mammary carcinoma
and measured the average bacterial content as a function of time. Immunohistochemistry was used
to measure the extent of apoptosis; the average distance of bacteria from tumor vasculature; and
the location of bacteria in four different regions: the core, transition, body and edge. Bacteria
accumulation was also measured in pulmonary and hepatic metastases. The doubling time of
bacterial colonies in tumors was measured to be 16.8 hours, and colonization was determined to
delay tumor growth by 48 hours. From 12 and 48 hours after injection, the average distance
between bacterial colonies and functional vasculature significantly increased from 130 to 310μm.
After 48 hours, bacteria migrated away from the tumor edge toward the central core and induced
apoptosis. After 96 hours, bacteria began to marginate to the tumor transition zone. All observed
metastases contained Salmonella and the extent of bacterial co-localization with metastatic tissue
was 44% compared to 0.5% with normal liver parenchyma. These results demonstrate that
Salmonella can penetrate tumor tissue and can selectively target metastases, two critical
characteristics of a targeted cancer therapeutic.

Keywords

Bacteriolytic Therapy; Attenuated Salmonella typhimurium; Tumor Transition Zone; Apoptosis;
Metastases

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
*Corresponding Author: Neil S. Forbes, Ph.D., Department of Chemical Engineering, University of Massachusetts Amherst, 101
Goessmann Laboratory, 686 North Pleasant Street, Amherst, MA 01003, 413-577-0132 (office), 413-545-1647 (FAX),
forbes@ecs.umass.edu.

NIH Public Access
Author Manuscript
Cancer Gene Ther. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Cancer Gene Ther. 2011 July ; 18(7): 457–466. doi:10.1038/cgt.2011.10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Co-localization	of	the	orally	administered	probiotic	strain	E.	coli	Nissle	1917		
with	liver	metastasis	in	mouse.			



Spore	di	Clostridium	possono	germinare	solo	nella	zona	anossica	interna	alla	massa	
tumorale.	Qui	alcuni	ceppi	producono	proteasi	che	degradano	le	cellule	tumorali,	espletando	

un’attività	oncolitica.	

Alcuni	batteri	hanno	attività	oncolitica	



Some	bacteria,	especially	Closdtridium	sp.,	are	endowed	with	oncolythic	activity.	
Bacteria	can	be	used	in	combination	with	“passive”	chemotherapy.		

	
	

Forbes	(2010)	Nat	Rev	Cancer	10:785-794.		



tumour	

Bacteria	can	be	engineered	to	convert	
pro-drugs	in	anticancer	drugs	or	to	
produce	anticancer	drugs	in	situ.	

Toxin	

Forbes	(2010)	Nat	Rev	Cancer	10:785-794.		



Spore	di	Clostridium	possono	germinare	nella	zona	anossica	di	tumori	solidi	e	convertire	in	
situ	un	pro-farmaco	(non	tossico)	in	un	farmaco	antitumorale	(tossico).		



La	 somministrazione	 combinata	 di	 spore	 del	 ceppo	 N1	 e	 del	 pro-
farmaco	CB1954	rallenta	l’aumento	di	volume	della	massa	tumorale.	



toxin	gene	

high	cell	density	

+	

Toxin	 tumour	

Bacteria	can	be	engineered	to	convert	
pro-drugs	in	anticancer	drugs	or	to	
produce	anticancer	drugs	in	situ.	

Engineered	bacterium	



Din	et	al.	(2016)	Nature	536:81–85	
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.

To explore a proof-of-principle for the application of our circuit in 
the context of in vivo tumours, we examined the efficacy of our sys-
tem in an experimental syngeneic transplantation model of colorectal 
metastases within the liver. We had previously established that oral 
delivery of these bacterial strains led to safe and efficient colonization 
of hepatic colorectal metastases (see Methods), and that mice toler-
ated repeated dosing without overt adverse effects (Fig. 5a, b)22. In 
the context of bacteria-based therapeutic candidates, previous studies  
have shown that anaerobic bacteria can occupy avascular tumour com-
partments where chemotherapy is thought to be ineffective due to poor 
drug delivery11. Thus a synergistic effect may arise when bacteria are 
used to deliver drugs to the necrotic core of a tumour, while standard 
chemotherapy is used for the vascularized regions11,26. Inspired by this 
paradigm, we tested the combination of SLC-3 bacteria with a com-
mon clinical chemotherapy of 5-fluorouracil (5-FU). Tumours exhib-
ited similar growth trajectories in response to repeated oral delivery  
of either the bacterial therapy alone, or two i.v. doses of 5-FU on day 0 
and day 21 (Fig. 5c). In contrast, combination of these two applica-
tions led to a marked decrease in tumour activity over a period of  
18 days, followed by a return to growth (Fig. 5d). During the initial 
18-day period, a large fraction of the tumours was scored as eliciting at 
least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.

The synchronized lysis circuit exemplifies a methodology for  
leveraging the tools of synthetic biology to exploit the ability of certain 
bacteria to colonize disease sites. In contrast to most drug delivery strat-
egies, the synchronized lysis paradigm does not require pre-loading  
of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 

average ∼ 300-fold lower than the constitutive control strain, indicating 
a significant decrease in bacterial population levels within the tumour 
(Extended Data Fig. 3c).

Given the ability to engineer bacterial population dynamics in 
tumour grafts, we leveraged the versatility of the SLC bacteria as a 
delivery system to compare different classes of previously developed 
payloads. In addition to the haemolysin strain that was characterized in 
microfluidic devices, we created two additional SLC strains expressing  
genes to activate a host immune response (via T-cell and dendritic cell 
recruitment, using mouse CCL21) or trigger tumour cell apoptosis 
(using the cell death domain of Bit1 fused to the tumour-penetrating  
peptide iRGD, or CDD-iRGD)24,25. Upon intratumoral injection, the 
immune recruitment strain elicited the strongest effect on tumour 
growth when compared to the haemolysis or apoptotic strains (Fig. 4d).  
We observed that an equal mixture of the three strains generated a 
stronger response than any single strain (Fig. 4d and Extended Data 
Fig. 3e–g), and on this basis we elected to pursue the ‘triple-strain’ dose 
for further testing in order to minimize animal usage. In a side-by-side  
comparison, we observed that the tumour response to SLC triple-strain 
(SLC-3) injections was significantly larger than the response to unmod-
ified bacteria (Fig. 4e). Upon necropsy, histopathological analysis of 
remnant tumours was performed for mice treated with the SLC-3 
strains, chemotherapy or unmodified bacteria. In mice treated with 
SLC-3 and non-circuit bacterial strains, robust staining of bacteria 
was observed by anti-Salmonella antibodies, showing localization of 
Salmonella within tumours. TUNEL staining indicated higher levels 
of apoptosis and cell death in SLC-3 treated tumours (Extended Data 
Fig. 4).

As a first step towards monitoring the effect of bacterial injections 
on the host, we compared how the triple-strain system affected body 
weight when administered intratumorally and intravenously, as the 
administration route affects bacterial localization (Extended Data 
Fig. 3d). We found that treatment with the SLC strains generated 
the same weight change as unmodified bacteria when administered 
intratumorally (Fig. 4f). However, intravenous administration of the 
SLC conferred a greater health benefit on the basis of observations 
that SLC strains producing constitutive therapy were better tolerated 

Figure 5 | In vivo testing in an experimental model of colorectal 
metastases in the liver via oral delivery of bacteria. a, Schematic of 
the experimental syngeneic transplantation model of hepatic colorectal 
metastases in a mouse, with the dosing schedule of either engineered 
bacteria (SLC-3) or a common cytotoxic chemotherapeutic, the 
antimetabolite 5-FU. The SLC-3 strains were delivered orally. 5-FU was 
delivered via intraperitoneal injection. b, Relative body weight over time 
for the mice with hepatic colorectal metastases fed with the SLC-3 strains 
(blue), injected with 5-FU chemotherapy (red), or a combination of the 

two (green). Error bars indicate ±  1 s.e. for 5–7 mice. c, Median relative 
tumour activity, measured via tumour cell luminescence using in vivo 
imaging, for the chemotherapy and SLC-3 cases from b. d, Median relative 
tumour activity for the combination therapy case from b. Error bars for  
c and d indicate the interquartile ranges for 5–7 mice. The dashed line  
marks relative tumour activity of 0.70. e, Fraction of mice from the  
cases in b which respond with 30% reduction of tumour activity over  
time. f, Fraction survival over time for the mice in b (* * P <  0.01, log rank 
test; n =  5–7 mice).
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.
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least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.
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of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 
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Per	la	costruzione	di	nuovi	circuiti	genetici	che	si	comportino	in	
modo	programmabile	e	prevedibile	è	molto	utile	la	conoscenza	

delle	proprietà	regolative	dei	network	motif.	



Regulatory	network	in	yeast	
Bornholdt	(2008)	J	R	Soc	Interface	5:S85-S94.	

Regulatory	network	in	E.	coli	
Freyre-Gonzalez	et	al.,	(2010)	Nat	Education	3:24.	

Regulatory	network	in	Arabidopsis	
Thum	et	al.,	(2008)	BMC	Systems	Biology	2:31.	

I	network	regolativi	possono	essere	molto	complessi…	



“The	transcription	networks	of	well-studied	microorganisms	appear	to	be	made	up	of	a	small	set	of	recurring	
regulation	patterns,	 called	network	motifs.	The	same	network	motifs	have	 recently	been	 found	 in	diverse	
organisms	 from	 bacteria	 to	 humans,	 suggesting	 that	 they	 serve	 as	 basic	 building	 blocks	 of	 transcription	
networks.”	

Alon	U.	(2007)	Nat	Rev	Genet	8:450-461.	

…ma	sono	composti	da	motivi	(network	motifs)	ricorrenti	!		



See online version for legend and references.326 Cell 143, October 15, 2010 ©2010 Elsevier Inc. DOI 10.1016/j.cell.2010.09.050

SnapShot: Network Motifs
Oren Shoval and Uri Alon
Department of Molecular Cell Biology, Weizmann Institute of Science, Rehovot 76100, Israel

Nel	Coherent	Feedforward	loop	di	tipo	1	(CFFL1),	i	regolatori	X	e	Y	possono	regolare	il	gene	output	Z	
seconda	una	funzione	AND	oppure	OR	(logic	gates).		

La	logic	gate	OR	prevede	che	i	singoli	regolatori	(X	o	Y)	
siano	sufficienti	ad	attivare	la	trascrizione	del	gene	output	

Z.		

See online version for legend and references.326 Cell 143, October 15, 2010 ©2010 Elsevier Inc. DOI 10.1016/j.cell.2010.09.050

SnapShot: Network Motifs
Oren Shoval and Uri Alon
Department of Molecular Cell Biology, Weizmann Institute of Science, Rehovot 76100, Israel

La	logic	gate	AND	prevede	che	entrambi	i	regolatori	(X	e	Y)	
siano	necessari	ad	attivare	la	trascrizione	del	gene	output	Z.		

Network	motifs	per	la	risposta	agli	stimoli:	Coherent	FFL	

Le	logic	gate	OR	oppure	AND	conferiscono	proprietà	differenti	a	questi	due	tipi	di	CFFL1.	



Un	Coherent	Feedforward	loop	di	tipo	1	(CFFL1)	con	logic	gate	AND	porta	ad	una	attivazione	
ritardata	del	gene	output	Z	rispetto	alla	percezione	dello	stimolo	da	parte	del	regolatore	X	(ritardo	
nello	stato	ON),	mentre	l’inattivazione	del	gene	output	Z	avviene	simultaneamente	alla	perdita	dello	

stimolo	che	attiva	X	(nessun	ritardo	nello	stato	OFF).	Ciò	permette	di	“filtrare”	degli	stimoli	
transienti	che	altrimenti	attiverebbero	l’output	Z	quando	non	è	necessario.	

Network	motifs	per	la	risposta	agli	stimoli:	Coherent	FFL	
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Figure 3 | The coherent type-1 feedforward loop (C1-FFL) and its dynamics. a | The C1-FFL with an AND input 
function shows delay after stimulus (SX) addition, and no delay after stimulus removal. It thus acts as a sign-sensitive 
filter, which responds only to persistent stimuli. b | An experimental study of the C1-FFL in the arabinose system of 
Escherichia coli, using fluorescent-reporter strains and high-resolution measurements in living cells. This system 
(represented by red circles) shows a delay after addition of the input signal (cAMP), and no delay after its removal, 
relative to a simple-regulation system that responds to the same input signal (the lac system, represented by blue 
squares). c | The C1-FFL with an OR-like input function in the flagella system of E. coli shows a delay after signal 
removal but not after the onset of signal (represented by orange circles). Deletion of the ‘Y’ gene (FliA) abolishes this 
delay (represented by purple squares). Z/Zst, Z concentration relative to the steady state Zst.
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Un	Coherent	Feedforward	loop	di	tipo	1	(CFFL1)	con	logic	gate	AND	porta	ad	una	attivazione	
ritardata	del	gene	output	Z	rispetto	alla	percezione	dello	stimolo	da	parte	del	regolatore	X	(ritardo	
nello	stato	ON),	mentre	l’inattivazione	del	gene	output	Z	avviene	simultaneamente	alla	perdita	dello	

stimolo	che	attiva	X	(nessun	ritardo	nello	stato	OFF).	Ciò	permette	di	“filtrare”	degli	stimoli	
transienti	che	altrimenti	attiverebbero	l’output	Z	quando	non	è	necessario.	

	
Ci	sono	moltissimi	esempi	di	CFFL	di	tipo	1	con	logic	gate	AND.	Uno	degli	esempi	più	noti	è	la	

regolazione	dei	geni	per	la	degradazione	dell’arabinosio	in	E.	coli.	

Network	motifs	per	la	risposta	agli	stimoli:	Coherent	FFL	



Un	Coherent	Feedforward	loop	di	tipo	1	(CFFL1)	con	logic	gate	OR	porta	ad	una	attivazione	
immediata	del	gene	output	Z	rispetto	alla	percezione	dello	stimolo	da	parte	del	regolatore	X	(nessun	
ritardo	nello	stato	ON),	mentre	l’inattivazione	del	gene	output	Z	avviene	in	modo	ritardato	rispetto	
alla	perdita	dello	stimolo	che	attiva	X	(ritardo	nello	stato	OFF).	Ciò	permette	di	“filtrare”	l’assenza	

transiente	dello	stimolo,	che	altrimenti	porterebbe	all’inattivazione	del	gene	output	Z.	

Network	motifs	per	la	risposta	agli	stimoli:	Coherent	FFL	

Time (min) Time (min)
0 20 40 60 80 100 120 140 160

0.3
40

0.4

0.5

0.6

0.7

0.8

0.9

1

60 80 100 120 140 160
0

0.2

0.1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Z/
Z st

Z/
Z st

1

10

Z = araBAD, 
araFGH

SX = cAMP

SY = arabinose

X

Y

20 30 40

0.1

0.2

0.3

0.4

0.5

0

0

0.5

1

Z
Y

In
pu

t S
x

Time (min)

Time

10 20 30 40

Time (min)

ON step of SX OFF step of SX

0.2

0.4

0.6

0.8

1

0

CRP

LacI

Z = lacZYA

SX = cAMP

SY = allolactose

AND

Z

0 2 4 6 8 10 12 14 16 18 20

0

0.5

1

0

0.5

1
a

b Arabinose system

SX X

Y

Z

FlhDC

FliA

OR

fliLMNOPQR

SX

SY

Z/
Z st

Z/
Z st

c

lacZYA

FliA deleted

araBAD

FliA present

SX 

Delay

AND

CRP

AraC

AND

ON step of SX OFF step of SXLac system

Figure 3 | The coherent type-1 feedforward loop (C1-FFL) and its dynamics. a | The C1-FFL with an AND input 
function shows delay after stimulus (SX) addition, and no delay after stimulus removal. It thus acts as a sign-sensitive 
filter, which responds only to persistent stimuli. b | An experimental study of the C1-FFL in the arabinose system of 
Escherichia coli, using fluorescent-reporter strains and high-resolution measurements in living cells. This system 
(represented by red circles) shows a delay after addition of the input signal (cAMP), and no delay after its removal, 
relative to a simple-regulation system that responds to the same input signal (the lac system, represented by blue 
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I	Feedback	Loops	negativi	tendono	a	generare	oscillazioni.	Su	questo	tipo	di	network	motif	si	basano	i	
ritmi	circadiani.		

Figure 1.
Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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Figure 1.
Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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Abstract
The engineering of genetic circuits with predictive functionality in living cells represents a
defining focus of the expanding field of synthetic biology. This focus was elegantly set in motion
a decade ago with the design and construction of a genetic toggle switch and an oscillator, with
subsequent highlights that have included circuits capable of pattern generation, noise shaping,
edge detection, and event counting. Here, we describe an engineered gene network with global
intercellular coupling that is capable of generating synchronized oscillations in a growing
population of cells. Using microfluidic devices tailored for cellular populations at differing length
scales, we investigate the collective synchronization properties along with spatiotemporal waves
occurring on millimeter scales. We use computational modeling to quantitatively describe the
observed dependence of the period and amplitude of the bulk oscillations on the flow rate. The
synchronized genetic clock sets the stage for the use of microbes in the creation of a macroscopic
biosensor with an oscillatory output. In addition, it provides a specific model system for the
generation of a mechanistic description of emergent coordinated behavior at the colony level.

Synchronized clocks are of fundamental importance in the coordination of rhythmic
behavior among individual elements in a community or a large complex system. In physics
and engineering,the Huygens paradigm of coupled pendulum clocks 1–3 has permeated
diverse areas from the development of arrays of lasers 4 and superconducting junctions 5 to
GPS 6 and distributed sensor networks 7. In biology, a vast range of intercellular coupling
mechanisms lead to synchronized oscillators which govern fundamental physiological
processes such as somitogenesis, cardiac function, respiration, insulin secretion, and
circadian rhythms 8–15. Typically, synchronization helps stabilize a desired behavior arising
from a network of intrinsically noisy and unreliable elements. Sometimes, however, the
synchronization of oscillations can lead to a severe malfunction of a biological system, as in
epileptic seizures 16.
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…	o	per	lo	sviluppo	di	biosensori	basati	su	variazioni	di	frequenza	
del	segnale.	



Figure 1.
Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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I	Feedback	Loops	negativi	tendono	a	generare	oscillazioni.	Su	questo	tipo	di	network	motif	si	basano	i	
ritmi	circadiani.		

Emissione	di	fluorescenza	dei	batteri	contenenti	il	sistema	di	regolazione	oscillante	durante	il	
tempo.	Queste	sono	foto	di	una	singola	microcella	(o	biopixel)	di	un	microfluidic	device	in	cui	i	

batteri	sono	contenuti.		

…	o	per	lo	sviluppo	di	biosensori	basati	su	variazioni	di	frequenza	
del	segnale.	
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A sensing array of radically coupled
genetic ‘biopixels’
Arthur Prindle1*, Phillip Samayoa2*, Ivan Razinkov1, Tal Danino1, Lev S. Tsimring3 & Jeff Hasty1,2,3,4

Although there has been considerable progress in the development of engineering principles for synthetic biology, a
substantial challenge is the construction of robust circuits in a noisy cellular environment. Such an environment leads to
considerable intercellular variability in circuit behaviour, which can hinder functionality at the colony level. Here we
engineer the synchronization of thousands of oscillating colony ‘biopixels’ over centimetre-length scales through the
use of synergistic intercellular coupling involving quorum sensing within a colony and gas-phase redox signalling
between colonies. We use this platform to construct a liquid crystal display (LCD)-like macroscopic clock that can be
used to sense arsenic via modulation of the oscillatory period. Given the repertoire of sensing capabilities of bacteria such
as Escherichia coli, the ability to coordinate their behaviour over large length scales sets the stage for the construction of
low cost genetic biosensors that are capable of detecting heavy metals and pathogens in the field.

Synthetic biology can be broadly broken down into the ‘top-down’
synthesis of genomes1 and the ‘bottom-up’ engineering of relatively
small genetic circuits2–10. In the field of genetic circuits, toggle
switches11 and oscillators12 have progressed into triggers13, counters14

and synchronized clocks15. Sensors have arisen as a major focus in the
context of biotechnology6,16,17, while oscillators have provided insights
into the basic-science functionality of cyclic regulatory processes18–20.
A common theme is the concurrent development of mathematical
modelling that can be used for experimental design and characteriza-
tion, as in physics and the engineering disciplines.

The synchronization of genetic clocks provides a particularly
attractive avenue for synthetic biology applications. Oscillations
permeate science and technology in a number of disciplines, with
familiar examples including alternating current (AC) power21, the
global positioning system (GPS)22 and lasers23. These technologies
have demonstrated that operating in the frequency domain can offer
considerable advantages over steady-state designs in terms of
information gathering and transmission. In particular, oscillatory
sensors confer a number of advantages to traditional ones24, as
frequency is easily digitized and can be quickly updated with repeated
measurements. For sensors that use optical reporters, measurements
of frequency are less sensitive to experimental factors such as beam
power and exposure time than intensity measurements, which must
be normalized and calibrated.

Although the bottom-up approach to synthetic biology is increas-
ingly benefiting from DNA synthesis technologies, the general design
principles are still evolving. In this context, a substantial challenge is
the construction of robust circuits in a cellular environment that is
governed by noisy processes such as random bursts of transcription
and translation25–29. Such an environment leads to considerable inter-
cellular variability in circuit behaviour, which can impede coherent
functionality at the colony level. An ideal design strategy for reducing
variability across a cellular population would involve both strong and
long-range coupling that would instantaneously synchronize the res-
ponse of millions of cells. Quorum sensing typically involves strong
intercellular coupling over tens of micrometres8,15,30, yet the relatively

slow diffusion time of molecular communication through cellular
media leads to signalling delays over millimetre scales. Faster com-
munication mechanisms, such as those mediated in the gas phase,
may increase the length scale for instantaneous communication, but
are comparatively weak and short lived because the vapour species
more readily disperse.

Synergistic synchronization
To develop a frequency-modulated biosensor, we designed a gene
network capable of synchronizing genetic oscillations across multiple
scales (Fig. 1a and Supplementary Fig. 1). We constructed an LCD-
like microfluidic31 array that allows many separate colonies of sensing
bacteria to grow and communicate rapidly by gas exchange (Fig. 1b, c
and Supplementary Fig. 9). As previous work15 has demonstrated that
coupling through quorum sensing leads to incoherent oscillations at
the millimetre scale, this mode of cellular communication is too
slow for the generation of macroscopic synchronized oscillations.
However, the slower quorum sensing can be used to synchronize small
local colonies, provided there is a second level of design that involves
faster communication for coordination between the colonies.
Therefore, rather than attempting to engineer a sensor from a single
large-colony oscillator, we wired together thousands of small oscil-
lating colonies, or ‘biopixels’, in a microfluidic array. Coupling between
biopixels involves redox signalling by hydrogen peroxide (H2O2) and
the native redox sensing machineries of E. coli. The two coupling
mechanisms act synergistically in the sense that the stronger, yet
short-range, quorum sensing is necessary to coherently synchronize
the weaker, yet long-range, redox signalling. Using this method we
demonstrate synchronization of approximately 2.5 million cells across
a distance of 5 mm, over 1,000 times the length of an individual cell
(Fig. 1c, d and Supplementary Movies 1 and 2). This degree of syn-
chronization yields extremely consistent oscillations, with a temporal
accuracy of about 2 min compared to 5–10 min for a single oscillator15

(Fig. 1d).
The global synchronization mechanism is comprised of two modes

of communication that work on different scales. The quorum-sensing
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Lo	 studio	 dei	 network	 motifs	 sta	 aprendo	 la	 via	 a	 nuovi	 approcci	 biotecnologici	 che	 utilizzino	 tali	
sistemi	 regolativi	 per	 conferire	 alle	 produzioni	 e,	 più	 in	 generale,	 ai	 processi	 biotecnologici	
l’andamento	desiderato.	
	
	
	
	
	
In	questo	 lavoro	 i	ricercatori	vogliono	generare	un	sensore	che	si	basi	su	variazioni	di	 frequenza	del	
segnale	 emesso,	 piuttosto	 che	 sull’ampiezza	 di	 tale	 segnale.	 Le	 variazioni	 di	 frequenza	 hanno	 il	
vantaggio	 di	 poter	 essere	 facilmente	 monitorate,	 trasferite	 e	 digitalizzate.	 Inoltre,	 le	 variazioni	 di	
frequenza	 sono	 meno	 sensibili	 a	 differenze	 nello	 strumento	 di	 lettura	 e	 non	 devono	 essere	
continuamente	calibrate.	

example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).
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example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).

RESEARCH ARTICLE

4 2 | N A T U R E | V O L 4 8 1 | 5 J A N U A R Y 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Time (min)

B
io

pi
xe

l n
um

be
r

120 240 360

2,000

4,000

6,000

8,000

10,000

05 cm

5 mm

t = 0 min

t = 30 min

t = 60 min

t = 90 min

t = 120 min

t = 150 min

a

d

b c

12,000

5

2

4

1

3



Network	motifs	per	le	biotecnologie	

ARTICLE
doi:10.1038/nature10722
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Arthur Prindle1*, Phillip Samayoa2*, Ivan Razinkov1, Tal Danino1, Lev S. Tsimring3 & Jeff Hasty1,2,3,4

Although there has been considerable progress in the development of engineering principles for synthetic biology, a
substantial challenge is the construction of robust circuits in a noisy cellular environment. Such an environment leads to
considerable intercellular variability in circuit behaviour, which can hinder functionality at the colony level. Here we
engineer the synchronization of thousands of oscillating colony ‘biopixels’ over centimetre-length scales through the
use of synergistic intercellular coupling involving quorum sensing within a colony and gas-phase redox signalling
between colonies. We use this platform to construct a liquid crystal display (LCD)-like macroscopic clock that can be
used to sense arsenic via modulation of the oscillatory period. Given the repertoire of sensing capabilities of bacteria such
as Escherichia coli, the ability to coordinate their behaviour over large length scales sets the stage for the construction of
low cost genetic biosensors that are capable of detecting heavy metals and pathogens in the field.

Synthetic biology can be broadly broken down into the ‘top-down’
synthesis of genomes1 and the ‘bottom-up’ engineering of relatively
small genetic circuits2–10. In the field of genetic circuits, toggle
switches11 and oscillators12 have progressed into triggers13, counters14

and synchronized clocks15. Sensors have arisen as a major focus in the
context of biotechnology6,16,17, while oscillators have provided insights
into the basic-science functionality of cyclic regulatory processes18–20.
A common theme is the concurrent development of mathematical
modelling that can be used for experimental design and characteriza-
tion, as in physics and the engineering disciplines.

The synchronization of genetic clocks provides a particularly
attractive avenue for synthetic biology applications. Oscillations
permeate science and technology in a number of disciplines, with
familiar examples including alternating current (AC) power21, the
global positioning system (GPS)22 and lasers23. These technologies
have demonstrated that operating in the frequency domain can offer
considerable advantages over steady-state designs in terms of
information gathering and transmission. In particular, oscillatory
sensors confer a number of advantages to traditional ones24, as
frequency is easily digitized and can be quickly updated with repeated
measurements. For sensors that use optical reporters, measurements
of frequency are less sensitive to experimental factors such as beam
power and exposure time than intensity measurements, which must
be normalized and calibrated.

Although the bottom-up approach to synthetic biology is increas-
ingly benefiting from DNA synthesis technologies, the general design
principles are still evolving. In this context, a substantial challenge is
the construction of robust circuits in a cellular environment that is
governed by noisy processes such as random bursts of transcription
and translation25–29. Such an environment leads to considerable inter-
cellular variability in circuit behaviour, which can impede coherent
functionality at the colony level. An ideal design strategy for reducing
variability across a cellular population would involve both strong and
long-range coupling that would instantaneously synchronize the res-
ponse of millions of cells. Quorum sensing typically involves strong
intercellular coupling over tens of micrometres8,15,30, yet the relatively

slow diffusion time of molecular communication through cellular
media leads to signalling delays over millimetre scales. Faster com-
munication mechanisms, such as those mediated in the gas phase,
may increase the length scale for instantaneous communication, but
are comparatively weak and short lived because the vapour species
more readily disperse.

Synergistic synchronization
To develop a frequency-modulated biosensor, we designed a gene
network capable of synchronizing genetic oscillations across multiple
scales (Fig. 1a and Supplementary Fig. 1). We constructed an LCD-
like microfluidic31 array that allows many separate colonies of sensing
bacteria to grow and communicate rapidly by gas exchange (Fig. 1b, c
and Supplementary Fig. 9). As previous work15 has demonstrated that
coupling through quorum sensing leads to incoherent oscillations at
the millimetre scale, this mode of cellular communication is too
slow for the generation of macroscopic synchronized oscillations.
However, the slower quorum sensing can be used to synchronize small
local colonies, provided there is a second level of design that involves
faster communication for coordination between the colonies.
Therefore, rather than attempting to engineer a sensor from a single
large-colony oscillator, we wired together thousands of small oscil-
lating colonies, or ‘biopixels’, in a microfluidic array. Coupling between
biopixels involves redox signalling by hydrogen peroxide (H2O2) and
the native redox sensing machineries of E. coli. The two coupling
mechanisms act synergistically in the sense that the stronger, yet
short-range, quorum sensing is necessary to coherently synchronize
the weaker, yet long-range, redox signalling. Using this method we
demonstrate synchronization of approximately 2.5 million cells across
a distance of 5 mm, over 1,000 times the length of an individual cell
(Fig. 1c, d and Supplementary Movies 1 and 2). This degree of syn-
chronization yields extremely consistent oscillations, with a temporal
accuracy of about 2 min compared to 5–10 min for a single oscillator15

(Fig. 1d).
The global synchronization mechanism is comprised of two modes

of communication that work on different scales. The quorum-sensing

*These authors contributed equally to this work.
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Lo	 studio	 dei	 network	 motifs	 sta	 aprendo	 la	 via	 a	 nuovi	 approcci	 biotecnologici	 che	 utilizzino	 tali	
sistemi	 regolativi	 per	 conferire	 alle	 produzioni	 e,	 più	 in	 generale,	 ai	 processi	 biotecnologici	
l’andamento	desiderato.	
	
	
	
	
	
In	questo	 lavoro	 i	ricercatori	vogliono	generare	un	sensore	che	si	basi	su	variazioni	di	 frequenza	del	
segnale	 emesso,	 piuttosto	 che	 sull’ampiezza	 di	 tale	 segnale.	 Le	 variazioni	 di	 frequenza	 hanno	 il	
vantaggio	 di	 poter	 essere	 facilmente	 monitorate,	 trasferite	 e	 digitalizzate.	 Inoltre,	 le	 variazioni	 di	
frequenza	 sono	 meno	 sensibili	 a	 differenze	 nello	 strumento	 di	 lettura	 e	 non	 devono	 essere	
continuamente	calibrate.	

example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).
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example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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Sviluppo	di	un	biosensore	a	frequenza	
I	ricercatori	avevano	già	generato	un	sistema	sensore	oscillante	basato	sul	QS,	ma	non	era	possibile	
espandere	questo	sistema	su	scala	macroscopica	per	poterlo	accoppiare	a	sistemi	di	rilevamento	del	
segnale	 ottico	 economici	 e	 rapidi.	 Questa	 limitazione	 è	 dovuta	 alla	 scarsa	 e	 lenta	 diffusibilità	 della	
molecola	segnale	del	QS	su	scala	macroscopica.	
Per	risolvere	questo	problema,	i	ricercatori	hanno	accoppiato	al	sistema	oscillante	basato	sul	QS,	un	
sistema	di	segnalazione	intercellulare	basato	sulla	produzione	ed	il	sensing	dell’H2O2.	Questa	molecola	
può	 facilmente	 e	 rapidamente	 diffondere	 da	 una	 microcella	 ad	 un’altra	 nel	microfluidic	 device,	 e	
pertanto	può	sincronizzare	gli	oscillatori	rappresentati	dalle	singole	microcelle	(o	biopixels).	Pertanto,	
il	QS	e	la	lattonasi	AiiA	sincronizzano	l’espressione	genica	(produzione	di	GFP)	nella	singola	microcella	
e	la	rendono	oscillante,	mentre	l’H2O2	sincronizza	queste	oscillazioni	tra	una	microcella	e	le	microcelle	
adiacenti,	 rendendo	 il	 propagarsi	 dell’oscillazione	 stabile	 e	 sincronizzato	 anche	 su	 scale	
macroscopiche.	

Il	materiale	che	divide	le	microcelle,	il	
polydimethylsiloxane	(PDMS),	é	permeabile	all’H2O2.		

		



Sviluppo	di	un	biosensore	a	frequenza	

A	questo	punto	i	ricercatori	hanno	inserito	un	ulteriore	elemento	nel	sistema,	un	gene	 luxI	addizionale	
sotto	 il	 controllo	 di	 un	 promotore	 represso	 da	ArsR.	 Il	 repressore	ArsR,	 espresso	 in	modo	 costitutivo,	
reprime	l’espressione	del	gene	luxI	addizionale,	e	quindi	la	sintesi	ulteriore	di	molecola	segnale	del	QS,	a	
meno	che	nel	mezzo	di	crescita	non	sia	presente	arsenito.	Quindi,	in	presenza	di	arsenito,	ArsR	non	sarà	
più	in	grado	di	reprimere	l’espressione	del	gene	luxI	addizionale,	e	ciò	porterà	ad	un	aumento	nei	livelli	
di	molecola	segnale	del	QS	prodotta.	Questo	effetto	è	rilevabile	come	un	aumento	nell’ampiezza	e	nel	
periodo	delle	oscillazioni.	

potent radical quencher40,41, we observed sharply decaying synchronized
oscillations whereas growth rate and cell viability were unaffected
(Supplementary Fig. 7). This suggests that without radical species,
oscillations cannot be produced. Next, we ran a series of experiments
switching the antibiotic resistance genes on our plasmids. We noted
that radical-producing antibiotics42, particularly ampicillin, signifi-
cantly reduced the degree of synchronization, showing that an excess
of radical species also hinders communication (Supplementary Fig. 8).
As our final constructs included a plasmid with kanamycin resistance,
which was also found to produce some radicals, we used full (50mg
ml21) selection when growing up the cells but very low (5mg ml21)
selection during the experimental run. Persistence of oscillations,
sequencing, and subsequent growth in full selection following the
run confirmed the presence of all three plasmids despite this low
experimental selection. Catalase and SOD results were identical to
those with NDH-2 synchronization (not shown). These results show
that fluorescence-mediated synchronization involves the production
of radical species after fluorescence exposure and communication via
H2O2.

Sensing array of biopixels
With a platform for generating consistent and readily detectable oscil-
lations, we sought to use the circuit to engineer an arsenic-sensing
macroscopic biosensor. We rewired the network to include an extra
copy of the positive-feedback element, the AHL synthase LuxI, under
the control of a native arsenite-responsive promoter that is repressed
by ArsR in the absence of arsenite (Fig. 2a, right). When arsenite is not
present in the media, supplementary luxI is not transcribed and the
circuit functions normally, generating baseline oscillations. However,
the addition of trace amounts of arsenite relieves this repression and

allows supplementary luxI to be transcribed, increasing the oscillatory
amplitude and period. Tuning the level of LuxI by varying arsenite
concentration results in clear changes to the oscillatory period (Fig. 2b
and Supplementary Movie 2). To determine the range of detection, we
swept arsenite concentrations from 0–1 mM and measured the oscil-
latory period (Fig. 2c, top). Using statistical methods (Supplementary
Methods), we generated a sensor calibration curve (Fig. 2c, bottom)
that depicts the maximum possible arsenite concentration present
(a 5 95%) for a given measured period. This curve is an illustration
of how data generated by our array would be used to measure arsenite
concentrations in an unknown sample using our device. Our system
was able to reliably quantify arsenite levels as low as 0.2 mM, below
the 0.5 mM World Health Organization-recommended level for
developing nations43.

As an alternative sensing strategy, we rewired the network to
include a copy of the luxR gene controlled by an arsenite-responsive
promoter while removing it from the rest of the circuit (Fig. 2a, left).
Because the LuxR–AHL complex must be present to activate the lux
promoter30, cells produce no LuxR when the media is free of arsenite,
generating no fluorescence or oscillations. The addition of arsenite
stimulates the production of LuxR, restoring circuit function and
producing clear, synchronized oscillations (Fig. 2d and Supplemen-
tary Movie 3). This ON/OFF detection system has a threshold of
0.25 mM, a detection limit that can be adjusted by changing the copy
number, ribosome binding site (RBS) strength, or promoter strength
of the sensing plasmid (Supplementary Methods).

The sensing array is also capable of producing complex behaviours
arising from the dynamic interaction of cellular colonies. By making
modifications to the size, number and arrangement of biopixels in the
device, we are able to markedly alter the output waveforms. For
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Figure 2 | Frequency-modulated genetic biosensor. a, Network diagrams
depicting two constructed sensing modules. In thresholding (1), the luxR gene
is removed from the oscillator network and supplemented by a new copy driven
by an arsenite-responsive promoter. In period modulation (2), a supplementary
luxI gene tagged for increased degradation is driven by the arsenic-responsive
promoter, which affects the period of oscillation. b, A sample period
modulation sensor output following a step increase of 0.8mM arsenite.
Oscillatory period increases from 69 min to 79 min. c, Top, period versus

arsenite concentration for the sensor array. Error bars indicate 6 1 standard
deviation averaged over 500 biopixel trajectories. Dotted line represents model-
predicted curve. Bottom, sensor calibration curve generated from experimental
data. Points indicate the maximum arsenite level with 95% certainty for a given
measured period as determined statistically from experimental data.
d, Thresholder output following a step increase of 0.25mM arsenite. A marked
shift from rest to oscillatory behaviour is observed within 20 min after the
addition of arsenite.
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.

RESEARCH ARTICLE

4 0 | N A T U R E | V O L 4 8 1 | 5 J A N U A R Y 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

+	

potent radical quencher40,41, we observed sharply decaying synchronized
oscillations whereas growth rate and cell viability were unaffected
(Supplementary Fig. 7). This suggests that without radical species,
oscillations cannot be produced. Next, we ran a series of experiments
switching the antibiotic resistance genes on our plasmids. We noted
that radical-producing antibiotics42, particularly ampicillin, signifi-
cantly reduced the degree of synchronization, showing that an excess
of radical species also hinders communication (Supplementary Fig. 8).
As our final constructs included a plasmid with kanamycin resistance,
which was also found to produce some radicals, we used full (50mg
ml21) selection when growing up the cells but very low (5mg ml21)
selection during the experimental run. Persistence of oscillations,
sequencing, and subsequent growth in full selection following the
run confirmed the presence of all three plasmids despite this low
experimental selection. Catalase and SOD results were identical to
those with NDH-2 synchronization (not shown). These results show
that fluorescence-mediated synchronization involves the production
of radical species after fluorescence exposure and communication via
H2O2.

Sensing array of biopixels
With a platform for generating consistent and readily detectable oscil-
lations, we sought to use the circuit to engineer an arsenic-sensing
macroscopic biosensor. We rewired the network to include an extra
copy of the positive-feedback element, the AHL synthase LuxI, under
the control of a native arsenite-responsive promoter that is repressed
by ArsR in the absence of arsenite (Fig. 2a, right). When arsenite is not
present in the media, supplementary luxI is not transcribed and the
circuit functions normally, generating baseline oscillations. However,
the addition of trace amounts of arsenite relieves this repression and

allows supplementary luxI to be transcribed, increasing the oscillatory
amplitude and period. Tuning the level of LuxI by varying arsenite
concentration results in clear changes to the oscillatory period (Fig. 2b
and Supplementary Movie 2). To determine the range of detection, we
swept arsenite concentrations from 0–1 mM and measured the oscil-
latory period (Fig. 2c, top). Using statistical methods (Supplementary
Methods), we generated a sensor calibration curve (Fig. 2c, bottom)
that depicts the maximum possible arsenite concentration present
(a 5 95%) for a given measured period. This curve is an illustration
of how data generated by our array would be used to measure arsenite
concentrations in an unknown sample using our device. Our system
was able to reliably quantify arsenite levels as low as 0.2 mM, below
the 0.5 mM World Health Organization-recommended level for
developing nations43.

As an alternative sensing strategy, we rewired the network to
include a copy of the luxR gene controlled by an arsenite-responsive
promoter while removing it from the rest of the circuit (Fig. 2a, left).
Because the LuxR–AHL complex must be present to activate the lux
promoter30, cells produce no LuxR when the media is free of arsenite,
generating no fluorescence or oscillations. The addition of arsenite
stimulates the production of LuxR, restoring circuit function and
producing clear, synchronized oscillations (Fig. 2d and Supplemen-
tary Movie 3). This ON/OFF detection system has a threshold of
0.25 mM, a detection limit that can be adjusted by changing the copy
number, ribosome binding site (RBS) strength, or promoter strength
of the sensing plasmid (Supplementary Methods).

The sensing array is also capable of producing complex behaviours
arising from the dynamic interaction of cellular colonies. By making
modifications to the size, number and arrangement of biopixels in the
device, we are able to markedly alter the output waveforms. For
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Figure 2 | Frequency-modulated genetic biosensor. a, Network diagrams
depicting two constructed sensing modules. In thresholding (1), the luxR gene
is removed from the oscillator network and supplemented by a new copy driven
by an arsenite-responsive promoter. In period modulation (2), a supplementary
luxI gene tagged for increased degradation is driven by the arsenic-responsive
promoter, which affects the period of oscillation. b, A sample period
modulation sensor output following a step increase of 0.8mM arsenite.
Oscillatory period increases from 69 min to 79 min. c, Top, period versus

arsenite concentration for the sensor array. Error bars indicate 6 1 standard
deviation averaged over 500 biopixel trajectories. Dotted line represents model-
predicted curve. Bottom, sensor calibration curve generated from experimental
data. Points indicate the maximum arsenite level with 95% certainty for a given
measured period as determined statistically from experimental data.
d, Thresholder output following a step increase of 0.25mM arsenite. A marked
shift from rest to oscillatory behaviour is observed within 20 min after the
addition of arsenite.
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Engineered	cells	are	useful	in	different	fields:	
-  Production	of	fine	chemicals,	drugs,	biofuels	

-  Bioremediation	

-  Generation	of	biosensors	

-  Biomedical	applications		

-  etc…	
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We	cannot	predict	possible	interactions	between	synthetic	gene	circuits	and	

endogenous	cellular	metabolism.	

	

	

	

The	complexity	of	modern	cells	limits	our	understanding	

of	their	functionality	

	



Uno	 dei	 principali	 obiettivi	 della	 biologia	 sintetica	 è	 quello	 di	 creare	 delle	 cellule	 minime	
estremamente	specializzate	nello	svolgere	solo	 il	 compito	richiesto,	andando	ad	eliminare	 tutte	 le	
funzioni	accessorie	evolutesi	in	milioni	di	anni	in	risposta	all’ambiente,	e	che	per	un	microrganismo	
specializzato	da	utilizzare	in	laboratorio	come	una	nanofactory	o	un	soft-nanorobot	sono	superflue	
ed	energeticamente	svantaggiose.		
	
Se	ad	esempio	volete	utilizzare	un	microrganismo	per	 la	produzione	di	un	metabolita	di	 interesse	
commerciale	o	di	un	enzima,	oggi	dovete	fornire	al	microrganismo	energia	sufficiente	per	produrre,	
oltre	 al	 prodotto	 che	 vi	 interessa,	 anche	 migliaia	 di	 altre	 molecole	 non	 necessarie	 al	 processo.	
Inoltre,	avete	il	problema	di	dover	purificare	il	prodotto	di	interesse	dalle	altre	migliaia	di	molecole	
che	non	vi	interessano.	
	
Un	altro	aspetto	di	rilievo	è	che,	poiché	le	cellule	“naturali”	sono	estremamente	complesse,	quando	
al	loro	interno	inserite	dei	circuiti	genetici	per	conferire	loro	delle	capacità	particolari	(es.	produrre	
un	metabolita	di	 interesse,	 fungere	da	biosensori,	degradare	 sostanze	 tossiche),	non	è	 facilmente	
prevedibile	quale	sarà	il	reale	comportamento	delle	cellule	 ingegnerizzate.	Nelle	cellule	minime,	al	
contrario,	sarebbe	possibile	eliminare	eventuali	intersezioni	tra	vari	processi	metabolici	e	regolativi	
con	il	processo	che	volete	sviluppare,	così	da	avere	un	singolo	processo	funzionale	ortogonale	che	
proceda	con	la	massima	velocità,	in	modo	prevedibile	e	senza	interferenze.		
	
Inoltre	una	cellula	minima	è	molto	meno	autonoma	(più	controllabile)	e	non	evolve	come	una	cellula	
“naturale”.	 Anche	per	 quanto	 riguarda	 il	 loro	 possibile	 impiego	 come	agenti	 per	 l’intelligent	 drug	
delivery,	 come	potrebbero	evolvere	batteri	 iniettati	all’interno	del	corpo	umano?	Quale	sarebbe	 il	
vostro	grado	di	controllo	su	di	essi?	Sicuramente	i	soft-nanorobot	sarebbero	più	sicuri.	

La	cellula	minima	



La	cellula	minima	

Due	diversi	approcci	si	stanno	utilizzando	per	ottenere	cellule	minime.	

Cellula	naturale	 Cellula	minima	 Composti	isolati		

proteine	lipidi	DNA	

ASSEMBLAGGIO	RIDUZIONE	

Approccio	Top-Down	
	

Il	concetto	alla	base	di	questo	approccio	
è	di	partire	da	cellule	naturali	e	ridurre	il	
genoma	andando	ad	eliminare	tutti	i	
geni	superflui,	non	indispensabili	

all’auto-mantenimento,	alla	duplicazione	
e	alle	funzioni	richieste.		

Approccio	Bottom-Up	
	

Questo	approccio	cerca	di	ricreare	le	
funzioni	necessarie	ad	un	organismo	per	
auto-mantenersi,	duplicarsi	e	svolgere	la	

funzione	richiesta,	mediante	
assemblamento	delle	componenti	minime	

richieste.	

Entrambi	gli	approcci	richiedono	la	definizione	delle	componenti	minime	necessarie	ad	un	organismo	
vivente	per	mantenere	la	propria	identità	e	per	replicarsi.	



La	cellula	minima	

In	molti	tentano	di	definire	i	minimi	componenti	necessari	alla	vita.	
	
1)  Studio	dei	genomi	minimi:	alcuni	ricercatori	partono	da	organismi	con	genomi	molto	ridotti	e	li	

confrontano	 per	 capire	 quali	 sia	 il	 core	 di	 geni	 essenziali.	 Non	 è	 così	 semplice	 perché	 molti	
microrganismi	possono	sfruttare	metabolismi	di	altri	organismi	della	comunità	in	cui	vivono.		

	
2)  Approcci	 di	 riduzione:	 altri	 ricercatori	 cercano	 di	 ridurre	 i	 genomi	 andando	 ad	 eliminare	

frammenti	 di	 genomi	 o	 singoli	 geni	 in	 modo	 sequenziale.	 Molto	 difficile	 e	 laborioso.	 Se	 ad	
esempio	 si	 elimina	 un	 gene	 per	 una	 anti-tossina	 il	microrganismo	muore,	 a	meno	 che	 non	 si	
elimini	contemporaneamente	anche	il	gene	per	la	tossina.		

	
3)  Approccio	del	rational	design:	altri	 ricercatori	ancora	tentano	di	definire	 i	componenti	minimi	

necessari	 al	 mantenimento	 e	 alla	 replicazione	 di	 un	 organismo	 in	 modo	 razionale	 ed	
ingegneristico	 in	silico.	 	Molto	complesso	a	causa	della	nostra	limitata	conoscenza	dei	processi	
alla	base	della	vita.	

Per	ora	siamo	lontani	da	raggiungere	l’obiettivo	di	generare	una	cellula	minima	sintetica	che	sia	viva,	
ovvero	 che	 possa	 auto-mantenersi	 e	 replicarsi,	ma	 stiamo	 raggiungendo	 dei	 traguardi	 intermedi.	
Infatti,	 ad	 oggi	 possiamo	 generare	 dei	modelli	 cellulari	 basati	 su	 liposomi	 (“cellule	minime	 semi-
sintetiche”)	in	grado	di	svolgere	delle	azioni	in	modo	programmabile.	



Il	primo	microrganismo	sintetico	
Da	anni	Craig	Venter	lavora	ad	un	progetto	che	mira	ad	ottenere	mediante	un	approccio	Top-Down	un	
microrganismo	sintetico	con	genoma	minimo.	L’idea	è	quella	di	sintetizzare	un	genoma	disegnato	ad	
hoc	da	inserire	in	uno	chassis	cellulare,	così	da	generare	una	cellula	minima	programmabile	secondo	
le	proprie	necessità.	
1°	passaggio:	sintesi	di	un	cromosoma	artificiale.	

Complete Chemical Synthesis, Assembly,
and Cloning of a Mycoplasma
genitalium Genome
Daniel G. Gibson, Gwynedd A. Benders, Cynthia Andrews-Pfannkoch, Evgeniya A. Denisova,
Holly Baden-Tillson, Jayshree Zaveri, Timothy B. Stockwell, Anushka Brownley, David W. Thomas,
Mikkel A. Algire, Chuck Merryman, Lei Young, Vladimir N. Noskov, John I. Glass, J. Craig Venter,
Clyde A. Hutchison III, Hamilton O. Smith*

We have synthesized a 582,970–base pair Mycoplasma genitalium genome. This synthetic genome,
named M. genitalium JCVI-1.0, contains all the genes of wild-type M. genitalium G37 except
MG408, which was disrupted by an antibiotic marker to block pathogenicity and to allow for
selection. To identify the genome as synthetic, we inserted “watermarks” at intergenic sites known
to tolerate transposon insertions. Overlapping “cassettes” of 5 to 7 kilobases (kb), assembled from
chemically synthesized oligonucleotides, were joined by in vitro recombination to produce
intermediate assemblies of approximately 24 kb, 72 kb (“1/8 genome”), and 144 kb (“1/4
genome”), which were all cloned as bacterial artificial chromosomes in Escherichia coli. Most of
these intermediate clones were sequenced, and clones of all four 1/4 genomes with the correct
sequence were identified. The complete synthetic genome was assembled by transformation-
associated recombination cloning in the yeast Saccharomyces cerevisiae, then isolated and
sequenced. A clone with the correct sequence was identified. The methods described here will be
generally useful for constructing large DNA molecules from chemically synthesized pieces and also
from combinations of natural and synthetic DNA segments.

Mycoplasma genitalium is a bacterium
with the smallest genome of any inde-
pendently replicating cell that has been

grown in pure culture (1, 2). Approximately 100
of its 485 protein-coding genes are nonessential
under optimal laboratory conditions when indi-
vidually disrupted (3, 4). However, it is not known
which of these 100 genes are simultaneously dis-
pensable. We proposed that one approach to this
question would be to produce reduced genomes
by chemical synthesis and introduce them into cells
to test their capacity to provide the essential genetic

functions for life (4, 5). This paper describes a
necessary step toward these goals―the complete
chemical synthesis of a mycoplasma genome.

The actual synthesis and assembly of this
genome presented a formidable technical chal-
lenge. Although chemical synthesis of genes has
become routine, the only completely synthetic
genomes so far reported have been viral (6–8).
The largest previously published synthetic DNA
that we are aware of is a 32-kb polyketide gene
cluster (9). To accomplish assembly of the
582,970–base pair (bp) M. genitalium JCVI-1.0

genome, we needed to establish convenient and
reliable methods for the assembly and cloning of
much larger synthetic DNA molecules.

Strategy for synthesis and assembly. The na-
tive 580,076-bpM. genitalium genome sequence
(Mycoplasma genitalium G37 ATCC 33530
genomic sequence; accession no. L43967) (3)
was partitioned into 101 cassettes of approxi-
mately 5 to 7 kb in length (Fig. 1) that were
individually synthesized, verified by sequencing,
and then joined together in stages. In general,
cassette boundaries were placed between genes
so that each cassette contained one or several
complete genes. This will simplify the future
deletion or manipulation of the genes in individ-
ual cassettes. Most cassettes overlapped their
adjacent neighbors by 80 bp; however, some
segments overlapped by as much as 360 bp.
Cassette 101 overlapped cassette 1, thus com-
pleting the circle.

Short “watermark” sequences were inserted
in cassettes 14, 29, 39, 55 and 61.Watermarks are
inserted or substituted sequences used to identify
or encode information into DNA. This information
can be either in noncoding or coding sequences
(10–12). Most commonly, watermarking has been
used to encrypt information within coding se-
quenceswithout altering the amino acid sequences
(10, 11). We opted to insert watermark sequences at
intergenic sites because synonymous codon changes
may have substantial biological effects. Our water-
marks are located at sites known to tolerate trans-
poson insertions, so we expect minimal biological
effects. They allow us to easily differentiate the
synthetic genome from the native genome (2, 13).

In addition to the watermarks, a 2514-bp in-
sertion in gene MG408 (msrA), which includes
an aminoglycoside resistance gene, was placed in
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Fig. 1. Linear GenomBench (Invitrogen) representation of the circular 582,970-bp
M. genitalium JCVI-1.0 genome. Features shown include locations of watermarks
and the aminoglycoside resistance marker, viable Tn4001 transposon insertions
determined in our 1999 and 2006 studies (3, 4), overlapping synthetic DNA
cassettes that comprise the whole genome sequence, 485 M. genitalium protein-

coding genes, 43 M. genitalium rRNA, tRNA, and structural RNA genes, and B-
series assemblies (Fig. 2). The red dagger on the genome coordinates line shows
the location of the yeast/E. coli shuttle vector insertion. Table S1 lists cassette
coordinates; table S2 has FASTA files for all 101 cassettes; table S3 lists watermark
coordinates; table S4 lists the sequences of the watermarks.
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E ’	 s t a to	 s ce l t o	 i l	 g enoma	 d i	
Mycoplasma	 genitalium	G37,	 perché	 è	
molto	piccolo	(582970	bp	–	525	geni).	
Pezzi	 di	 genoma	 sintetici	 di	 5-7	 Kbp	
sono	 stati	 assemblati	 mediante	 vari	
passaggi	 di	 ricombinazione,	 prima	 in	
vitro	 e	poi	 in	 vivo,	 così	 da	ottenere	un	
cromosoma	sintetico.	

amplified BAC vector specific for this assembly,
BAC 66-69, as described above (Fig. 3) (13). The
3′ ends of the mixture of duplex vector and cassette
DNAs were then digested to expose the overlap
regions using T4 polymerase in the absence of
2′-deoxyribonucleoside-5′-triphosphates (dNTPs).
The T4 polymerase was inactivated by incubation
at 75°C, followed by slow cooling to anneal the
complementary overlap regions. The annealed
joints were repaired using Taq polymerase and Taq
ligase at 45°C in the presence of all four dNTPs
and nicotinamide adenine dinucleotide (NAD).
[See the supporting online material for details of
the assembly reaction (13)].

Samples of the assembly reactions were sub-
jected to field inversion gel electrophoresis (FIGE)
to evaluate the success of the assembly (Fig. 4)
(13). Additional samples were electroporated into
E. coli EPI300 (Epicentre) or DH10B (Invitrogen)
cells and plated on LB agar plates containing
12.5 mg/ml chloramphenicol. Colonies appeared
after 24 to 48 hours. A-series assembly reactions
generally yielded several thousand colonies. B- and
C-series assembly reactions generally yielded sev-
eral hundred colonies. Colonies were picked and
BAC DNA was prepared from cultures using
an alkaline lysis procedure. The DNA was then
cleaved with Not I and analyzed by FIGE to verify
the correct sizes of the assemblies. Typically, more
than 90% of the A-series and 50% of the B- and C-
series clones contained a BAC with the correct in-
sert size. Cloneswith the correct sizewere preserved
as frozen glycerol stocks. Some of the cloned as-
semblies were sequenced to ascertain the accuracy
of the synthesis as indicated by bold boxes in Fig. 2.

The 25 A-series assemblies and all the larger
assemblies were cloned in the pCC1BAC vector
from Epicentre (Fig. 3). The pCC1BAC clones
could be propagated at the single-copy level in
EPI300 cells and then induced to 10 copies per
cell according to the Epicentre protocol. Induced
100-ml cultures yielded up to 200 mg of BAC
DNA. The assembly inserts in the BACs were
immediately flanked on each side by a Not I site
such that cleavage efficiently yielded the insert
DNAwith part of the Not I site attached at each
end (theM. genitalium genome has no Not I sites).
When the Not I–flanked assemblies were used in
higher assemblies, the 3′ portion of the Not I site
(2 nucleotides) was removed by the chew-back
reaction. The 5′ portion of the Not I site produced
a 6-nucleotide overhang after annealing, but the
overhang was removed during repair by the Taq
polymerase 5′ exonuclease activity (Fig. 5).

B-series assemblies were constructed from
Not I–digested A-series clones, and C-series as-
semblies were constructed from Not I–digested
B-series assemblies. It was generally not neces-
sary to gel-purify the inserts from the cleaved
vector DNA because, without complementary
overhangs, they were inactive in subsequent re-
actions. FIGE analyses of the assembly reactions
for A66-69, B50-61, and C25-49 are shown in
Fig. 4, A to C. Figure 4D shows a FIGE analysis
of the sizes of these cloned inserts.

Fig. 5. Repair of annealed junctions containing nonhomologous 3′ and 5′ Not I sequences. The 3′ GC
nucleotides are removed during the chew-back reaction. In the repair reaction the 5′-GGCCGC Not I
overhangs are removed by the 5′-exonuclease activity contained in the Taq polymerase.

Fig. 4. Gel electrophoretic analyses of selected examples of A-, B-, and C-series assembly reactions and
their cloned products. (A to C) A 10-ml sample of the chew-back assembly reactions for A66-69 (A), B50-
61 (B), and C25-49 (C) was loaded onto a 0.8% Invitrogen E-gel (A and B) or onto a 1% BioRad Ready
Agarose Mini Gel (C), then subjected to FIGE using the U-5 program (A and B) or the U-9 program (13) (C).
See (13) for FIGE parameters. (D) Sizes of the Not I–cleaved assemblies were determined by FIGE analysis
as in (C). The DNA size standards were the 1-kb extension ladder (M; Invitrogen) and the low-range PFG
marker (LR PFG; NEB). Bands were visualized with a BioRad Gel Doc (A and B) or using an Amersham
Typhoon 9410 Fluorescence Imager (C and D). Unreacted cassette, A-series, B-series, and BAC DNA,
incomplete assembly products, and full-length assembly products are indicated.

www.sciencemag.org SCIENCE VOL 319 29 FEBRUARY 2008 1217
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Assembly by in vivo recombination in yeast.
We were unable to obtain half-genome clones in
E. coli by the in vitro recombination procedure
described above. We suspected that larger as-
semblies were simply not stable in E. coli. We
had already experienced difficulty in maintaining
the C78-101 clone except in Stbl4 E. coli cells
(Invitrogen). Thus, we turned to S. cerevisiae as a
cloning host. Yeast will support at least 2 Mb of
DNA in a linear centromeric yeast artificial chro-
mosome (YAC) (15) and has been used to clone
sequences that are unstable in E. coli (16).

Linear YAC clones are usually constructed by
ligation of an insert into a restriction enzyme
cloning site (17). An improvement on this meth-
od uses cotransformation of overlapping insert

and vector DNAs into yeast spheroplasts, where
they are joined by homologous recombination
(Fig. 6A). This produces circular clones and is
known as TAR cloning (18). ATAR clone, like a
linear YAC, contains a centromere and thus is
maintained at chromosomal copy number along
with the native yeast genome. However, unlike
linear YACs, circular TAR clones can be readily
separated from the linear yeast chromosomes.

To assemble quarter genomes into halves and
wholes in yeast, we used the pTARBAC3 vector
(19). This vector contains both YAC and BAC
sequences (Fig. 6B). The vector was prepared
using a strategy similar to the one described
above for BAC vectors, but longer, 60 bp, over-
laps were generated at the termini (20). In TAR

cloning, recombination is stimulated by a factor
of about 20 at double-stranded breaks (21). Thus,
we integrated the vector at the cleaved intergenic
BsmB I site in C50-77. This resulted in the
elimination of the four bases of the BsmB I 5′
overhang. The DNA to be transformed consisted
of six pieces (one vector, two fragments of
quarter 3, and quarters 1, 2, and 4). To obtain a
full-sized genome as an insert in pTARBAC3, a
single yeast cell must take up all six pieces and
assemble them by homologous recombination.

Transformation of the yeast cells was per-
formed using a published method (22). Vector
and inserts were transformed at approximately
equimolar amounts. Transformants were screened
first by PCR and then by Southern blot with
mycoplasma-specific probes (13). Positive clones
were tested for stability by Southern blotting of
subclones. Based on these assays, at least 17 out
of 94 transformants screened carried a com-
plete synthetic genome. One of these clones,
sMgTARBAC37, was selected for sequencing.

TAR cloningwas also performedwith each of
the four sets of two adjacent quarter genomes, as
well as with a mixture of C1-24, C25-49, and
C50-77. DNAs from transformants of these vari-
ous experiments were isolated and electroporated
into E. coli (23). In this way, we obtained BAC
clones of the sizes expected for D1-49, D50-101,
and assemblies 25-77 and 1-77. Of these, D1-49
was chosen for sequencing, and it was correct.
Our lack of success in obtaining these clones
directly by in vitro recombination may have been
due to inefficient circularization of large DNA
molecules or to breakage during the handling of
the DNA before transforming E. coli.

Recovery of the synthetic M. genitalium
genome from yeast and confirmation of its
sequence. A 600-kb YAC is about 5% of the total
DNA in a yeast cell. To enrich sMgTARBAC37 for
sequencing, we used a strategy of total DNA isola-
tion in agarose, selective restriction digestion of
yeast host chromosomes, and electrophoretic sepa-
ration of these linear fragments from the large,
relatively electrophoretically immobile circular mol-
ecules (13). Figure 6 shows the size and purity of
the sMgTARBAC37 DNA that was used to pre-
pare a library for sequencing. The sMgTARBAC37
DNAwas sequenced by the random shotgun meth-
od to ~7X coverage. The sequence exactlymatched
our designed genome and can be accessed at
GenBank accession number CP000925.

Error management. Our objective was to
produce a cloned synthetic genome 582,970 bp
in length with exactly the sequence we designed.
This was not trivial, because differences (errors)
between the actual and designed sequence can
arise in several ways. An error could be present in
the sequence that was supplied to the contractors.
The contractors could produce cassettes with
errors. Errors could occur during repair of the
assembly junctions. Propagation of assemblies in
E. coli or yeast could lead to errors. In the latter
two instances, errors could occur at a late stage of
the assembly. At various points during the ge-

Fig. 6. Yeast TAR cloning of the complete synthetic genome.
(A) The vector used for TAR cloning contains both BAC (shown in
blue) and YAC (shown in red) sequences (shown to scale).
Recombination of vector with insert occurs at “hooks” (shown in
green) added to the TARBAC by PCR amplification. A yeast
replication origin (ARS) allows for propagation of clones be-
cause no ARS-like sequences (31) exist in the M. genitalium
genome. Selection in yeast is by complementation of histidine
auxotrophy in the host strain. BAC sequences allow for potential
electroporation into E. coli of clones purified from yeast. (B)
M. genitalium JCVI-1.0 quarter genomes were purified from E. coli, Not I–digested, and mixed with a
TARBAC vector for cotransformation into S. cerevisiae, where recombination at overlaps from 60 to 264
bp combined the six fragments into a single clone. The TARBAC was inserted into the BsmB I site in C50-
77. (C) CHEF gel analysis of the complete synthetic genome clone sMgTARBAC37. Size markers are the
low-range pulsed field gel marker (NEB), the host yeast strain VL6-48N (32), undigested, and the native
M. genitalium MS5 (14) genome, which contains an insertion disrupting the MG408 gene. Purified
sMgTARBAC37 from the preparation used for sequencing is shown both undigested and Not I digested.
The Not I digest releases the 583-kb synthetic M. genitalium genome from the vector. The undigested
sample confirms the circularity of the clone, because a 592-kb circle was too large to electrophorese into the
gel. A small fraction of the clone was broken, and these linear molecules were detected by a faint signal.
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Ricombinazione	in	vitro		
	
Ricombinazione	in	vivo	



Il	primo	microrganismo	sintetico	

2°	passaggio:	trapianto	del	genoma	da	una	specie	batterica	ad	un’altra.	

Genome Transplantation in Bacteria:
Changing One Species to Another
Carole Lartigue, John I. Glass,* Nina Alperovich, Rembert Pieper, Prashanth P. Parmar,
Clyde A. Hutchison III, Hamilton O. Smith, J. Craig Venter

As a step toward propagation of synthetic genomes, we completely replaced the genome of a bacterial
cell with one from another species by transplanting a whole genome as naked DNA. Intact genomic
DNA from Mycoplasma mycoides large colony (LC), virtually free of protein, was transplanted into
Mycoplasma capricolum cells by polyethylene glycol–mediated transformation. Cells selected for
tetracycline resistance, carried by the M. mycoides LC chromosome, contain the complete donor
genome and are free of detectable recipient genomic sequences. These cells that result from
genome transplantation are phenotypically identical to the M. mycoides LC donor strain as judged
by several criteria.

It has been known ever since Oswald Avery’s
pioneering experiments with pneumococcal
transformation more than six decades ago,

that some bacteria can take up naked DNA (1).
This DNA is generally degraded or recombined
into the recipient chromosomes to form genetic
recombinants. DNA molecules several hundred
kilobase pairs (kb) in size can sometimes be
taken up. In recent studies with competent
Bacillus subtilis cells, Akamatsu and colleagues
(2 , 3 ) demonstrated cotransformation of genetic
markers spread over more than 30% of the 4.2-
megabase pair (Mb) genome using nucleoid
DNA isolated from gently lysed B. subtilis proto-
plasts. Artificial transformation methods that em-
ploy electroporation or chemically competent
cells are now widely used to clone recombinant
plasmids. Generally, the recombinant plasmids
are only a few kilobase pairs in size, but bacterial
artificial chromosomes (BACs) greater than 300
kb have been reported (4 ). Recombinant plas-
mids coexist with host-cell chromosomes and rep-
licate independently. Two other natural genetic
transfer mechanisms are known in bacteria.
These are transduction and conjugation. Trans-
duction occurs when viral particles pick up chro-
mosomal DNA from donor bacteria and transfer
it to recipient cells by infection. Conjugation in-
volves an intricate mechanism in which donor
and recipient cells come in contact and DNA is
actively passed from the donor into the recipient.
Neither of these mechanisms involves a naked
DNA intermediate.

In this paper, we report a process with a dif-
ferent outcome, which we call “genome trans-
plantation.” In this process, a whole bacterial
genome from one species is transformed into
another bacterial species, which results in new
cells that have the genotype and phenotype of the
input genome. The important distinguishing

feature of transplantation is that the recipient
genome is entirely replaced by the donor ge-
nome. There is no recombination between the
incoming and outgoing chromosomes. The result
is a clean change of one bacterial species into
another.

Work that is related to the process we describe
in this paper has been carried out or proposed for
various species. Itaya et al. transferred almost an
entire Synechocystis PCC6803 genome into the
chromosome of a recipient B. subtilis cell using
the natural transformation mechanism. The re-
sulting chimeric chromosome had the phenotype
of the B. subtilis recipient cell. Most of the
Synechocystis genes were silent (5 ). A schema
for inserting an entire Haemophilus influenzae
genome as overlapping BACs into an Escherich-
ia coli recipient has also been proposed; however,
those authors have pointed out difficulties arising

from incompatibility between the two genomes
(6 ). Transplantation of nuclei as intact organelles
into enucleated eggs is a well-established proce-
dure in vertebrates (7 –9 ). Our choice of the term
“genome transplantation” comes from the sim-
ilarity to eukaryotic nuclear transplantation in
which one genome is cleanly replaced by
another.

Genome transplantation is a requirement for
the establishment of the new field of synthetic
genomics. It may facilitate construction of useful
microorganisms with the potential to solve
pressing societal problems in energy production,
environmental stewardship, and medicine.
Chemically synthesized chromosomes must
eventually be transplanted into a cellular milieu
where the encoded instructions can be expressed.
We have long been interested in defining a
minimal genome that is just sufficient for cellular
life (10 , 11) and have advocated the approach of
chemically synthesizing a genome as a means for
testing hypotheses concerning the minimal set of
genes. The societal and ethical implications of
this work have been explored (12 , 13 ).

Fabricating a synthetic cell by this approach
requires the introduction of the synthetic genome
into a receptive cytoplasm. We chose myco-
plasmas, members of the class Mollicutes, for
building a synthetic cell. This choice was based
on a number of characteristics specific to this
bacterial taxon. The essential features of myco-
plasmas are small genomes, use of UGA to en-
code tryptophan (rather than a stop codon), and
the total lack of a cell wall. A small genome is
easier to synthesize and less likely to break
during handling. The altered genetic code fa-
cilitates cloning in E. coli because it curtails the
expression of mycoplasma proteins. The absence
of a cell wall makes the exterior surfaces of these
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Fig. 1. Demonstration
that the DNA in the
blocks was intact and
circular, whereas the
DNA in the band that
migrated into the gel
was linear. (A) A pulsed-
field gel loaded with a
plug containing M.
mycoides LC DNA. The
1× TAE buffer gel was
separated by electropho-
resis for 20 hours and
then stained with SYBR
gold. The marker lane
containsBio-RadSaccha-
romyces cerevisiae ge-
nomic DNA size markers.
Note the large amount of
DNA remaining in the
plug. (B) The plugs are
shown either before PFGE or after PFGE, and the genome sized band produced after PFGE, and either with
or without treatment with the Plasmid-Safe DNase. The nuclease enzyme digests linear DNA, but has no
effect on circular duplex DNA. These data indicate the band of DNA that migrated into the gel was
exonuclease-sensitive and, therefore, linear.
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Il	 genoma	 di	Mycoplasma	 mycoides	 è	
stato	 estratto	 (intero!)	 da	 questo	
batterio	 e	 trasferito	 in	 cellule	 di	
Mycoplasma	capricolum.		
	
Si	 sono	 ottenute	 delle	 colonie	 di	
Mycoplasma	 che	 contengono	 solo	 il	
genoma	di	Mycoplasma	mycoides.	
		

ly. Cells became longer, thinner, and branched. In
poor medium, inhibition of DNA replication due
to nucleotide starvation is known to induce
branching in M. capricolum cells (23, 24). Cells
werewashed once [Tris 10mMandNaCl 250mM
(pH 6.5)], resuspended with 200 ml of CaCl2
(0.1 M), and held on ice for 30 min. During that
period, 20 ml of b-agarase–treated plugs (~50 ng/ml)
were delicately transferred into 400 ml of SP4
mediumwithout serum [SP4 (–)], with wide-bore
genomic pipette tips, and incubated 30 min at
room temperature. For the genome transplanta-

tion, M. capricolum cells mixed with 10 mg of
yeast transfer RNA (Invitrogen) were gently
transferred into the 400 ml of SP4 (–) containing
20 ml of M. mycoides LC whole-genomic DNA.
An equal volume of 2× fusion buffer [Tris 20mM,
NaCl 500 mM, MgCl2 20 mM, polyethylene
glycol 8000 (PEG; USB Corporation no. 19959)
10%]was added, and the contents were mixed by
rocking the tube gently for 1 min. After 50 min at
37°C, 10ml of SP4was added, and the cells were
incubated for 3 hours at 37°C to allow recovery.
Finally, cells were spun at 4575g for 15 min at

10°C, resuspended in 0.7 ml of SP4, and plated
on SP4 agar plates containing 3 mg/ml tetracycline
and 150 mg/ml X-gal (5-bromo-4-chloro-3-indolyl
b-D-galactopyranoside).

The plates were incubated at 37°C until large
blue colonies, putativelyM.mycoidesLC, formed
after ~3 days. Sometimes, after ~10 days smaller
M. capricolum colonies, both blue and white,
were visible. Thus, all of these colonies were
tetracycline-resistant, as evidenced by their
surviving the antibiotic selection, and only some
expressed b-galactosidase. These colonies might
be the result of recombination. We observed that
these colonies appeared after almost twice as
many days as it took for the transplants to become
visible (25). Individual colonies were picked and
grown in broth medium containing 5 mg/ml of
tetracycline. During propagation, the tetracy-
cline concentration was progressively increased to
10 mg/ml.Whenwe first developed this technique,
we subjected all plugs to PFGE. Later, we found
this step was unnecessary. We observed no
significant difference in transplantation yield as a
result of PFGE of the plugs.

Every experiment included two negative
controls. To ensure that theM.mycoides genomic
DNA contained no viable cells, one control was
processed exactly as described above except no
M. capricolum recipient cells were used. Sim-
ilarly, in another control,M. capricolum recipient
cells were mock-transplanted without any donor
DNA. The results of a series of experiments are
shown in Table 1. No colonies were ever ob-
served in controls lacking recipient cells; thus,
the donor DNA was free of any viable contam-
inatingM. mycoides LC cells. When donor DNA
and recipient cells were both present, from 1 to
>100 putative transplants were obtained in
individual experiments. As we became more ex-
perienced with this technique, the yield of
transplant colonies increased.

Analysis of Putative Transplants
The blue, tetracycline-resistant colonies resulting
from M. mycoides LC genome transplantation
were to be expected if the genome was success-
fully transplanted. However, colonies with that
phenotype could also result from recombination
of a fragment ofM. mycoides LC genomic DNA
containing the tetM and lacZ genes into the
M. capricolum genome. To rule out recombina-
tion, we examined the phenotype and genotype
of the transplanted clones.

Genotype analysis. We analyzed several
transplant clones after synthesis with the poly-
merase chain reaction (PCR) using primers spe-
cific for each species to determine whether the
putative transplants had M. mycoides LC se-
quences other than the selected tetM and lacZ
marker genes. We used PCR primers specific
for IS1296 insertion sequences, which are present
in 11 copies in the sequenced M. mycoides LC
genome, but are absent in theM. capricolum ge-
nome. Similarly, we used PCR primers specific
for the M. capricolum arginine deiminase gene,

M. mycoides LC–specific monoclonal antibody (anti-VchL)

M. capricolum–specific polyclonal antibodies (anti-VmcE & VmcF)
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Fig. 4. Colony hybridization of the M. mycoides LC (genome donor), M. capricolum (recipient cell),
and transplants from four different experiments that were probed with a polyclonal antibody specific
for the M. capricolum VmcE and VmcF surface antigens or with monoclonal antibodies specific for
the M. mycoides LC VchL surface antigen (29).
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these colonies appeared after almost twice as
many days as it took for the transplants to become
visible (25). Individual colonies were picked and
grown in broth medium containing 5 mg/ml of
tetracycline. During propagation, the tetracy-
cline concentration was progressively increased to
10 mg/ml.Whenwe first developed this technique,
we subjected all plugs to PFGE. Later, we found
this step was unnecessary. We observed no
significant difference in transplantation yield as a
result of PFGE of the plugs.
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cells were mock-transplanted without any donor
DNA. The results of a series of experiments are
shown in Table 1. No colonies were ever ob-
served in controls lacking recipient cells; thus,
the donor DNA was free of any viable contam-
inatingM. mycoides LC cells. When donor DNA
and recipient cells were both present, from 1 to
>100 putative transplants were obtained in
individual experiments. As we became more ex-
perienced with this technique, the yield of
transplant colonies increased.

Analysis of Putative Transplants
The blue, tetracycline-resistant colonies resulting
from M. mycoides LC genome transplantation
were to be expected if the genome was success-
fully transplanted. However, colonies with that
phenotype could also result from recombination
of a fragment ofM. mycoides LC genomic DNA
containing the tetM and lacZ genes into the
M. capricolum genome. To rule out recombina-
tion, we examined the phenotype and genotype
of the transplanted clones.

Genotype analysis. We analyzed several
transplant clones after synthesis with the poly-
merase chain reaction (PCR) using primers spe-
cific for each species to determine whether the
putative transplants had M. mycoides LC se-
quences other than the selected tetM and lacZ
marker genes. We used PCR primers specific
for IS1296 insertion sequences, which are present
in 11 copies in the sequenced M. mycoides LC
genome, but are absent in theM. capricolum ge-
nome. Similarly, we used PCR primers specific
for the M. capricolum arginine deiminase gene,
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for the M. capricolum VmcE and VmcF surface antigens or with monoclonal antibodies specific for
the M. mycoides LC VchL surface antigen (29).
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which is not present in M. mycoides LC. The
IS1296 PCR produced an amplicon only when
the template was theM. mycoideswild-type strain
or was one of the transplanted clones. Similarly,
the M. capricolum arginine deiminase PCR gen-
erated an amplicon with the M. capricolum
template DNA, but not with the M. mycoides LC
wild-type DNA or DNAs from transplant clones.
The PCR experiments left open the possibility
that fragments of the M. mycoides LC genome
containing an IS1296, the tetM gene, and the lacZ
gene had recombined into the M. capricolum
genome in such a way that they destroyed the
arginine deiminase gene (fig. S1). A more con-

vincing genotypic analysis that looked at the
overall genome used Southern blot analysis of
the donor and recipient mycoplasmas and a series
of putative transplants. Genomic DNA from each
of those species was digested with the restriction
enzyme Hind III and run on a 1% agarose gel.
Southern blots were prepared and probed with
IS1296 sequences. As expected, no probe hybrid-
ized to thewild-typeM. capricolum lane (Fig. 3A).
We did this analysis on every transplant we ob-
tained, as well as a series of M. mycoides LC
clones (Fig. 3B). Analysis of Southern blots of
37 wild-type M. mycoides LC clones and 75 pu-
tative transplants showed that 34 (92%) and 44

(59%), respectively, were essentially identical to
the M. mycoides LC donor DNA blot; the rest
showed variations in the banding patterns. We
assume that variation was the result of IS element
transposition. We hypothesize that mobility of
the IS1296 element may be somewhat sup-
pressed inM. mycoides LC cells. However, there
may be no suppression of transposon mobility
immediately following introduction of the donor
genome into the M. capricolum cytoplasm. This
is evidence of a transitional period when the
M. mycoides LC donor genomes reside in a cel-
lular milieu whose M capricolum content is ini-
tially high, but diminishes with each cell division.
Next, we did sample sequencing of whole-
genome libraries generated from two transplant
clones. Our analysis of more than 1300 random
sequence reads from the genome of each clone
(totaling ~1.09 million bases for each clone)
showed that all reads matched M. mycoides LC
sequence (26). We cannot rule out the possibility
that small regions of the donor genomes recom-
bined with identical regions of M. capricolum
recipient cell genome; however, those regions
would be very small. There are 20 identical
regions of between 395 and 972 base pairs. The
above results were all consistent with the
hypothesis that we have successfully introduced
M. mycoides LC genomes into M. capricolum
followed by subsequent loss of the capricolum
genome during antibiotic selection.

Phenotype analysis. We examined the
phenotype of the transplanted clones in two
ways. In one, we looked at single-gene products
characteristic of each of these two mycoplasmas.
Using colony-Western blots, we probed donor
and recipient cell colonies and colonies from four
different transplants with murine antibodies
specific for theM. capricolum VmcE and VmcF
surface antigens and with murine antibodies
specific for the M. mycoides LC VchL surface
antigen. In both assays, M. mycoides LC VchL–
specific antibodies bound the transplant blots
with the same intensity as it bound the M.
mycoides LC blots (Fig. 4). Similarly, the anti-
bodies specific for theM. capricolum VmcE and

Fig. 5. Proteomic analysis. Two-dimensional gels were run using cell lysates from (A) M. mycoides LC,
(B) M. capricolum, and (C) a transplant clone (11.1). Standard conditions were used for the separation
of protein spots in the first dimension on immobilized pH gradient (IPG) strips (pH range 4 to 7) and in
the second, SDS-PAGE, dimension (molecular mass 8 to 200 kD) (30). The gels were stained with
Coomassie brilliant blue G-250, and 96 spots were excised from each of the gels. Spots 71 (A), 23 (B),
and 8 (C) were identified as acetate kinase. (B) M. capricolum acetate kinase showed a clear alkaline pH
shift. The sequence coverage map for trypsin-digested peptides obtained from MALDI-MS peptide mass
fingerprint (PMF) data localizes peptide sequences of acetate kinase [spot 8 (C)] matching mass/charge
ratio (m/z) values in the PMF. Peptide sequences in red were identical to the two Mycoplasma species;
peptide sequences in blue were unique to M. mycoides LC.

Fig. 6. Genome transplantation as a function of
the amount of M. mycoides LC genomic DNA
transplanted. Transplant colonies were observed
on two different plates. We observed no colonies
on either the no-recipient-cell control or the mock-
transplanted control plates.
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or was one of the transplanted clones. Similarly,
the M. capricolum arginine deiminase PCR gen-
erated an amplicon with the M. capricolum
template DNA, but not with the M. mycoides LC
wild-type DNA or DNAs from transplant clones.
The PCR experiments left open the possibility
that fragments of the M. mycoides LC genome
containing an IS1296, the tetM gene, and the lacZ
gene had recombined into the M. capricolum
genome in such a way that they destroyed the
arginine deiminase gene (fig. S1). A more con-

vincing genotypic analysis that looked at the
overall genome used Southern blot analysis of
the donor and recipient mycoplasmas and a series
of putative transplants. Genomic DNA from each
of those species was digested with the restriction
enzyme Hind III and run on a 1% agarose gel.
Southern blots were prepared and probed with
IS1296 sequences. As expected, no probe hybrid-
ized to thewild-typeM. capricolum lane (Fig. 3A).
We did this analysis on every transplant we ob-
tained, as well as a series of M. mycoides LC
clones (Fig. 3B). Analysis of Southern blots of
37 wild-type M. mycoides LC clones and 75 pu-
tative transplants showed that 34 (92%) and 44

(59%), respectively, were essentially identical to
the M. mycoides LC donor DNA blot; the rest
showed variations in the banding patterns. We
assume that variation was the result of IS element
transposition. We hypothesize that mobility of
the IS1296 element may be somewhat sup-
pressed inM. mycoides LC cells. However, there
may be no suppression of transposon mobility
immediately following introduction of the donor
genome into the M. capricolum cytoplasm. This
is evidence of a transitional period when the
M. mycoides LC donor genomes reside in a cel-
lular milieu whose M capricolum content is ini-
tially high, but diminishes with each cell division.
Next, we did sample sequencing of whole-
genome libraries generated from two transplant
clones. Our analysis of more than 1300 random
sequence reads from the genome of each clone
(totaling ~1.09 million bases for each clone)
showed that all reads matched M. mycoides LC
sequence (26). We cannot rule out the possibility
that small regions of the donor genomes recom-
bined with identical regions of M. capricolum
recipient cell genome; however, those regions
would be very small. There are 20 identical
regions of between 395 and 972 base pairs. The
above results were all consistent with the
hypothesis that we have successfully introduced
M. mycoides LC genomes into M. capricolum
followed by subsequent loss of the capricolum
genome during antibiotic selection.

Phenotype analysis. We examined the
phenotype of the transplanted clones in two
ways. In one, we looked at single-gene products
characteristic of each of these two mycoplasmas.
Using colony-Western blots, we probed donor
and recipient cell colonies and colonies from four
different transplants with murine antibodies
specific for theM. capricolum VmcE and VmcF
surface antigens and with murine antibodies
specific for the M. mycoides LC VchL surface
antigen. In both assays, M. mycoides LC VchL–
specific antibodies bound the transplant blots
with the same intensity as it bound the M.
mycoides LC blots (Fig. 4). Similarly, the anti-
bodies specific for theM. capricolum VmcE and

Fig. 5. Proteomic analysis. Two-dimensional gels were run using cell lysates from (A) M. mycoides LC,
(B) M. capricolum, and (C) a transplant clone (11.1). Standard conditions were used for the separation
of protein spots in the first dimension on immobilized pH gradient (IPG) strips (pH range 4 to 7) and in
the second, SDS-PAGE, dimension (molecular mass 8 to 200 kD) (30). The gels were stained with
Coomassie brilliant blue G-250, and 96 spots were excised from each of the gels. Spots 71 (A), 23 (B),
and 8 (C) were identified as acetate kinase. (B) M. capricolum acetate kinase showed a clear alkaline pH
shift. The sequence coverage map for trypsin-digested peptides obtained from MALDI-MS peptide mass
fingerprint (PMF) data localizes peptide sequences of acetate kinase [spot 8 (C)] matching mass/charge
ratio (m/z) values in the PMF. Peptide sequences in red were identical to the two Mycoplasma species;
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the amount of M. mycoides LC genomic DNA
transplanted. Transplant colonies were observed
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Il	primo	microrganismo	sintetico	

3°	passaggio:	unire	i	passaggi	1	e	2	(sintetizzare	un	genoma	e	trapiantarlo	in	un	ospite).	

Creation of a Bacterial Cell Controlled
by a Chemically Synthesized Genome
Daniel G. Gibson,1 John I. Glass,1 Carole Lartigue,1 Vladimir N. Noskov,1 Ray-Yuan Chuang,1
Mikkel A. Algire,1 Gwynedd A. Benders,2 Michael G. Montague,1 Li Ma,1 Monzia M. Moodie,1
Chuck Merryman,1 Sanjay Vashee,1 Radha Krishnakumar,1 Nacyra Assad-Garcia,1
Cynthia Andrews-Pfannkoch,1 Evgeniya A. Denisova,1 Lei Young,1 Zhi-Qing Qi,1
Thomas H. Segall-Shapiro,1 Christopher H. Calvey,1 Prashanth P. Parmar,1 Clyde A. Hutchison III,2
Hamilton O. Smith,2 J. Craig Venter1,2*

We report the design, synthesis, and assembly of the 1.08–mega–base pair Mycoplasma mycoides
JCVI-syn1.0 genome starting from digitized genome sequence information and its transplantation
into a M. capricolum recipient cell to create new M. mycoides cells that are controlled only by the
synthetic chromosome. The only DNA in the cells is the designed synthetic DNA sequence,
including “watermark” sequences and other designed gene deletions and polymorphisms, and
mutations acquired during the building process. The new cells have expected phenotypic properties
and are capable of continuous self-replication.

In 1977, Sanger and colleagues determined
the complete genetic sequence of phage
ϕX174 (1), the first DNA genome to be

completely sequenced. Eighteen years later, in
1995, our teamwas able to read the first complete
genetic sequence of a self-replicating bacterium,
Haemophilus influenzae (2 ). Reading the genetic
sequence of a wide range of species has increased
exponentially from these early studies. The
ability to rapidly digitize genomic information
has increased by more than eight orders of mag-
nitude over the past 25 years (3 ). Efforts to un-
derstand all this new genomic information have
spawned numerous new computational and
experimental paradigms, yet our genomic knowl-
edge remains very limited. No single cellular
system has all of its genes understood in terms of
their biological roles. Even in simple bacterial
cells, do the chromosomes contain the entire ge-
netic repertoire? If so, can a complete genetic sys-
tem be reproduced by chemical synthesis starting
with only the digitized DNA sequence contained
in a computer?

Our interest in synthesis of large DNA mol-
ecules and chromosomes grew out of our efforts
over the past 15 years to build a minimal cell that
contains only essential genes. This work was
inaugurated in 1995 when we sequenced the
genome of Mycoplasma genitalium, a bacterium
with the smallest complement of genes of any
known organism capable of independent growth
in the laboratory. More than 100 of the 485
protein-coding genes of M. genitalium are
dispensable when disrupted one at a time (4 –6 ).

We developed a strategy for assembling viral-
sized pieces to produce large DNAmolecules that
enabled us to assemble a synthetic M. genitalium
genome in four stages from chemically synthe-
sized DNA cassettes averaging about 6 kb in size.
This was accomplished through a combination of
in vitro enzymatic methods and in vivo recombi-
nation in Saccharomyces cerevisiae. The whole
synthetic genome [582,970 base pairs (bp)] was
stably grown as a yeast centromeric plasmid
(YCp) (7 ).

Several hurdleswere overcome in transplanting
and expressing a chemically synthesized chromo-
some in a recipient cell. We needed to improve
methods for extracting intact chromosomes from
yeast. We also needed to learn how to transplant
these genomes into a recipient bacterial cell to
establish a cell controlled only by a synthetic ge-
nome. Because M. genitalium has an extremely
slow growth rate, we turned to two faster-growing
mycoplasma species, M. mycoides subspecies
capri (GM12) as donor, and M. capricolum sub-
species capricolum (CK) as recipient.

To establish conditions and procedures for
transplanting the synthetic genome out of yeast,
we developedmethods for cloning entire bacterial
chromosomes as centromeric plasmids in yeast,
including a native M. mycoides genome (8 , 9 ).
However, initial attempts to extract the M.
mycoides genome from yeast and transplant it
intoM. capricolum failed. We discovered that the
donor and recipient mycoplasmas share a com-
mon restriction system. The donor genome was
methylated in the native M. mycoides cells and
was therefore protected against restriction during
the transplantation from a native donor cell (10 ).
However, the bacterial genomes grown in yeast
are unmethylated and so are not protected from
the single restriction system of the recipient cell.
We overcame this restriction barrier by methylat-
ing the donor DNA with purified methylases or

crude M. mycoides or M. capricolum extracts, or
by simply disrupting the recipient cell’s restriction
system (8 ).

We now have combined all of our previously
established procedures and report the synthesis,
assembly, cloning, and successful transplantation
of the 1.08-Mbp M. mycoides JCVI-syn1.0
genome, to create a new cell controlled by this
synthetic genome.

Synthetic genome design. Design of the M.
mycoides JCVI-syn1.0 genome was based on the
highly accurate finished genome sequences of two
laboratory strains ofM.mycoides subspecies capri
GM12 (8 , 9 , 11). One was the genome donor used
by Lartigue et al. [GenBank accession CP001621]
(10 ). The other was a strain created by trans-
plantation of a genome that had been cloned and
engineered in yeast, YCpMmyc1.1-DtypeIIIres
[GenBank accession CP001668] (8 ). This project
was critically dependent on the accuracy of these
sequences. Although we believe that both fin-
ished M. mycoides genome sequences are reli-
able, there are 95 sites at which they differ. We
began to design the synthetic genome before both
sequences were finished. Consequently, most of
the cassettes were designed and synthesized based
on the CP001621 sequence (11). When it was
finished, we chose the sequence of the genome
successfully transplanted from yeast (CP001668)
as our design reference (except that we kept the
intact typeIIIres gene). All differences that ap-
peared biologically significant between CP001668
and previously synthesized cassettes were cor-
rected tomatch it exactly (11). Sequence differences
between our synthetic cassettes and CP001668
that occurred at 19 sites appeared harmless and so
were not corrected. These provide 19 polymorphic
differences between our synthetic genome
(JCVI-syn1.0) and the natural (nonsynthetic) ge-
nome (YCpMmyc1.1) that we have cloned in
yeast and use as a standard for genome trans-
plantation from yeast (8 ). To further differentiate
between the synthetic genome and the natural one,
we designed fourwatermark sequences (fig. S1) to
replace one or more cassettes in regions experi-
mentally demonstrated [watermarks 1 (1246 bp)
and 2 (1081 bp)] or predicted [watermarks 3
(1109 bp) and 4 (1222 bp)] to not interfere with
cell viability. These watermark sequences encode
unique identifiers while limiting their translation
into peptides. Table S1 lists the differences be-
tween the synthetic genome and this natural stan-
dard. Figure S2 shows a map of theM. mycoides
JCVI-syn1.0 genome. Cassette and assembly inter-
mediate boundaries, watermarks, deletions, inser-
tions, and genes of theM. mycoides JCVI syn1.0
are shown in fig. S2, and the sequence of the
transplanted mycoplasma clone sMmYCp235-1
has been submitted to GenBank (accession
CP002027).

Synthetic genome assembly strategy. The
designed cassettes were generally 1080 bp with
80-bp overlaps to adjacent cassettes (11). They
were all produced by assembly of chemically
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synthesized oligonucleotides by Blue Heron
(Bothell, Washington). Each cassette was individ-
ually synthesized and sequence-verified by the
manufacturer. To aid in the building process, DNA
cassettes and assembly intermediates were de-
signed to contain Not I restriction sites at their
termini and recombined in the presence of vector
elements to allow for growth and selection in yeast
(7, 11). A hierarchical strategy was designed to
assemble the genome in three stages by
transformation and homologous recombination in
yeast from 1078 1-kb cassettes (Fig. 1) (12, 13).

Assembly of 10-kb synthetic intermediates.
In the first stage, cassettes and a vector were
recombined in yeast and transferred toEscherichia

coli (11). Plasmid DNA was then isolated from
individual E. coli clones and digested to screen for
cells containing a vector with an assembled 10-kb
insert. One successful 10-kb assembly is repre-
sented (Fig. 2A). In general, at least one 10-kb
assembled fragment could be obtained by
screening 10 yeast clones. However, the rate of
success varied from 10 to 100%. All of the first-
stage intermediates were sequenced. Nineteen out
of 111 assemblies contained errors. Alternate
clones were selected, sequence-verified, and
moved on to the next assembly stage (11).

Assembly of 100-kb synthetic intermediates.
The pooled 10-kb assemblies and their respective
cloning vectors were transformed into yeast as

above to produce 100-kb assembly intermediates
(11). Our results indicated that these products
cannot be stably maintained in E. coli, so
recombined DNA had to be extracted from yeast.
Multiplex polymerase chain reaction (PCR) was
performed on selected yeast clones (fig. S3 and
table S2). Because every 10-kb assembly
intermediate was represented by a primer pair in
this analysis, the presence of all amplicons would
suggest an assembled 100-kb intermediate. In
general, 25% or more of the clones screened
contained all of the amplicons expected for a
complete assembly. One of these clones was
selected for further screening. Circular plasmid
DNA was extracted and sized on an agarose gel
alongside a supercoiled marker. Successful second-
stage assemblies with the vector sequence are ~105
kb in length (Fig. 2B). When all amplicons were
produced following multiplex PCR, a second-
stage assembly intermediate of the correct sizewas
usually produced. In some cases, however, small
deletions occurred. In other instances, multiple 10-
kb fragments were assembled, which produced a
larger second-stage assembly intermediate. Fortu-
nately, these differences could easily be detected
on an agarose gel before complete genome
assembly.

Complete genome assembly. In preparation
for the final stage of assembly, it was necessary to
isolate microgram quantities of each of the 11
second-stage assemblies (11). As reported (14),
circular plasmids the size of our second-stage
assemblies could be isolated from yeast sphero-
plasts after an alkaline-lysis procedure. To further
purify the 11 assembly intermediates, they were
treated with exonuclease and passed through an
anion-exchange column. A small fraction of the
total plasmid DNA (1/100) was digested with
Not I and analyzed by field-inversion gel electro-
phoresis (FIGE) (Fig. 2C). This method produced
~1 mg of each assembly per 400 ml of yeast
culture (~1011 cells).

The method above does not completely re-
move all of the linear yeast chromosomal DNA,
which we found could substantially decrease the
yeast transformation and assembly efficiency. To
further enrich for the 11 circular assembly inter-
mediates, ~200 ng samples of each assembly
were pooled and mixed with molten agarose. As
the agarose solidifies, the fibers thread through
and topologically “trap” circular DNA (15).
Untrapped linear DNA can then be separated
out of the agarose plug by electrophoresis, thus
enriching for the trapped circular molecules. The
11 circular assembly intermediates were digested
with Not I so that the inserts could be released.
Subsequently, the fragments were extracted from
the agarose plug, analyzed by FIGE (Fig. 2D),
and transformed into yeast spheroplasts (11). In
this third and final stage of assembly, an addi-
tional vector sequence was not required because
the yeast cloning elements were already present
in assembly 811-900.

To screen for a complete genome, multiplex
PCR was carried out with 11 primer pairs,

A CG T

1,080 bp cassettes (1,078)
(Assemble109X)

10,080 bp assemblies (109)
(Assemble 11X)

100,000 bp assemblies (11)
(Assemble 1X)

1,077,947 bp
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Synthesizer
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BssH II

WM4

Elements for yeast propagation 
and genome transplantation
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*
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*
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         8 11-900
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Fig. 1. The assembly of a synthetic M. mycoides genome in yeast. A synthetic M. mycoides genome
was assembled from 1078 overlapping DNA cassettes in three steps. In the first step, 1080-bp
cassettes (orange arrows), produced from overlapping synthetic oligonucleotides, were recombined
in sets of 10 to produce 109 ~10-kb assemblies (blue arrows). These were then recombined in sets of
10 to produce 11 ~100-kb assemblies (green arrows). In the final stage of assembly, these 11
fragments were recombined into the complete genome (red circle). With the exception of two
constructs that were enzymatically pieced together in vitro (27) (white arrows), assemblies were
carried out by in vivo homologous recombination in yeast. Major variations from the natural genome
are shown as yellow circles. These include four watermarked regions (WM1 to WM4), a 4-kb region
that was intentionally deleted (94D), and elements for growth in yeast and genome transplantation.
In addition, there are 20 locations with nucleotide polymorphisms (asterisks). Coordinates of the
genome are relative to the first nucleotide of the natural M. mycoides sequence. The designed
sequence is 1,077,947 bp. The locations of the Asc I and BssH II restriction sites are shown. Cassettes
1 and 800-810 were unnecessary and removed from the assembly strategy (11). Cassette 2 overlaps
cassette 1104, and cassette 799 overlaps cassette 811.
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Il	 genoma	 di	Mycoplasma	 mycoides	 è	
stato	 sintetizzato	 (in	 pezzi)	 ed	
assemblato	 mediante	 ricombinazione		
in	 vitro	 ed	 in	 vivo.	 Il	 cromosoma	
sintetico	 così	 ottenuto	 è	 stato	
impiantato	 in	 cellule	 di	 Mycoplasma	
capricolum.		
	
Le	 cellule	 ottenute,	 in	 grado	 di	
replicarsi	 autonomamente,	 avevano	 il	
fenotipo	 di	 Mycoplasma	 mycoides.	 Il	
batterio	 con	 genoma	 sintetico	 è	 stato	
ribatezzato	syn1.0.	
		

transplanted genome replicate. Following transplan-
tation and replication on a plate to form a colony
(>30 divisions or >109-fold dilution), progeny will
not contain any protein molecules that were present
in the original recipient cell (10, 24). This was
previously demonstrated when we first described
genome transplantation (10). The properties of the
cells controlled by the assembled genome are
expected to be the same as if the whole cell had
been produced synthetically (the DNA software
builds its own hardware).

The ability to produce synthetic cells renders it
essential for researchers making synthetic DNA
constructs and cells to clearly watermark their work
to distinguish it from naturally occurring DNA and
cells. We have watermarked the synthetic chromo-
some in this and our previous study (7).

If the methods described here can be gener-
alized, design, synthesis, assembly, and trans-
plantation of synthetic chromosomes will no
longer be a barrier to the progress of synthetic
biology. We expect that the cost of DNA syn-
thesis will follow what has happened with DNA
sequencing and continue to exponentially de-
crease. Lower synthesis costs combinedwith auto-
mation will enable broad applications for synthetic
genomics.

We have been driving the ethical discussion
concerning synthetic life from the earliest stages
of this work (25, 26). As synthetic genomic ap-
plications expand, we anticipate that this workwill
continue to raise philosophical issues that have
broad societal and ethical implications. We en-
courage the continued discourse.
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Fig. 5. Images of M.
mycoides JCVI-syn1.0
and WT M. mycoides.
To compare the pheno-
type of the JCVI-syn1.0
and non-YCp WT strains,
we examined colonymor-
phology by plating cells
on SP4 agar plates con-
taining X-gal. Three days
after plating, the JCVI-
syn1.0 colonies are blue
because the cells contain
the lacZ gene and express
b-galactosidase, which
converts the X-gal to a
blue compound (A). The
WT cells do not contain
lacZ and remain white
(B). Both cell types have
the fried egg colonymor-

100 µm

100 µm

500 nm 500 nm

A

B FE

DC

phology characteristic of most mycoplasmas. EMs were made of the JCVI-syn1.0 isolate
using two methods. (C) For scanning EM, samples were postfixed in osmium tetroxide,
dehydrated and critical point dried with CO2, and visualized with a Hitachi SU6600 SEM
at 2.0 keV. (D) Negatively stained transmission EMs of dividing cells with 1% uranyl
acetate on pure carbon substrate visualized using JEOL 1200EX CTEM at 80 keV. To
examine cell morphology, we compared uranyl acetate–stained EMs of M. mycoides
JCVI-syn1.0 cells (E) with EMs of WT cells made in 2006 that were stained with ammonium molybdate (F). Both cell types show the same ovoid morphology and
general appearance. EMs were provided by T. Deerinck and M. Ellisman of the National Center for Microscopy and Imaging Research at the University of
California at San Diego.

2 JULY 2010 VOL 329 SCIENCE www.sciencemag.org56

RESEARCH ARTICLE

 o
n 

M
ay

 2
3,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 



Il	primo	microrganismo	sintetico	con	genoma	minimo	

4°	passaggio:	sintetizzare	un	genoma	minimo	e	trapiantarlo	in	una	cellula	ospite	

Partendo	dal	batterio	syn1.0	(901	geni),	
i	 ricercatori	 hanno	provato	 a	 ridurne	 il	
genoma	 in	modo	razionale,	eliminando	
tutti	i	geni	che	non	erano	predetti	come	
geni	essenziali	alla	sua	vitalità.	
	
Questo	 approccio	 è	 fallito,	 mostrando	
come	 siano	 ancora	 limitate	 le	 nostre	
conoscenze	 di	 quali	 geni	 siano	
essenziali	alla	vita.	
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Design and synthesis of a minimal
bacterial genome
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Lijie Sun, Yo Suzuki, Billyana Tsvetanova, Kim S. Wise, Hamilton O. Smith, John I. Glass,
Chuck Merryman, Daniel G. Gibson, J. Craig Venter*

INTRODUCTION: In 1984, the simplest cells
capable of autonomous growth, the mycoplas-
mas,wereproposedasmodels forunderstanding
the basic principles of life. In 1995, we reported
the first complete cellular genome sequences
(Haemophilus influenza, 1815 genes, andMyco-
plasma genitalium, 525 genes). Comparison of
these sequences revealed a conserved core of
about 250 essential genes, much smaller than
either genome. In 1999, we introduced themeth-
od of global transposon mutagenesis and ex-
perimentally demonstrated that M. genitalium
contains many genes that are nonessential for
growth in the laboratory, even though it has the

smallest genome known for an autonomously
replicating cell found in nature. This implied
that it should be possible to produce aminimal
cell that is simpler than any natural one.Whole
genomes can now be built from chemically syn-
thesized oligonucleotides and brought to life by
installation into a receptive cellular environ-
ment. We have applied whole-genome design
and synthesis to the problem of minimizing a
cellular genome.

RATIONALE: Since the first genomesequences,
there has been much work in many bacterial
models to identify nonessential genes and

define core sets of conserved genetic func-
tions, using the methods of comparative ge-
nomics. Often, more thanonegeneproduct can
performaparticular essential function. In such
cases, neither gene will be essential, and neither
will necessarily be conserved. Consequently,
these approaches cannot, by themselves, iden-
tify a set of genes that is sufficient to constitute
a viable genome.We set out to define aminimal
cellular genome experimentally by designing and
building one, then testing it for viability. Our
goal is a cell so simple thatwe candetermine the
molecular and biological function of every gene.

RESULTS:Whole-genome design and synthe-
sis were used to minimize the 1079–kilobase
pair (kbp) synthetic genome of M. mycoides
JCVI-syn1.0. An initial design, based on collective
knowledge of molecular biology in combination

with limited transposon
mutagenesis data, failed
to produce a viable cell.
Improved transposon mu-
tagenesismethods revealed
a class of quasi-essential
genes that are needed for

robust growth, explaining the failure of our
initial design. Three more cycles of design, syn-
thesis, and testing, with retention of quasi-
essential genes, produced JCVI-syn3.0 (531 kbp,
473 genes). Its genome is smaller than that of
any autonomously replicating cell found in
nature. JCVI-syn3.0 has a doubling time of
~180 min, produces colonies that are morpho-
logically similar to those of JCVI-syn1.0, and
appears to be polymorphic when examined
microscopically.

CONCLUSION: The minimal cell concept
appears simple at first glance but becomes
more complex upon close inspection. In addi-
tion to essential and nonessential genes, there
are many quasi-essential genes, which are not
absolutely critical for viabilitybut arenevertheless
required for robust growth.Consequently, during
the process of genome minimization, there is a
trade-off between genome size and growth rate.
JCVI-syn3.0 is a working approximation of a
minimal cellular genome, a compromise be-
tween small genome size andaworkable growth
rate for an experimental organism. It retains
almost all the genes that are involved in the syn-
thesis and processing of macromolecules. Un-
expectedly, it also contains 149 genes with
unknown biological functions, suggesting the
presence of undiscovered functions that are es-
sential for life. JCVI-syn3.0 is a versatile plat-
form for investigating the core functions of life
and for exploring whole-genome design.▪
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Four design-build-test cycles produced JCVI-syn3.0.
(A) The cycle for genome design, building by means
of synthesis and cloning in yeast, and testing for via-
bility by means of genome transplantation. After each
cycle, gene essentiality is reevaluated by global trans-
poson mutagenesis. (B) Comparison of JCVI-syn1.0
(outer blue circle) with JCVI-syn3.0 (inner red circle),
showing the division of each into eight segments.The
red bars inside the outer circle indicate regions that
are retained in JCVI-syn3.0. (C) A cluster of JCVI-syn3.0
cells, showing spherical structures of varying sizes
(scale bar, 200 nm).
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M. genitalium, and its doubling rate is about five
times as fast.

Preliminary knowledge-based HMG
design does not yield a viable cell

In our first attempt to make a minimized cell,
we started with syn1.0 (10) and used informa-
tion from the biochemical literature, as well as
some transposon mutagenesis data, to produce
a rational design. Genes that could be disrupted
by transposon insertions without affecting cell
viabilitywere considered to be nonessential. Based
on ~16,000 transposon 4001 (Tn4001) and Tn5
insertions into the syn1.0 genome, we were
able to find and delete a total of 440 apparently
nonessential genes from the syn1.0 genome. The
resulting HMG design was 483 kbp in size and
contained 432 protein genes and 39 RNA genes
(database S1 includes a detailed gene list).
In the course of designing the HMG, we de-

veloped a simple set of deletion rules that was
used throughout the project. (i) Generally, the
entire coding region of each nonessential gene
was deleted, including start and stop codons.
(Exceptions are described below.) (ii) When a
cluster of more than one consecutive gene was
deleted, the intergenic regions within the clus-
ter were deleted also. (iii) Intergenic regions
flanking a deleted gene or a consecutive cluster
of deleted genes were retained. (iv) If part of a
gene to be deleted overlapped a retained gene,

that part of the gene was retained. (v) If part of
a gene to be deleted contained a ribosome bind-
ing site or promoter for a retained gene, that
part of the gene was retained. (vi) When two
genes were divergently transcribed, we assumed
that the intergenic region separating them con-
tained promoters for transcription in both direc-
tions. (vii)When a deletion resulted in converging
transcripts, a bidirectional terminator was in-
serted, if one was not already present.
Because of the possibility of design flaws, we

divided the genome into eight overlapping seg-
ments that could be independently synthesized
and tested. We previously used this approach
to identify a single lethal point mutation in our
synthetic syn1.0 construct (10). As before, each of
the eight designed synthetic segments had a cor-
responding syn1.0 DNA segment. This allowed
untested pieces to be mixed and matched with
viable syn1.0 pieces in one-pot combinatorial as-
semblies or to be purposefully assembled in any
specified combination (16, 17). Additionally, each
of the eight target segments was moved into a
seven-eighths syn1.0 background by recombinase-
mediated cassette exchange [(RMCE; (18)] (fig. S10)
(9). Unique restriction sites (NotI sites) flanked
eachHMGor syn1.0 segment in the resulting yeast
strains (fig. S9 and table S12) (9). Upon transplan-
tation, we obtained amycoplasma strain carrying
any viable HMG segment (flanked by NotI sites)
and eight other strains, each carrying one syn1.0

segment (flanked by NotI sites). This facilitated
the production of one-eighth genome segments,
because they could be recovered from bacterial
cultures, which produce much higher yields of
better-quality DNA than yeast (9). All eight HMG
segments were tested in a syn1.0 background, but
only one of the segment designs produced viable
colonies (HMG segment 2), and the cells grew
poorly.
Perhaps the greatest value that we derived

from the HMGworkwas the refinement of semi-
automated DNA synthesis methods by means
of error-correcting procedures. We had previ-
ously developed a variety of DNA synthesis and
assembly methodologies that extend from oligo-
nucleotides to whole chromosomes. In this work,
we optimized the methodology to rapidly gener-
ate error-free large DNA constructs, starting from
overlapping oligonucleotides in a semiautomated
DNA synthesis pipeline. This was accomplished
by developing robust protocols for (i) single-
reaction assembly of 1.4-kbpDNA fragments from
overlapping oligonucleotides, (ii) elimination of
synthesis errors and facilitation of single-round
assembly and cloning of error-free 7-kbp cassettes,
(iii) cassette sequenceverification to simultaneously
identify hundreds of error-free clones in a single
run, and (iv) rolling circle amplification (RCA) of
large plasmid DNA derived from yeast. Together,
thesemethods substantially increased the rate at
which the DBT cycle could be carried out (9).
Figure 2 illustrates the general approach that

we used for whole-genome synthesis and assem-
bly, using HMG as an example. An automated
genome synthesis protocol was established to
generate overlapping oligonucleotide sequences,
starting from a DNA sequence design (9). Briefly,
the software parameters include the number of
assembly stages, overlap length, maximum oli-
gonucleotide size, and appended sequences to
facilitate polymerase chain reaction (PCR) am-
plification or cloning and hierarchical DNA as-
sembly. About 48 oligonucleotides were pooled,
assembled, and amplified to generate 1.4-kbpDNA
fragments in a single reaction (figs. S12 and S13)
(9). The 1.4-kbp DNA fragments were then error
corrected, re-amplified, assembled five at a time
into a vector, and transformed into E. coli. Error-
free 7-kbp cassettes were identified on a DNA
sequencer (Illumina MiSeq), and as many as 15
cassettes were assembled in yeast to generate
one-eighth molecules. Supercoiled plasmid DNA
wasprepared frompositively screenedyeast clones,
and RCA was performed to generate microgram
quantities of DNA for whole-genome assembly
in yeast (figs. S14 to S16). This whole-genome syn-
thesis workflow can be carried out in less than
three weeks, which is about two orders of mag-
nitude faster than the first reported synthesis of
a bacterial genome (by our group) in 2008 (7).

Tn5 mutagenesis identifies essential,
quasi-essential, and nonessential genes

It was clear from the limited success of our HMG
design that we needed a better understanding of
which genes are essential versus nonessential. To
achieve this, we used Tn5 mutagenesis (fig. S1).

aad6253-2 25 MARCH 2016 • VOL 351 ISSUE 6280 sciencemag.org SCIENCE

Fig. 1. The JCVI DBTcycle for bacterial genomes. At each cycle, the genome is built as a centromeric
plasmid in yeast, then tested by transplantation of the genome into an M. capricolum recipient. In this
study, our main design objective was genome minimization. Starting from syn1.0, we designed a reduced
genome by removing nonessential genes, as judged by global Tn5 gene disruption. Each of eight reduced
segments was tested in the context of a seven-eighths syn1.0 genome and in combination with other
reduced segments. At each cycle, gene essentiality was reevaluated by Tn5 mutagenesis of the smallest
viable assembly of reduced and syn1.0 segments that gave robust growth.
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Il	primo	microrganismo	sintetico	con	genoma	minimo	

A	questo	punto	i	ricercatori	hanno	condotto	un	approccio	di	mutagenesi	random	con	trasposoni	su	
syn1.0.	 Sono	 stati	 mappati	 i	 siti	 di	 inserzione	 del	 trasposone	 in	 80000	 mutanti	 indipendenti.	 In	
questo	 modo	 sono	 stati	 identificati	 geni	 essenziali	 (e),	 geni	 non	 essenziali	 (n),	 e	 geni	 “quasi	
essenziali”	(i),	la	cui	mutazione	aveva	un	effetto	negativo	sulla	crescita	del	batterio.	
Molti	 geni	 non	 essenziali	 sono	 stati	 eliminati,	 generando	 un	 batterio	 vitale	 con	 genoma	minimo,	
syn2.0.	

subsequent spontaneous mutation. Ultimately,
we identified a promoter that had been over-
looked and erringly deleted. When this region
was resupplied in accordance with the design
rules, cells containing designed segment 6
grew rapidly. This solution was incorporated
in later designs.
Despite the growth of cells containing each de-

signed segment, combining all eight reducedRGD1.0
segments, including the self-corrected segment
6, into a single genome did not produce a viable cell
when transplanted intoM. capricolum (9). We then
mixed the eight RGD1.0 segments with the eight
syn1.0 segments to perform combinatorial assem-
bly of genomes in yeast (9). Anumberof completely

assembled genomes were obtained in yeast that
containedvariouscombinationsofRGD1.0 segments
and syn1.0 segments.When transplanted, several
of these combinations gave rise to viable cells
(table S7). One of these (RGD2678)—containing
RGD1.0 segments 2, 6, 7, and 8 and syn1.0 seg-
ments 1, 3, 4, and 5, with an acceptable growth
rate (105-mindoubling time, comparedwith 60min
for syn1.0)—was analyzed in more detail.

To obtain a viable genome, avoid
deleting pairs of redundant genes for
essential functions

In bacteria, it is common for certain essential
(or quasi-essential) functions to be provided by

more than one gene. The genes may or may not
be paralogs. Suppose gene A and gene B each
supplies the essential function, E1. Either gene
can be deleted without loss of E1, so each gene
by itself in a single knockout study is classed as
nonessential. However, if both are deleted, the
cell will be dead because E1 is no longer pro-
vided. Such a lethal combination of mutations
is called a “synthetic lethal pair” (19). Redundant
genes for essential functions are common in
bacterial genomes, although less so in genomes
that have undergone extensive evolutionary
reduction, such as the mycoplasmas. Our biggest
design challenge has been synthetic lethal pairs
in which gene A has been deleted from one seg-
ment and gene B from another segment. Each
segment is viable in the context of a seven-eighths
syn1.0 background, but when combined, the re-
sulting cell is nonviable, or, in the case of a shared
quasi-essential function, grows more slowly. We
do not know how many redundant genes for es-
sential functions are present in each of the eight
segments, but whenRGD1.0 segments 2, 6, 7, and
8 were combined, the cell was viable.
We subjected RGD2678 to Tn5 mutagenesis

and found that some n-genes in the syn1.0 seg-
ments 1, 3, 4, and 5 had converted to i- or e-genes
in the genetic context of RGD2678 (table S2).
This was presumably because these genes en-
coded essential or quasi-essential functions that
were redundant with a gene that had been de-
leted in RGD2678.
In addition, we examined 39 gene clusters and

single genes that had been deleted in the de-
sign of RGD1.0 segments 1, 3, 4, and 5 (table S8).
These were deleted one at a time in an RGD2678
background (tables S8 and S14) and tested for
viability by transplantation. In several cases, this
resulted in slow-growth transplants or no trans-
plants, suggesting that they included one or more
genes that are functionally redundant with genes
that had been deleted in segments 2, 6, 7, or 8.
The combined Tn5 and deletion data identi-

fied 26 genes (tables S2 and S9) as candidates
for adding back to RGD1.0 segments 1, 3, 4, and
5 to produce a new RGD2.0 design for these seg-
ments (fig. S5 and tables S1 and S2). An assembly
was carried out in yeast using the newly designed
and synthesized RGD2.0 segments 1, 3, 4, and 5,
together with RGD1.0 segments 2, 6, 7, and 8
(tables S7 and S15). This assembly was not viable
initially, but we found that substituting syn1.0
segment 5 for RGD2.0 segment 5 resulted in a
viable transplant. Working with this strain, we
deleted a cluster of genes (MMSYN1_0454 to
MMSYN1_0474) from syn1.0 segment 5 and re-
placed another cluster of genes (MMSYN1_0483
toMMSYN1_0492)with geneMMSYN1_0154 (figs.
S6 and S11 and table S10) (9). GeneMMSYN1_0154
was originally deleted from segment 2 in the
RGD1.0 design but was found to increase growth
ratewhen added back to RGD2678. The described
revision of syn1.0 segment 5 in the RGD2.0 ge-
netic context yielded a viable cell, which we refer
to as JCVI-syn2.0 (abbreviated syn2.0; Fig. 4).With
syn2.0, we achieved for the first time aminimized
cellwithagenomesmaller than that of the smallest
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Fig. 3. Classification of gene essentiality by transposon mutagenesis. (A) Examples of the three
gene classifications, based on Tn5 mutagenesis data. The region of syn1.0 from sequence coordinates
166,735 to 170,077 is shown. The gene MMSYN1_0128 (lime arrow) has many P0 Tn5 inserts (black
triangles) and is an i-gene (quasi-essential). The next gene, MMSYN1_0129 (light blue arrow), has no
inserts and is an e-gene (essential). The last gene, MMSYN1_0130 (gray arrow), has both P0 (black
triangles) and P4 (magenta triangles) inserts and is an n-gene (nonessential). Intergenic regions are
indicated by black lines. (B) The number of syn1.0 genes in each Tn5-mutagenesis classification group.
The n- and in-genes are candidates for deletion in reduced genome designs.

Fig. 4. The three DBT cycles involved in building syn3.0. This detailed map shows syn1.0 genes
that were deleted or added back in the various DBTcycles leading from syn1.0 to syn2.0 and finally to
syn3.0 (compare with fig. S7). The long brown arrows indicate the eight NotI assembly segments.
Blue arrows represent genes that were retained throughout the process. Genes that were deleted in
both syn2.0 and syn3.0 are shown in yellow. Green arrows (slightly offset) represent genes that were
added back. The original RGD1.0 design was not viable, but a combination of syn1.0 segments 1, 3, 4,
and 5 and designed segments 2, 6, 7, and 8 produced a viable cell, referred to as RGD2678. Addition
of the genes shown in green resulted in syn2.0, which has eight designed segments. Additional
deletions, shown in magenta, produced syn3.0 (531,560 bp, 473 genes). The directions of the arrows
correspond to the directions of transcription and translation.
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Anche	il	batterio	syn2.0	è	stato	sottoposto	a	mutagenesi	random,	ed	il	processo	è	stato	ripetuto	per	
vari	cicli:	sintesi	del	nuovo	genoma	minimo,	validazione	della	vitalità,	mutagenesi,	sintesi	di	un	nuovo	
genoma	minimo,…..	



Il	primo	microrganismo	sintetico	con	genoma	minimo	

In	 questo	modo	 i	 ricercatori	 hanno	 ottenuto	 il	 batterio	 syn3.0,	 con	 genoma	minimo	 di	 473	 geni,	
inferiore	a	qualsiasi	microrganismo	noto	a	vita	autonoma	(il	minimo	è	Mycoplasma	genitalium	con	
525	geni).	
È	interessante	notare	come	79	dei	473	geni	di	syn3.0	(~17%)	siano	a	funzione	sconosciuta!	

known natural bacterium,M. genitalium. Syn2.0
doubles in laboratory culture every 92 min. Its
total genome size is 576kbp. It contains 478 protein
coding genes and38RNAgenes fromM.mycoides,
with 12 kbp of vector sequences for selection of the
genome and for propagation in yeast and E. coli.

Removing 42 additional genes yields an
approximately minimal cell, syn3.0

We performed a new round of Tn5 mutagene-
sis on syn2.0. In this new genetic background,
transition of some i-genes to apparent n-genes
was expected. At this point, the composition of
the P4 serial passage population was depleted
of original n-genes; the faster-growing i-gene
knockouts predominated and were classified
as n-genes by our rules. We classified 90 genes
as apparently nonessential. These were sub-
divided into three groups. The first group con-
tained 26 genes thatwere frequently classed as i- or
e-genes in previous rounds of mutagenesis. The
second group contained 27 genes that were clas-
sified as i- or borderline i-genes in some of the
previous Tn5 studies. The third group contained
37 genes that had previously been classified as
nonessential in several iterations of Tn5 muta-
genesis involving various genome contexts. To
create the new RGD3.0 design, these 37 genes
were selected for deletion from syn2.0, alongwith
two vector sequences, bla and lacZ, and the ri-
bosomal RNA (rRNA) operon in segment 6 (Fig. 4
and table S3).
The eight newly designed RGD3.0 segments

were synthesized and propagated as yeast plas-
mids. These plasmids were amplified in vitro
by RCA (9). All eight segments were then re-
assembled in yeast to obtain several versions of
the RGD3.0 genome as yeast plasmids (9). These
assembled RGD3.0 genomes were transplanted
out of yeast into anM. capricolum recipient cell.
Several were viable. One of these, RGD3.0 clone
g-19 (table S4), was selected for detailed analysis
and named JCVI-syn3.0.
A final round of Tn5 mutagenesis was per-

formed on syn3.0 to determine which genes
continue to show Tn5 insertions after serial

passaging (P4). Nonessential vector genes and
intergenic sequences are the most frequent in-
sertion sites. As expected, cells with insertions

in genes that were originally classified as quasi-
essential make up almost the whole population
of P4 cells that have insertions in mycoplasma
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Fig. 5. Map of proteins in syn3.0 and homologs found in other organisms. Searches using BLASTP software were performed for all syn3.0 protein-coding
genes against a panel of 14 organisms ranging fromnon-Mycoidesmycoplasmas toArchaea. A score of 1e−5was used as the similarity cutoff. From left to right, five
classes (equivalog, 232genes; probable, 58 genes; putative, 34 genes; generic, 84 genes; and unknown,65 genes) proceed fromnearly complete certainty about a
gene’s activity (equivalog) to no functional information (unknown).White space indicates no homologs to syn3.0 in that organism.

Table 1. Syn1.0 genes listed by functional category and whether they were kept or deleted in
syn3.0. Categories with asterisks are mostly kept in syn3.0, whereas those without are depleted in
syn3.0.Vector sequences, for selection of the genome and for propagation in other hosts, are not included
in these gene tallies.

Functional category Kept Deleted

Glucose transport and glycolysis* 15 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ribosome biogenesis* 14 1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Protein export* 10 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Transcription* 9 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

RNA metabolism* 7 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

DNA topology* 5 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Chromosome segregation* 3 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

DNA metabolism* 3 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Protein folding* 3 0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Translation* 89 2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

RNA (rRNAs, tRNAs, small RNAs)* 35 4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

DNA replication* 16 2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Lipid salvage and biogenesis* 21 4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Cofactor transport and salvage* 21 4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

rRNA modification* 12 3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

tRNA modification* 17 2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Efflux* 7 3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Nucleotide salvage 19 8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

DNA repair 6 8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Metabolic processes 10 10
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Membrane transport 31 32
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Redox homeostasis 4 4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Proteolysis 10 11
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Regulation 9 10
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Unassigned 79 134
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Cell division 1 3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Lipoprotein 15 72
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Transport and catabolism of nonglucose carbon sources 2 34
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Acylglycerol breakdown 0 4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Mobile elements and DNA restriction 0 73
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Total 473 428
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
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genes. The genes in syn3.0 are predominantly
e- or i-genes, based on the original syn1.0 classi-
fication. Of these, only the i-genes can tolerate
Tn5 insertions without producing lethality. The
most highly represented in-, i-, and ie-genes are
shown in table S5. It might be possible to remove
a few of these in a fourth DBT cycle, but there
would probably be further erosion of growth
rate. In addition, a dozen genes that were orig-
inally classified as nonessential continue to re-
tain that classification (table S5 and database S1).

In syn3.0, 149 genes cannot be assigned
a specific biological function

Syn3.0 has 438 protein- and 35RNA-coding genes.
We organized the 473 genes into five classes, based
on our level of confidence in their precise func-
tions: equivalog, probable, putative, generic, and
unknown (Fig. 5 and database S1). Many of these
genes have been studied exhaustively, and their
primary biological functions are known.
We used the TIGRfam equivalog family of

hidden Markov models (20) to annotate equiv-
alog genes (~49% of the genes). The less certain
classes were defined in a stepwise manner (Fig.
5). The probable class included genes that scored
well against unambiguous TIGRfam mathemat-
ical models but that nevertheless scored below
the trusted cutoff. These genes were consistently
supported by other lines of evidence. Genomic
context and threading alignment to crystal struc-
tures both agreed with the assignment. The pu-
tative class included genes that were similarly
supported by multiple lines of evidence; at the
same time, either their scores, genomic context,
or alignment to structures with known activities
were not convincing. The generic class included
genes encoding clearly identifiable proteins (e.g.,
kinase) but lacking consistent clues as to their
substrates or biological role. Unknowngeneswere
those that could not be reliably categorized with
regard to a putative activity.
Thus, biological functions could not be as-

signed for the ~31% of the genes that were
placed in the generic and unknown classes.
Nevertheless, potential homologs for a number
of these were found in diverse organisms. Many
of these genes probably encode universal pro-
teins whose functions are yet to be character-
ized. Each of the five sectors has homologs in
species ranging from mycoplasma to humans.
However, some of each annotation class is blank,
indicating that no homologs for these geneswere
found among the organisms chosen for display
in Fig. 5. Because mycoplasmas evolve rapidly,
some of the white space in Fig. 5 corresponds to
sequences that have diverged so as to align poor-
ly with representatives from other organisms
In Table 1, we have assigned syn1.0 genes to

30 functional categories and indicated howmany
were kept or deleted in syn3.0. Of the 428 deleted
genes, the largest group is the functionally un-
assigned genes; 134 out of 213 have been deleted.
All of the 73 mobile element and DNA modifica-
tion and restriction genes have been removed, as
well as most genes encoding lipoproteins (72 out
of 87). These three categories alone account for

65% of the deleted genes. In addition, because of
the rich growth medium that supplies almost all
of the necessary small molecules, many genes in-
volved in transport, catabolism, proteolysis, and
other metabolic processes have become dispens-
able. For example, because glucose is plentiful in
the medium, most genes for transport and catab-
olism of other carbon sources have been deleted
(34 out of 36), whereas all 15 genes involved in glu-
cose transport and glycolysis have been retained.
In contrast, almost all of the genes involved in

the machinery for reading and expressing the
genetic information in the genomeand in ensuring
the preservation of genetic information across
generations have been retained. The first of these
two fundamental life processes, the expression
of genetic information as proteins, requires the
retention of 195 genes in the categories of tran-
scription, regulation, RNA metabolism, transla-
tion, protein folding, RNA (rRNA, tRNA, and small
RNAs), ribosome biogenesis, rRNA modification,
and tRNA modification. The second of these two
fundamental processes, the preservation of genome
sequence information, requires the retention of
34 genes in the categories of DNA replication,
DNArepair,DNA topology,DNAmetabolism, chro-
mosome segregation, and cell division. These two
processes together require 229 (48%) of the
473 total genes in syn3.0 (Fig. 6).
In addition to the two vital processes just

described, another major component of living
cells is the cell membrane that separates the outer
medium from the cytoplasm and governs molec-
ular traffic into and out of the cell. It is an iso-
latable structure, and many of the syn3.0 genes
code for its protein constituents. Because our
minimal cell is largely lacking in biosynthesis of
amino acids, lipids, nucleotides, and vitamins, it
depends on the rich medium to supply almost all
of these required small molecules. This neces-
sitates numerous transport systems within the
membrane. In addition, the membrane is rich
in lipoproteins. Membrane-related genes account
for 84 (18%) of the 473 total syn3.0 genes. In-
cluded categories from Table 1 are lipoproteins,
cofactor transport, efflux systems, protein trans-
port, and other membrane transport systems.

Lastly, 81 genes (17%) that are primarily involved
in cytosolic metabolism are retained in the cat-
egories of nucleotide salvage, lipid salvage and
biogenesis, proteolysis, metabolic processes, redox
homeostasis, transport and catabolism of non-
glucose carbon sources, and glucose transport
and glycolysis (Fig. 6).
We presume that most of the 79 genes that

are not assigned to a functional category be-
long to one or another of these same four major
groups (gene expression, genome preservation,
membrane structure and function, and cytosolic
metabolism). Among these 79 genes, 65 have com-
pletely unknown functions and 24 are classified as
generic, such as in the case of a hydrolase for
which neither the substrate nor the biological role
is discernible. The other 60 of the 84 genes in the
generic class were assigned to a functional cat-
egory on the basis of their generic classification.
For example, an ABC transporter is assigned to
membrane transport, even though the substrate
is unknown. Some of the unassigned essential
genes match domains of unknown function that
have been found in a wide variety of organisms.

Syn3.0 has a doubling time of 3 hours
and is polymorphic in appearance

Comparison of syn3.0 with the starting cell,
syn1.0 (Fig. 7A) (9), showed that they have simi-
lar colonymorphologies, which are characteristic
of the natural, wall-less Mycoplasma mycoides
subspecies capri on which the synthetic syn1.0
genome was originally based (10). The smaller
colony size of syn3.0 suggested a slower growth
rate and perhaps an altered colony architecture
on the solid medium. A corresponding reduction
in the growth rate of syn3.0 in static liquid cul-
ture (Fig. 7B), from a doubling time of ~60 min
for syn1.0 to ~180 min, confirmed the lower in-
trinsic rate of propagation for syn3.0. This rate,
however, greatly exceeds the 16-hour doubling
time ofM. genitalium (21).
In contrast to the anticipated reduction in

growth rate, we found unexpected changes in
macro- and microscopic growth properties of
syn3.0 cells. Whereas syn1.0 grew in static cul-
ture as nonadherent planktonic suspensions of
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Fig. 6. Partition of
genes into four major
functional groups.
Syn3.0 has 473 genes.
Of these, 79 have no
assigned functional
category (Table 1). The
remainder can be
assigned to four major
functional groups:
(i) expression of
genome information
(195 genes); (ii) preser-
vation of genome infor-
mation (34 genes); (iii)
cell membrane struc-
ture and function (84
genes); and (iv) cytoso-
lic metabolism (81 genes). The percentage of genes in each group is indicated.
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predominantly single cells with a diameter of
~400 nm (10), syn3.0 cells formed matted sedi-
ments under the same conditions. Microscopic
images of these undisturbed cells revealed ex-
tensive networks of long, segmented filamen-
tous structures, along with large vesicular bodies
(Fig. 7C), which were particularly prevalent at late
stages of growth. Both of these structures were
easily disrupted by physical agitation, yet such sus-
pensions contained small replicative forms that
passed through 0.2-mm filters to render colony-
formingunits (CFU). This sameprocedure retained
99.9% of the CFU in planktonic syn1.0 cultures.

Exploring the design of
reorganized genomes

To further refine our genome-design rules, we
also investigated prospects for logically orga-
nizing genomes and recoding them at the nu-

cleotide level. This effort was meant to clarify
whether gene order and gene sequence are
major contributors to cell viability. The ability
to invert large sections of DNA in many ge-
nomes has demonstrated that overall, gene
order is not critical. We showed that fine-scale
gene order is also not a major factor in cell
survival. About an eighth of the genome was
reconfigured into seven contiguous DNA cas-
settes, six of which represented known bio-
logical systems; the seventh cassette contained
genes whose system-level assignment was some-
what equivocal. The vertical bar on the right
side of Fig. 8 specifies the biological systems.
Individual genes (colored horizontal lines) and
intergenic regions (black lines) can be traced
from their native location to their new positions
by following a line from left to right. Intersecting
lines represent a change in the relative position

of two genetic elements. Despite extensive re-
organization, the resulting cell grew about as fast
as syn1.0, as judged by colony size. Thus, the
details of genetic organization impinge upon
survival in hypercompetitive natural environ-
ments, but the finer details are apparently not
critical for life.

Recoding and rRNA gene replacement
provide examples of genome plasticity

Our DBT cycle for bacterial genomes allows us
to assess the plasticity of gene content in terms
of sequence and functionality. This includes
testing modified versions of genes that are fun-
damentally essential for life. We tested whether
an altered 16S rRNA gene (rrs), which is essen-
tial, could support life (Fig. 9A). The single copy
of the syn3.0 rrs gene was designed and synthe-
sized to include seven single-nucleotide changes
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Fig. 7. Comparison of syn1.0 and syn3.0 growth features. (A) Cells derived
from 0.2 mm–filtered liquid cultures were diluted and plated on agarmedium
to compare colony size andmorphology after 96 hours (scale bars, 1.0mm).
(B) Growth rates in liquid static culture were determined using a fluorescent
measure (relative fluorescent units, RFU) of double-stranded DNA accu-
mulation over time (minutes) to calculate doubling times (td). Coefficients

of determination (R2) are shown. (C) Native cell morphology in liquid culture
was imaged in wet mount preparations by means of differential interference
contrast microscopy (scale bars, 10 mm). Arrowheads indicate assorted forms
of segmented filaments (white) or large vesicles (black). (D) Scanning electron
microscopy of syn1.0 and syn3.0 (scale bars, 1 mm). The picture on the right
shows a variety of the structures observed in syn3.0 cultures.
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Il	primo	microrganismo	sintetico	con	genoma	minimo	

Possiamo	veramente	parlare	di	microrganismi	sintetici?	E	di	microrganismo	con	genoma	minimo?	
	
Questi	 lavori	 rappresentano	 sicuramente	 un	 grande	 avanzamento	 tecnologico,	 in	 quanto	 hanno	
portato	 allo	 sviluppo	 di	 nuove	 tecniche	 dalle	 enormi	 potenzialità	 per	 il	 futuro:	 sintetizzare	 ed	
assemblare	un	genoma,	trapiantare	un	genoma	intero	in	un	altro	organismo.	
	
Tuttavia,	 i	genomi	sintetizzati,	non	considerando	delle	specifiche	sequenze	introdotte	o	eliminate	dai	
ricercatori,	erano	identici	ai	genomi	naturali,	e	gli	organismi	“sintetici”	ottenuti	avevano	membrana	e	
citoplasma	 della	 cellula	 ricevente.	 Non	 tutto	 il	 microrganismo	 era	 sintetico,	ma	 solo	 il	 suo	 genoma	
(anche	l’assemblaggio	del	genoma	sintetico	richiede	dei	passaggi	di	ricombinazione	in	cellule	di	lievito).	
	
Inoltre	per	quanto	riguarda	il	genoma	minimo,	questo	è	senza	dubbio	un’approssimazione,	in	quanto	
alcuni	 geni	 possono	 essere	 essenziali	 solo	 in	 funzione	 delle	 condizioni	 ambientali	 o	 del	 contesto	
genetico	 in	 cui	 si	 trovano.	 Un’importante	 considerazione	 di	 carattere	 scientifico/filosofico	 riguarda	
anche	un	requisito	imposto	a	syn	3.0	dai	ricercatori,	la	necessità	di	replicarsi	in	tempi	brevi.	Possiamo	
affermare	che	un	organismo	che	non	si	divide	non	sia	vivo?	Uno	degli	aspetti	che	mostrano	come	la	
nostra	 comprensione	dei	meccanismi	 alla	 base	della	 vita	 sia	 tuttora	 limitata	 è	 l’identificazione	di	 79	
geni	essenziali	a	funzione	ignota.	
	
Gli	 scenari	 aperti	 da	questi	 lavori	 ci	 portano	 comunque	 ad	 immaginare	un	 futuro	 in	 cui	 si	 potranno	
sintetizzare	 genomi	 disegnati	ad	 hoc	perché	 il	microrganismo	 “sintetico”	 sia	 in	 grado	 di	 esprimere	 i	
fenotipi	desiderati	in	modo	più	controllato,	limitando	le	funzioni	accessorie	non	desiderate.	
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Nanotechnology is having a major impact on medicine and the treatment of disease, notably in 
imaging and targeted drug delivery. It may, however, be possible to go even further and design 
‘pseudo-cell’ nanofactories that work with molecules already in the body to fi ght disease.

C
urrent medical treatment for many 
diseases, including cancer and 
heart disease, involves drugs being 
manufactured in pharmaceutical 
factories and then administered 

to patients through a range of delivery 
mechanisms that include intravenous 
injections, timed release from implants, and 
oral ingestion. Th ere is much research into 
targeted drug delivery to specifi c locations 
with controlled release schemes because this 
approach ensures that the drug goes where 
it is intended, which reduces unwanted side 
eff ects and may be particularly important 
for highly localized diseases such as certain 
cancers (for example, prostate, breast, lung). 
Th ere is, however, a more radical approach 
that draws its inspiration from the ability of 
the human body to self-medicate by actively 
adapting molecular production in response 
to its intrinsic biochemistry. Th is new 
approach proposes that molecular machinery 
could, in principle, be introduced into the 
body to convert pre-existing materials 
into therapeutic compounds, or to change 

molecules that a patient is unable to process, 
owing to some medical condition, into other 
compounds that the body can process. In this 
article we discuss the potential applications 
of nanotechnology to human health and the 
life sciences, and then propose a concept for a 
‘pseudo-cell factory’ that might enable a high-
impact new approach to medicine.

Nanotechnology research has already 
produced many technologies with 
potential medical applications that exploit 
the novel properties of quantum dots, 
fullerenes, carbon nanotubes, proteomic 
nanotechnologies, gold nanoshells, 
liposomes, self-assembled monolayers, 
nanoelectromechanical systems and 
nanocomposites. Quantum dots, carbon 
nanotubes that emit near-infrared radiation, 
and gold-based nanoparticles that absorb at 
these wavelengths have potential for both 
in vivo sensing and imaging1, but these 
technologies may have limitations because, 
depending on their chemical composition 
or preparation, some have been shown to 
be toxic2,3. Self-assembled monolayers have 

been studied by chemists and have been 
used to manipulate biological responses4. 
Non-titanium orthopaedic implants 
comprising crystalline hydroxyapatite and 
peptide/hydroxyapatite are examples of 
nanostructured composite biomaterials5. 
Th ese diff erent approaches have led to 
numerous patents and clinical trials (for 
example, AmBisome, DOXIL6).

Drug delivery is an area where 
nanotechnology has already had a signifi cant 
impact7. In one ideal mode for delivery, 
the drug compound is: (i) encapsulated in 
a delivery agent; (ii) introduced into the 
human body with minimal discomfort; (iii) 
transported to a specifi c location avoiding 
damage to the surrounding tissue or organs; 
and (iv) released in the specifi ed location 
with a controlled concentration–time 
delivery profi le. Packaging, release and 
coatings can be varied to control the 
introduction of drugs into the body. Daily 
or multiple injections, transdermal skin 
patch release and microneedle delivery are 
mechanisms that have also been used in the 
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Synthetic	cells	able	to	process	external	stimuli	and	to	consequently	react	(i.e.,	to	interface	
with	 natural	 cells)	 could	 be	 employed	 as	 “soft	 nano-robots”	 for	 future	 intelligent	 drug	
delivery	approaches,	as	biosensors,	as	cell-free	nanofactories,	etc...	
	

	
Notably,	liposomes	are	already	used	for	drug	delivery	in	human	.	



	
	
	
	
	
	
	
	
	
	

Liposomes	are	used	as	delivery	systems	in	diverse	medical	fields,	including	anti-cancer,	anti-
fungal	and	anti-inflammatory	drugs.		
	
In	1995,	liposomal	doxorubicin	(DoxilTM)	was	first	introduced	in	U.S.,	to	treat	ovarian	cancer	
and	AIDS-related	Kaposi’s	sarcoma.	
	
DaunoXome®	was	developed	by	NeXstar	Pharmaceuticals	(Boulder,	CO,	USA)	for	the	delivery	
of	 daunorubicin,	 and	 was	 FDA	 approved	 in	 1996	 for	 the	 management	 of	 advanced	 HIV-
associated	Kaposi’s	sarcoma.		
	
Other	 anticancer-liposomal	 products:	 Mepact®	 by	 Takeda	 Pharmaceutical	 (Deerfield,	 IL,	
USA),	DepoCyt®	by	SkyPharma	Inc.	(Belgravia,	London,	UK),	Marqibo®	by	Talon	Therapeutics	
(San	 Francisco,	 CA,	 USA)	 and	 a	 fluorouracil,	 leucovorin	 combination	 with	 liposomes	
(Merrimack	Pharmaceuticals	 Inc.,	 Cambridge,	MA,	USA),	Myocet®	by	Elan	Pharmaceuticals	
(San	Francisco,	CA,	USA).		
	
Liposomal	 products	 were	 also	 developed	 for	 other	 diseases	 such	 as	 fungal	 infections	
(Amphotec®	 and	 AmBisome®).	 Liposomes	 have	 become	 an	 important	 carrier	 systems	 for	
vaccine	development	 leading	to	the	development	of	vaccines	such	as	Epaxal®	and	Inflexal	
V®	for	hepatitis	and	influenza,	respectively.		
	
	
	
	
	
	
	
	
	

Lamichhane	et	al.	(2018)	Molecules	23:288.	

Liposomes	as	drug	carriers	



Liposomes	are	well	 established	 for	 a	 range	of	pharmaceutical	 and	biomedical	 applications	
with	 the	 unique	 capability	 of	 entrapment	 of	 both	 hydrophilic	 (polar)	 and	 hydrophobic	
(nonpolar)	compounds	due	to	their	amphipathic	nature	in	aqueous	media.	
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Liposomes	as	drug	carriers	



	
	
	
	
	
	
	
	
	

biodegradable.	

Liposomes	 are	 biocompatible,	 they	 are	 naturally	 nontoxic,	 non-immunogenic,	 and	
biodegradable.	 They	 have	 a	 role	 in	 enhancing	 drug	 solubility,	 providing	 targeted	 drug	
delivery,	 reducing	 the	 toxic	effect	of	drugs,	providing	protection	against	drug	degradation,	
enhancing	circulation	half-life.	

Olusanya	et	al.	(2018)	Molecules	23:907.	

Liposomes	as	drug	carriers	



Can	we	generate	smart	liposomes	able	to	interface	
with	natural	cells	?	
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Nanotechnology is having a major impact on medicine and the treatment of disease, notably in 
imaging and targeted drug delivery. It may, however, be possible to go even further and design 
‘pseudo-cell’ nanofactories that work with molecules already in the body to fi ght disease.

C
urrent medical treatment for many 
diseases, including cancer and 
heart disease, involves drugs being 
manufactured in pharmaceutical 
factories and then administered 

to patients through a range of delivery 
mechanisms that include intravenous 
injections, timed release from implants, and 
oral ingestion. Th ere is much research into 
targeted drug delivery to specifi c locations 
with controlled release schemes because this 
approach ensures that the drug goes where 
it is intended, which reduces unwanted side 
eff ects and may be particularly important 
for highly localized diseases such as certain 
cancers (for example, prostate, breast, lung). 
Th ere is, however, a more radical approach 
that draws its inspiration from the ability of 
the human body to self-medicate by actively 
adapting molecular production in response 
to its intrinsic biochemistry. Th is new 
approach proposes that molecular machinery 
could, in principle, be introduced into the 
body to convert pre-existing materials 
into therapeutic compounds, or to change 

molecules that a patient is unable to process, 
owing to some medical condition, into other 
compounds that the body can process. In this 
article we discuss the potential applications 
of nanotechnology to human health and the 
life sciences, and then propose a concept for a 
‘pseudo-cell factory’ that might enable a high-
impact new approach to medicine.

Nanotechnology research has already 
produced many technologies with 
potential medical applications that exploit 
the novel properties of quantum dots, 
fullerenes, carbon nanotubes, proteomic 
nanotechnologies, gold nanoshells, 
liposomes, self-assembled monolayers, 
nanoelectromechanical systems and 
nanocomposites. Quantum dots, carbon 
nanotubes that emit near-infrared radiation, 
and gold-based nanoparticles that absorb at 
these wavelengths have potential for both 
in vivo sensing and imaging1, but these 
technologies may have limitations because, 
depending on their chemical composition 
or preparation, some have been shown to 
be toxic2,3. Self-assembled monolayers have 

been studied by chemists and have been 
used to manipulate biological responses4. 
Non-titanium orthopaedic implants 
comprising crystalline hydroxyapatite and 
peptide/hydroxyapatite are examples of 
nanostructured composite biomaterials5. 
Th ese diff erent approaches have led to 
numerous patents and clinical trials (for 
example, AmBisome, DOXIL6).

Drug delivery is an area where 
nanotechnology has already had a signifi cant 
impact7. In one ideal mode for delivery, 
the drug compound is: (i) encapsulated in 
a delivery agent; (ii) introduced into the 
human body with minimal discomfort; (iii) 
transported to a specifi c location avoiding 
damage to the surrounding tissue or organs; 
and (iv) released in the specifi ed location 
with a controlled concentration–time 
delivery profi le. Packaging, release and 
coatings can be varied to control the 
introduction of drugs into the body. Daily 
or multiple injections, transdermal skin 
patch release and microneedle delivery are 
mechanisms that have also been used in the 
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Synthetic	cells	able	to	process	external	stimuli	and	to	consequently	react	(i.e.,	to	interface	
with	 natural	 cells)	 could	 be	 employed	 as	 “soft	 nano-robots”	 for	 future	 intelligent	 drug	
delivery	approaches,	as	biosensors,	as	cell-free	nanofactories,	etc...	
	

	
Notably,	liposomes	are	already	used	for	drug	delivery	in	human	.	

Can	we	generate	smart	liposome-based	drug	
carriers	interfacing	with	natural	cells?	



Quorum	sensing-based	communication	between	
synthetic	cells	and	Pseudomonas	aeruginosa	

Engineered	P.	aeruginosa	biosensor	
strain	that	does	not	produce	C4-HSL,	
and	emits	light	in	response	to	
exogenous	C4-HSL.	



biological systems. By reasoning on the analogy between

chemical signals and electric signals manipulation, in this

context SB often makes use of the concept of ‘‘logical
gates’’ to describe such behavior (Baldwin et al. 2012).

The model presented here is based on the Multimedia Box

approach that is largely used in the environmental exposure
assessment (Van deMeent and De Bruijn 2007). It consists in

dividing an ecosystem in different spatially homogenous

(zero-dimensional) compartments (boxes) of fixed volume
that can exchange chemical compounds by transport process

taking place accross the compartment surface boundaries. The

time evolution of chemical species present in each single box
can be obtained by numerically solving a set of ordinary dif-

ferential equations (ODEs) according to the supposed kinetic

mechanism occurring in each compartment. This is a quite
convenient choice for a first modeling attempt, although a

more realistic model would instead consider the system as a

stochastic one (Mavelli and Ruiz-Mirazo 2010; Mavelli
2012). Therefore, the time evolutions of both bacteria and

synthetic cells are described only in average, so neglecting the
rule of random fluctuations at this level of description (as an

example of a different approach seeMavelli and Stano 2010).

Our model, shown in Fig. 4, has been built to describe a
realistic case of synthetic cells producing a short chain AHL

(freely permeable), that in turn triggers a response in bacte-

ria. The system we have in mind consists in the synthesis of
the QS AHL signal molecule N-butyryl homoserine lactone

(C4-HSL) catalyzed by a PURE system-produced RhlI

enzyme, and an engineered P. aeruginosa as biological
partner. However, the same model, with minor modifica-

tions, can be applied to other analogous cases.

We have modeled our system in a fixed solution volume
V (0.2 mL) where a number of bacteria Nbact and of

synthetic cells Nsc coexist together in a precise ratio (320-

to-1, as estimated from their concentrations). The synthetic

cell diameter (5.4 lm) has been estimated from image
analysis. The simulation refers to 4 h.

Inside the synthetic cell it takes place a sequence of two

steps (see Fig. 4): (1) production of an enzyme E (a syn-
thase, devoted to the synthesis of the signal molecule S);

(2) generation of the signal molecule S from the substrates

A and B by the synthase-catalized reaction. Next, S freely
diffuses, according to the concentration gradient, from the

synthetic cell to the environment (3), and from the envi-

ronment to the bacterium (4). Inside each bacterium, S
binds to a cytosol receptor R, to give the non-covalent

complex RS (5), followed by the dimerization of RS to

give the transcription factor R2S2 (6). The transcription of a
reporter gene to produce the messenger RNA (mRNA),

controlled by the concentration of R2S2 in a cooperative

fashion (7), and the translation of mRNA into the reporter

Fig. 4 Simplified model of synthetic cell sending a freely diffusible
chemical signal (S) to a natural cell. The corresponding ODEs set and
the parameters used for the simulation are reported in Fig. 10 and
Table 1, respectively

Fig. 5 Results of numerical integration (the ODEs set is shown in
Fig. 10)
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reporter bacterial strain able to detect a signal molecule in a

range of concentration that fits well with the calculated amount
of signal molecule produced by a synthetic cell, as inferred by

our mathematical model. In the near future we will report the

outcome of experiments aimed at testingwhether synthetic cells
are indeed able to send chemical messages to these engineered

bacteria.

We also believe that grounding these experimental sce-
narios on an accurately chosen theoretical framework will

allow them to be relevant not only for applications in bio-
technological fields, but also for further progress in funda-

mental science.

As mentioned above, the bottom up SB approach, on which
the semi-synthetic minimal cells are based, relies on autopoi-

esis, and the autopoietic approach is allowing experimental

research on minimal life and the origins of life since the early
1990s (Luisi and Varela 1990; Luisi 1996). We are convinced

that the experimental scenarios proposed here can allow the

extension of this research to the fascinating issue of minimal
cognition, and, in this way, can enable SB to contribute to AI

research. In particular, this can happen with regard to the

investigation of (minimal/chemical) communication, which is
the biological basis of the development of minimal forms of

cognition in higher forms. On this basis, we think that the SB

approach we present here might generate a SB program in AI
based on autopoiesis. Further work (both experimental and

theoretical) is required to fully develop and expand these pre-

liminary ideas, which promise to be very fecund.
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Appendix: Details about the mathematical model

The ODE set (Fig. 10) has been numerically integrated by

writing a homemade program based on the Rosenbrock

method suitable for stiff differential equations (Hairer and
Wanner 1996). The parameters involved in the model are

shown in detail in Table 1.

Fig. 10 Complete set of the
kinetic differential equations
used in the model. The time
evolution of the internal species
concentration for synthetic cells
and bacteria represents the
average over the two
populations, assuming that each
compartment behaves similarly,
that is, by neglecting stochastic
fluctuations

346 G. Rampioni et al.

123

Auth or's personal copy

Schematic	representation	of	the	communication	process	 Kinetic	differential	equations	used	in	the	model	

Rampioni	et	al.	(2006)	Nat	Comput	doi:10.1007/s11047-014-9425-x	



Physical	parameters,	thermodynamic	and	kinetic	constants	
used	in	the	model	

Results	of	numerical	integration	

Generation	of	synthetic	cells	interfacing	with	bacteria	
1)	preliminary	numerical	modeling	

Table 1 Physical parameters, thermodynamic and kinetic constants used in the model

Step Symbol Meaning Value Units Note

V Reaction volume 2 105 lm3 1

Nsc Number of synthetic cell in V 1 2

Nbact Number of bacteria in V 320 3

Synthetic cell radius 2.7 lm 4

rsc Synthetic cell surface 91.6 lm2 5

Vsc Synthetic cell volume 84.2 lm3 6

Vbact Bacterium volume 1 lm3 7

rbact Bacterium surface 4.8 lm2 8

1 kTXPS Transcription rate (PURE system) 9

kTLPS Translation rate (PURE system) 10

kTXPS kTLPS Product of TX-TL rates (PURE system) 2.8 10-7 lM s-2 11

kinactPS Translation inactivation constant (PURE system) 5.3 10-4 s-1 12

2 kcat Catalytic constant of the enzyme E 0.1 s-1 13

KMA Michaelis–Menten constant for A 10 lM 14

KMB Michaelis–Menten constant for B 200 lM 15

[A]0 Initial concentration of A 500 lM 16

[B]0 Initial concentration of B 2,000 lM 17

3,4 } Permeability coefficient 0.1 lm s-1 18

5 Kbinding RS thermodynamic binding constant 103 lM-1 19

kon RS binding rate constant 102 lM-1 s-1 20

koff RS dissociation rate constant 0.1 s-1 21

[R]0 Initial concentration of the receptor 0.1 lM 22

6 Kdim R2S2 thermodynamic dimerization constant 103 lM-1 23

kdim R2S2 dimerization rate constant 1 lM-1 s-1 24

kdiss R2S2 dissociation of the dimer rate constant 10-3 s-1 25

7 3L Length of the mRNA 750 Bases 26

kTX Transcription rate 50 NTP s-1 27

KMTX RNA polymerase/DNA binding constant 0.5 lM 28

KMR2S2 Hill affinity constant of R2S2/DNA promoter 2.5 10-5 lM 29

n Hill cooperative coefficient 1.5 30

kdeg-mRNA mRNA degradation rate constant 3 10-3 s-1 31

CRNApol RNA polymerase concentration 6 10-2 lM 32

CDNA Promoter/reporter gene concentration 2 10-3 lM 33

8 L Length of the reporter protein P 250 aa 34

kTL Translation rate 15 aa s-1 35

KMTL Ribosome/mRNA binding constant 0.1 lM 36

kdeg-P Protein degradation rate constant 3 10-4 s-1 37

Crib Ribosome concentration 0.04 lM 38

1, Calculated by considering the number of GVs typically produced in one experiment (about 20,000) dispersed in a sample volume of 200 lL; 2, See 1; 3,
Calculated by considering typical bacterial OD600 of about 0.8, in 200 lL (ca. 8 108 E. coli cells/mL gives OD600 * 1); 4, Rough average of GVs radius; 5, –; 6, –;
7, Rough estimate of single bacterium volume; 8, From 7., and by considering a spherical shape; 9, –; 10, –; 11, From (Sunami et al. 2010) by considering a working
DNA concentration (in synthetic cells) of 20 nM; 12, See 11; 13, Referred to the in vitro synthesis of short-chain (C4) AHL, from (Parsek et al. 1999); 14, See 13;
15, See 13; 16, Estimated by considering realistic experimental conditions; 17, See 16; 18, Referred to short-chain (C4) AHL diffusion (equilibration time\30 s),
from (Pearson et al. 1999); 19, A rough estimate of the binding constant of long-chain (3-O-C12) AHLs to their receptor (see also Schuster et al. 2004) could be
106 lM (DGbinding * -8.3 kcal mol-1). From this value, an educated guess of short chain (C4) AHLs binding to their receptor can be calculated under the
simplifying hypothesis that—other things being equal—the binding energy is reduced due to missing hydrophobic interactions (minor number of CH2 groups). By
considering a contribution of *0.6 kcal mol-1 per each methylene group (Nakatani et al. 1980), an estimate of -4.1 kcal mol-1 is obtained
(i.e. Kbinding * 103 lM); 20, Estimated in order to consider a rapid binding kinetics; 21, See 20; 22, Estimated; 23, Estimated by considering a significant (*90 %)
dimerization (Ventre et al. 2003); 24, Estimated; 25, Estimated; 26, Referred to a reporter protein 250 amino acid long; 27, Geometric mean from values in
B10NUMB3R5 database; 28, Estimated; 29, Estimated as the geometric mean of values referred to similar transcription factors (Schuster et al. 2004); 30, Estimated
as a value between 1 and 2 in order to consider a cooperative binding between the dimer R2S2 and possibly palindromic promoters; 31, From B10NUMB3R5
database; 32, Estimated as the fraction (1/100) of the total RNA polymerase pool in E. coli (6 lM from B10NUMB3RS database, geometric mean) involved in the
transcription of the reporter protein; 33, Calculated by considering one promoter region (one reporter gene) in the E. coli chromosome (1 molecule/cell); 34, See 26;
35, Geometric mean from values in B10NUMB3R5 database; 36, Estimated; 37, From B10NUMB3R5 database; 38, Estimated as the fraction (1/100) of the total
ribosome pool in E. coli (40 lM from B10NUMB3R5 database, geometric mean) involved in the translation of the reporter protein
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biological systems. By reasoning on the analogy between

chemical signals and electric signals manipulation, in this

context SB often makes use of the concept of ‘‘logical
gates’’ to describe such behavior (Baldwin et al. 2012).

The model presented here is based on the Multimedia Box

approach that is largely used in the environmental exposure
assessment (Van deMeent and De Bruijn 2007). It consists in

dividing an ecosystem in different spatially homogenous

(zero-dimensional) compartments (boxes) of fixed volume
that can exchange chemical compounds by transport process

taking place accross the compartment surface boundaries. The

time evolution of chemical species present in each single box
can be obtained by numerically solving a set of ordinary dif-

ferential equations (ODEs) according to the supposed kinetic

mechanism occurring in each compartment. This is a quite
convenient choice for a first modeling attempt, although a

more realistic model would instead consider the system as a

stochastic one (Mavelli and Ruiz-Mirazo 2010; Mavelli
2012). Therefore, the time evolutions of both bacteria and

synthetic cells are described only in average, so neglecting the
rule of random fluctuations at this level of description (as an

example of a different approach seeMavelli and Stano 2010).

Our model, shown in Fig. 4, has been built to describe a
realistic case of synthetic cells producing a short chain AHL

(freely permeable), that in turn triggers a response in bacte-

ria. The system we have in mind consists in the synthesis of
the QS AHL signal molecule N-butyryl homoserine lactone

(C4-HSL) catalyzed by a PURE system-produced RhlI

enzyme, and an engineered P. aeruginosa as biological
partner. However, the same model, with minor modifica-

tions, can be applied to other analogous cases.

We have modeled our system in a fixed solution volume
V (0.2 mL) where a number of bacteria Nbact and of

synthetic cells Nsc coexist together in a precise ratio (320-

to-1, as estimated from their concentrations). The synthetic

cell diameter (5.4 lm) has been estimated from image
analysis. The simulation refers to 4 h.

Inside the synthetic cell it takes place a sequence of two

steps (see Fig. 4): (1) production of an enzyme E (a syn-
thase, devoted to the synthesis of the signal molecule S);

(2) generation of the signal molecule S from the substrates

A and B by the synthase-catalized reaction. Next, S freely
diffuses, according to the concentration gradient, from the

synthetic cell to the environment (3), and from the envi-

ronment to the bacterium (4). Inside each bacterium, S
binds to a cytosol receptor R, to give the non-covalent

complex RS (5), followed by the dimerization of RS to

give the transcription factor R2S2 (6). The transcription of a
reporter gene to produce the messenger RNA (mRNA),

controlled by the concentration of R2S2 in a cooperative

fashion (7), and the translation of mRNA into the reporter

Fig. 4 Simplified model of synthetic cell sending a freely diffusible
chemical signal (S) to a natural cell. The corresponding ODEs set and
the parameters used for the simulation are reported in Fig. 10 and
Table 1, respectively

Fig. 5 Results of numerical integration (the ODEs set is shown in
Fig. 10)
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If	containing	a	plasmid	with	the	rhlI	gene,	the	PURE	system	and	the	substrates	
SAM	and	C4-CoA,	the	C4-HSL	signal	molecule	produced	by	the	synthetic	cells	

expressing	RhlI	should	reach	the	concentration	of	about	150	nM	in	the	
environment	within	2.5	hours.	

Rampioni	et	al.	(2006)	Nat	Comput	doi:10.1007/s11047-014-9425-x	



Generation	of	synthetic	cells	interfacing	with	bacteria	
2)	wet-lab	experiments	

Kanamycin 200 µg/mL, 37 °C, 
shaking, low cell density. 

Kanamycin 200 µg/mL, 37 °C, 
shaking, low cell density, depletion of 
3OC12-HSL. 

Kanamycin 500 µg/mL, 37 °C, 
shaking, blow cell density, depletion 
of 3OC12-HSL. 

Kanamycin 500 µg/mL, 30 °C, static, 
high cell density, depletion of 
 3OC12-HSL. 
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Rampioni	et	al.	(2018)	Chem	Commun	(Camb)	54:2090-2093.	



Transcription		
of	the	rhlI	gene	

Expression	
of	the	RhlI	enzyme	

Synthesis	
of	the	C4-HSL	signal	molecule	
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2)	wet-lab	experiments	
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Activation	of	target	genes	

Generation	of	synthetic	cells	interfacing	with	bacteria	
2)	wet-lab	experiments	
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Activation	of	target	genes	
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Generation	of	synthetic	cells	interfacing	with	bacteria	
to	develop	innovative	drug	delivery	approaches	

Synthetic	cell	

Functional		
modules	

Synthesis	of		
a	drug	

Synthesis	of		
a	signal	

Reception	of	
a	signal	
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The	Imitation	Game	

La	generazione	di	cellule	minime	capaci	di	interagire	con	cellule	naturali	potrebbe	
anche	avere	interessanti	ripercussioni	dal	punto	di	vista	teorico-filosofico.	
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