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ABSTRACT: Synthetic genetic programs promise to enable
novel applications in industrial processes. For such applications,
the genetic circuits that compose programs will require fidelity in
varying and complex environments. In this work, we report the
performance of two synthetic circuits in Escherichia coli under
industrially relevant conditions, including the selection of media,
strain, and growth rate. We test and compare two transcriptional
circuits: an AND and a NOR gate. In E. coli DH10B, the AND
gate is inactive in minimal media; activity can be rescued by
supplementing the media and transferring the gate into the
industrial strain E. coli DS68637 where normal function is
observed in minimal media. In contrast, the NOR gate is robust
to media composition and functions similarly in both strains.
The AND gate is evaluated at three stages of early scale-up: 100
mL shake flask experiments, a 1 mL MTP microreactor, and a 10 L bioreactor. A reference plasmid that constitutively produces a
GFP reporter is used to make comparisons of circuit performance across conditions. The AND gate function is quantitatively
different at each scale. The output deteriorates late in fermentation after the shift from exponential to constant feed rates, which
induces rapid resource depletion and changes in growth rate. In addition, one of the output states of the AND gate failed in the
bioreactor, effectively making it only responsive to a single input. Finally, cells carrying the AND gate show considerably less
accumulation of biomass. Overall, these results highlight challenges and suggest modified strategies for developing and
characterizing genetic circuits that function reliably during fermentation.
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There are many potential applications for synthetic genetic
programs in biotechnology. One such application is in the

development of intracellular controllers for metabolic pathways
that integrate environmental and cellular signals, control
expression dynamics, and implement feedback loops.1,2 Such
controllers would require multiple circuit modules that can
accurately integrate across the complex and dynamic environ-
ment of an industrial bioreactor. Many programs that integrate
environmental signals and control the dynamics of gene
expression have been constructed.3 However, they have only
been shown to operate under ideal, homogeneous conditions at
small scales.4−8

The conditions experienced by cells in large industrial
bioreactors are different from those used to characterize circuits
in most synthetic biology laboratories.9 In bioreactors, cells are
grown to high cell densities in oxygen- or carbon-limited
conditions.10−12 Fermentation times can be long, and the cells

are maintained at low growth rates for extended times.13 Over
the course of fermentation, the metabolic state of the cells goes
through phases with different availability of metabolites, redox
equivalents, transcription and translation factors, and global
regulatory proteins.9,12,14−16,51 Additionally, not all cells in a
large bioreactor are experiencing the same microenvironment
due to slow mixing times, causing aeration and local substrate
gradients.17,18 The E. coli strains themselves have been
optimized for industrial production and are genetically different
from those commonly used in synthetic biology.11,19

Programs consist of genetic sensors and circuits that have
been connected to perform a computational operation.
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Connecting circuits requires the selection of parts that match
the output of an upstream circuit with the input required by a
downstream circuit.20,21 Even slight changes in circuit perform-
ance could require the selection of different connecting parts.
This poses a challenge when designing programs for environ-
ments that differ in conditions from those that were used to
characterize the individual circuits. Typically, circuit character-
ization occurs under lab conditions in shake flasks and complex
media. These conditions might differ considerably from the
conditions of a program’s ultimate application.22 As programs
become larger, it will become impractical to recharacterize each
circuit under the precise conditions of the end application
before constructing the desired program. Because the process
of scale-up occurs in multiple stages, i.e., from shake flask to
increasingly larger bioreactors,9,17 genetic programs need to
function reliably under the environmental conditions associated
with each stage without the need for additional genetic
manipulation.
In this work, we compare the performance of two genetic

circuits, an AND gate and a NOR gate, in industrially relevant
conditions. Both circuits were characterized previously under
lab conditions.21−24 The two inputs and output of both gates
consist of promoters. The AND gate is composed of three
plasmids and turns ON when transcription of the Amber
suppressor tRNA supD enables the translation of a T7 RNA
polymerase (Figure 1). Expression of both SupD and T7 RNA

polymerase can have adverse effects on growth.23 In contrast,
the NOR gate is composed of two plasmids and is regulated by
two promoters that drive the CI repressor, which has been
shown to be nontoxic in many genetic contexts.4,8,20,25 The
choice of these gates enabled us to compare two different
circuit architectures that impart different loads on the cell.
The performance of each gate was compared across different

environments (Figure 2). First, we tested the impact of
changing the composition of the media. Second, we compared
the gates’ performance in the E. coli strain in which the circuits
were developed (E. coli DH10B) with their performance in a
strain used in industry as a model for protein production (E.
coli DS68637). Third, we tested the performance of the AND
gate during long fermentations and during shifts in the feed
rate. Finally, we tested the impact of the choice of RBS strength
to connect a genetic sensor to the AND gate during
fermentation. Together, these results highlight the challenges

of implementing complex genetic circuits in industrial processes
and suggest strategies for building circuits for such processes.

■ RESULTS AND DISCUSSION
Media Dependence of the Logic Gates. Media selection

for fermentation requires a balance between productive growth
and minimizing the cost of components.11,26 Complex
ingredients, such as yeast extract and tryptone, can boost
product formation but are avoided because such components
are expensive, complicate product recovery, and reduce
predictability of fermentations and control over metabolism.11

To determine the impact of media composition on circuit
performance, we characterized each circuit in complex and
minimal media in shake flask experiments using the lab strain E.
coli DH10B (Figure 3).
E. coli DH10B is a common strain for genetic circuit

development.21,22,27 However, DH10B is a leucine auxotroph
and contains the relA1 and spoT alleles, which are known to
lower growth rate, especially during nutrient downshifts.28,29 In
LB media, the AND gate exhibits a strong 64-fold induction
(Figure 3A). However, in the minimal media the strain does
not grow upon induction (Supplementary Figure S1A). When a
small amount (1 g/L) of yeast extract or tryptone is added to
supplement growth, the strain grows to saturation, but no AND
activity is observed. Activity can be recovered by adding
additional yeast extract or tryptone to the minimal medium.
The addition of 1 g of either recovers growth when the AND
gate is induced, but comparable activity to LB is not observed
until 5 g each of tryptone and yeast extract are added.
In contrast, the NOR gate remains functional in all media

tested, showing 76-fold induction in LB that is preserved in
minimal medium (Figure 3B). Changing the complexity of the
media by adding various amounts of tryptone and yeast extract
has little effect on either the induced or basal states of the NOR
gate. Furthermore, no growth defect is observed in minimal
media in either the induced or uninduced state (Supplementary
Figure S1B). The shape and width of the cytometry
distributions do not change over these conditions (Supple-
mentary Figure S3).

Gate Function in an Industrial Strain. E. coli is a
common host for the industrial production of recombinant
proteins.11,30−33 E. coli RV308 was first applied to the
production of insulin in 1982 and has been used for the
production of enzymes, proteases, and therapeutic proteins by
Eli Lilly and Merck.31−34 We examined the activity of the NOR
and AND gates in E. coli DS68637†, a modified E. coli RV308
variant similar to a strain used at DSM (Methods). Unlike E.

Figure 1. Genetic AND and NOR gates. The symbol, look-up table,
and structure of the genetic logic gates are shown. (A) The AND gate
is based on a variant of T7 polymerase that contains two Amber stop
codons (T7ptag). Only when the tRNA Amber suppressor SupD is
transcribed is the T7 polymerase translated and does it turns ON the
output T7 promoter driving the GFP reporter. The RBS varied in this
study is shown in red. (B) The NOR gate is based on two tandem
promoters that drive the expression of a repressor (CI) that turns off
an output promoter driving the GFP reporter.

Figure 2. Overview of experiments. The NOR gate and AND gate are
compared across media and strains in shake flask experiments. The
AND gate is further characterized in an MTP microreactor and 10 L
bioreactor.
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coli DH10B, the AND gate functions as expected in E. coli
DS68637† in minimal media without the addition of complex
ingredients (Figure 4A). However, the output of the induced
state is reduced to 26-fold as compared to 64-fold for E. coli
DH10B grown in LB. The magnitude of the uninduced states is
unchanged between media and strains.
We used a standard reference plasmid (pFM46) to compare

the absolute ON and OFF states between strains.35 The
fluorescence produced by this reference plasmid is nearly
identical across strains and media (Figure 4). While the AND
gate function is preserved, the magnitude of the output in the
presence of both inducers (+/+) changes between strains. After
normalizing to the reference plasmid, this difference is
determined to be approximately 7-fold. This could pose a
problem when connecting the output of this gate to
downstream devices and could require the selection of a
different connecting part, such as a ribosome binding site of a
different strength.21

The NOR gate functions nearly identically in E. coli
DS68637† in minimal medium as in E. coli DH10B in LB
(Figure 4B). The ON state (−/−) of the gate only differs by
16% between strains. Thus, the NOR gate produces a reliable
output irrespective of the strain or media.

Connecting Genetic Circuits: Impact of Media and
Strains in Shake Flask. Connecting genetic circuits requires
that the output of the upstream circuit matches the input
required to activate the downstream circuit.20,36,37 A common
approach to connect circuits is to vary the ribosome binding
site (RBS) sequence downstream of the output promoter.20,23

A potential problem could emerge during scale-up when a
strain contains a genetic program. If the transfer function of the
circuit changes at each stage of scale-up (i.e., is different when
measured in a bioreactor compared to shake flask experiments),
then this could require a different RBS to functionally connect
it to a downstream circuit. If circuits were to require RBS
tuning at each stage of scale-up, this would limit the
implementation of multicircuit programs in industrial pro-
cesses.
In previous work, we analyzed the connection of an

arabinose-inducible promoter to an input of the AND
gate.21,23 We tested multiple RBSs of different strengths and
found there was an optimal RBS strength to connect the input

Figure 3. Impact of media on gate performance in E. coli DH10B.
Media composition affects the performance of the AND (RBSB) and
NOR gates. E. coli DH10B carrying the (A) AND or (B) NOR gate
were grown both uninduced (white bars) and induced (black bars) in
media of varying composition. The media composition is listed below
the data. LB-Miller (LB) contains 10 g/L tryptone, 5 g/L yeast extract,
and 10 g/L NaCl. The other media is either unsupplemented minimal
media (−) or minimal media supplemented as follows: 1 g/L yeast
extract (1Y), 1 g/L tryptone (1T), 5 g/L yeast extract (5Y), 5 g/L
tryptone (5T), 1 g/L yeast extract + 1 g/L tryptone (1Y1T), 5 g/L
yeast extract + 5 g/L tryptone (5Y5T). The output of the reference
plasmid pFM46 (dotted line) is shown for comparison. All cultures
were measured after 9 h, except the cultures that were grown on
minimal (unsupplemented) media, which were measured after 24 h.
Induced AND gates never grew on minimal media. The error bars
represent the standard deviation of three experiments performed on
different days.

Figure 4. Comparison of gate performance in E. coli DH10B and E.
coli DS68637†. Gate performance is measured in DH10B grown on LB
and in DS68637† grown on unsupplemented minimal media (MM).
(A) The output of the AND gate (RBSB) is shown for four
combinations of inputs: −/− (no inducers), +/− (1.3 mM arabinose),
−/+ (0.63 mM salicylate), and +/+ (both inducers). The output of the
reference plasmid pFM46 (S, black bars) is shown for both strain/
media combinations. (B) The output of the NOR gate is shown for
four combinations of inputs: −/− (no inducers), +/− (1.3 mM
arabinose), −/+ (100 ng/mL aTc), and +/+ (both inducers). In E. coli
DH10B, the AND gates were measured after 9 h and NOR gates were
measured after 24 h according to previously established protocols.21,23

In DS68637†, the AND and NOR gates were both measured after 24 h
due to slower growth on the minimal media. The error bars represent
the standard deviation of three experiments performed on different
days.
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promoter to the circuit. Here, a subset of these RBSs is chosen
to encompass the transition from functional to nonfunctional
gates (Figure 5). First, we tested whether RBS strength changes

as a function of media and strain. Using the J23100 constitutive
promoter and RFP reporter, the strength of six RBSs was
measured in the context of E. coli DH10B in LB and E. coli
DS68637† in minimal medium (Supplementary Figure S5).
RBS strengths were nearly identical across these contexts.
The RBS variants of the AND gate were then tested for their

ability to functionally connect the arabinose-inducible promoter
to the AND gate (Figure 5). The function of the AND gate is
measured for each combination of inducers (−/−, −/+, +/−,
+/+), and this is used to assign a “fitness” to the gate. While the
magnitude of the output of the gate changes, the rank order of
the RBSs is similar. This indicates that while the magnitude of
the AND gate changes, the same RBS is optimal in connecting
the input promoter to the gate.
Circuit Dynamics in a 1 mL MTP Microreactor. We

tested the AND gate in a high-throughput microreactor to
assess performance in another context of industrial process
development.38 E. coli DS68637 containing the AND gate in
different induced states was grown in 2xYT broth for 40 h
(Figure 6A). Differences in the fluorescence of each culture
were detected after 3 h. After 15 h, no further changes in cell
density or fluorescence were observed, and both remained
stable throughout the remainder of the experiment (Supple-

mentary Figure S6). The AND gate showed partial induction
with arabinose (±) but was fully induced only in the presence
of both inducers (+/+). This partial induction is most likely
due to leakiness of the Psal promoter in the absence of
salicylate.23 Correcting this would require a weaker RBS
connecting the PBAD promoter to the gate. The absolute
magnitude of the output states was compared to the shake flask
experiments by comparing expression to the reference plasmid
pFM46, which also produced a stable fluorescence per cell
culture density in stationary phase (dashed line in Figure 6A).

Circuit Dynamics in a 10 L Bioreactor. The AND gate
was tested in a 10 L bioreactor under fed-batch conditions, a
common context for process development of industrial
recombinant protein production.11,39 Variables that indicated
circuit performance, including cell density, dry cell weight
(DCW), and fluorescence, were measured after sampling the
culture every 3−4 h (Supporting Information section VII). The
performance of the AND gate was first measured in E. coli
DH10B cells (Figure 6B). The culture was maintained in log
phase by exponentially increasing the feeding rate (Supple-
mentary Table S1). The cells were induced after 42 h by adding
both inducers. The AND gate in DH10B functioned only when

Figure 5. Media and strain impact on RBS selection. The effect of
varying the strength of the RBS connecting the arabinose sensor to the
AND gate is shown. The ΔGtot is the strength of the RBS as
determined using a biophysical model.21 A more positive ΔGtot
predicts strong secondary structure formation around the RBS,
which correlates strongly with weaker translation.21 Fitness scores
the accuracy and function of the gate in each condition. A higher
fitness indicates that the circuit is properly performing the AND
function. The fitness was calculated as follows: First, the baseline
fluorescence (−/−) was subtracted from each state. Then, the
fluorescence of all states were normalized to the highest value of a
partially induced state (−/+, +/−). Finally, the partially induced states
were subtracted from the ON state (+/+). The RBSs characterized in
this manuscript are colored (RBSA, green; RBSB, orange; RBSC, red;
and RBSD, blue) and were previously characterized.18 The calculated
fitness is shown for the four RBSs studied for different media and
strains. The media are LB broth (diamonds), minimal media
containing 5 g/L yeast extract (5Y, triangles), and unsupplemented
minimal media (circles). E. coli DH10B was measured in LB and 5Y,
and E. coli DS68637† was measured in unsupplemented minimal
medium. Error bars represent 1 standard deviation of three
experiments.

Figure 6. Performance of an AND gate and reference plasmid in a
microreactor and 10 L bioreactor. Cultures of E. coli DS68637 carrying
the RBSB AND gate and a reference plasmid (pFM46) were grown in
a BioLector microreactor on a 1 mL batch of rich 2xYT medium. (A)
Cultures were induced at time 0 with either no inducer (−/−), single
inducers (+/−, arabinose only; −/+ salicylate only), or both inducers
(+/+). The fluorescence, cell density, dissolved oxygen, and pH of
each culture was monitored for 40 h (Supplementary Figure S6). The
reference plasmid data is shown as a dashed line. (B) The performance
of E. coli DH10B carrying the RBSB AND gate is shown in a 10 L
bioreactor. Both inducers (1.30 mM arabinose and 0.63 mM salicylate)
are added at 42.5 h. The fluorescence per dry cell weight (DCW) is
shown for three fermentations in which the amount of yeast extract in
the feed is varied: 0 g/kg (squares), 20 g/kg (diamonds), and 100 g/kg
(circles). The glucose feed is initiated at 15 h after inoculation and is
exponentially increased over the course of the fermentation.
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the feed included a large amount of complex media (100 g/kg
yeast extract). Even the addition of 20 g/kg yeast extract to the
glucose feed showed no activity when induced.
Next, the industrial strain E. coli DS68637 was used to

characterize the AND gate in the 10 L bioreactor (Figure 7). As
was observed in shake flask experiments, the addition of yeast
extract was not required for AND gate function and did not
affect the performance of the gate (Supplementary Figure S7A).
The glucose feed was added at an exponentially increasing rate
in order to keep the culture at a constant growth rate. Inducers
were added to the cultures 20 h after exponential feed was
initiated. The feed rate was shifted from exponentially
increasing to constant 45 h after addition of the culture.13,40

This caused the growth rate to decrease and cells to undergo a
shift from a constant growth rate of 0.05 h−1 to very low growth
rates. During exponential growth, the circuit rapidly turns on
after both inducers are added and the ON state remains stable.
In addition, the population of cells is narrow and nearly all of
the cells are induced.
However, the circuit breaks late in fermentation. The cell-to-

cell variability of the circuit output increases, a significant OFF
population appears, and the circuit is almost completely
deactivated by the end of fermentation. Plasmid loss assays
show that the majority of plasmid is lost by 30 h
(Supplementary Figure S8). The deactivation of the circuit
correlates with the switching of the glucose feed from
exponential to constant. An exponential feed rate was started
again 70 h after inoculation to determine if AND gate activity
could be rescued by restarting the feed (Figure 7). No
significant change in fluorescence was detected after
reactivation of exponential feeding, which is consistent with
the cells losing their plasmid(s).
The alternative RBSs used to connect the input promoter to

the AND gate were also tested in the 10 L bioreactor (Figure
7). The rank order of the RBSs remained the same as compared
to the shake flask experiments (Figure 5); however, there are
some differences. Notably, RBSB and RBSC produce nearly the
same induction, and RBSD responds more strongly in the
bioreactor (∼10×) than in shake flask experiments (∼2×)
(Supplementary Figure S4). This implies that the arabinose-
inducible promoter is producing a higher output, thus requiring
a weaker RBS to connect with the gate. Interestingly, the fully
induced state of the RBSD circuit shows a biphasic distribution
with approximately 50% of the cells being induced. Those cells
that are in the ON state produce the same output as the
stronger RBSs. Thus, when the weaker RBS is used, a subset of
the cells is able to properly function, but the remainder exhibits
an error that would propagate to a downstream device.
The AND gate containing RBSB was tested by adding

salicylate and then arabinose at a later time point. The addition
of salicylate alone is not able to induce the gate (Figure 7).
However, the gate is induced with arabinose alone (Supple-
mentary Figure S7B). This is indicative that the RBS
controlling T7 polymerase is too strong and therefore the
gate fails and is only responsive to a single input. This implies
that the optimum RBS has shifted to be weaker when
comparing performance in shake flask and 10 L bioreactor
experiments. This may be predictable on the basis of the
microreactor data, where cells induced only with arabinose have
an intermediate output between uninduced and fully induced
states (Figure 6).
Cells carrying the AND gate accumulate less biomass. The

different RBS variants of the AND gate yielded the following

Figure 7. Performance in fermentation of AND gate RBS variants.
Three fermentations of RBS variants of the AND gate in E. coli
DS68637 were performed. AND gate variants included either a strong
(RBSB, orange triangles), medium (RBSC, red circles), or weak (RBSD,
blue squares) RBS, which correspond in color to RBSs tested in Figure
5. These three fermentations were performed identically, with changes
in feed rate and DO made as needed to match growth rates of the
cultures. AND gate cultures were induced at 21 h with 0.63 mM
sodium salicylate (±) and then with 1.3 mM arabinose (+/+) at 24 h.
The feed rate was exponentially increased until 45 h and then switched
to a fixed feed rate; the dotted line marks the time of the switch.
Samples were taken at 9 different times throughout fermentation. Dry
cell weight (DCW) and fluorescence of each culture were measured at
each time point. Fluorescence cytometry distributions are shown for
the circuit in the OFF state (21 h), when fully induced (30 h),
immediately after the shift to constant feeding (46 h), and after 70 h.
For comparison, performance of an E. coli DS68637 strain carrying the
reference plasmid pFM46 (S; black diamonds) is shown. The
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biomass accumulation rates: 0.49 g/kg media/h (RBSB), 0.56
g/kg media/h (RBSC), and 0.64 g/kg media/h (RBSD). The
rate of cells containing the reference plasmid is 0.71 g/kg
media/h. Considering the reference plasmid as a control, a
single functional AND gate can reduce biomass by as much as
67%. In the microreactor, we observed a similar effect where
the induction of the gates caused a lower final OD in the AND
gate (Supplementary Figure S6).
We used a reference plasmid (pFM46) to compare the

magnitude of ON and OFF states across strains and growth
conditions. The data were normalized to the Kelly reference
standard35 and is reported as relative expression units (REU)
(Figure S9, Supporting Information Section VI). The reference
plasmid was also measured in the microreactor (Figure 6A) and
the 10 L bioreactor (Figure 7 and Supplementary Figure S7B).
The fluorescence per cell and the population distribution is
fairly stable over the 72 h fermentation, even after the transition
from exponential to constant feed rates (Figure 7). In addition,
very little of this plasmid was lost by the end of fermentation
(Supplementary Figure S8). Using the reference plasmid, we
calculated the output of the AND gate to be 0.3−3.1 REU in
shake flask experiments, 6.1 REU in the microreactor, and 2.2
REU in a 10 L bioreactor (Figure 8). Therefore, while the
circuit is functional under all conditions, the magnitude of the
output varies considerably. Notably, the AND gate fails in both
the microreactor and 10 L bioreactor in the same way. In both
cases, the gate is nonresponsive to salicylate and the ± state is
ON when it should be OFF. In the microreactor, it is not a true
failure as the ± state occurs in-between the ON and OFF states
in a way that is analogous to fuzzy AND logic (Figures 6 and
8). The microreactor is better correlated for the absolute REU

measurements, the early detection of a failure mode, and
measurements where carrying the circuit impacts the OD
(Figure 8). Therefore, it is a better method for predicting the
performance of a genetic circuit than shake flask experiments.
Genetic programs can implement computational control over

cellular functions, including metabolic processes. They are
being applied toward (1) controlling the timing of gene
expression at different stages of growth, (2) implementation of
feedback, (3) transfer of process control into individual cells,
(4) consolidation and control of multistep biomanufacturing,
and (5) diversification of processing tasks among multiple cells.
Accomplishing these goals will require increasingly sophisti-
cated programs based on the integration of many circuits.
A challenge in developing genetic programs for an industrial

process is the variation that occurs at each stage of scale-up
from shake flask experiments to production-scale bioreactors.9

Strains and pathways vary in their performance during scale-up,
and it is expected that similar issues will arise with genetic
programs. In this work, we show that a circuit can fail (produce
an incorrect computational operation) when moved from shake
flask (uncontrolled batch fermentation) to 10 L bioreactor
(controlled fed-batch fermentations at relatively low growth
rates) experiments. Further, this circuit exhibits variable
responses in industrially relevant media and strains. To our
knowledge, this work represents the first example in which a
simple genetic circuit constructed in an academic synthetic
biology lab is characterized in the early stages of process scale-
up with an industrial partner.
Several efforts are underway to apply high-throughput

fabrication to synthesize thousands of genetic parts and
circuits.22,37 Increasing the throughput will require decreasing
the scale at which they are individually characterized, possibly
even applying microfluidic screens. A current challenge is
designing those assays such that they convey the most valuable
information for their incorporation into varied genetic and
environmental contexts. As an early step toward this goal, it has
been proposed to use a reference construct as a standard for
reporting promoter activity.35 In this work, we found an

Figure 7. continued

reference plasmid fermentation was carried out on a separate day and
was sampled at 20, 30, 47, and 68 h after inoculation. Data for this
figure was gathered from Runs 6−8 for the AND gates and from Run
11 for the reference plasmid (Supplementary Figure S7B, Table S1).

Figure 8. Comparison of AND gate activity across growth conditions. To compare AND gate expression across different growth conditions (shake
flasks, 1 mL microreactor, and 10 L bioreactor), GFP fluorescence output of the RBSB AND gate was converted to relative expression units (REU)
defined by the Kelly standard plasmid (Supporting Information Section VIII). This relative expression of the AND gate is compared in each pair of
the following conditions: (A) shake flasks versus 10 L bioreactor, (B) shake flasks versus 1 mL MTP microreactor, and (C) 1 mL MTP microreactor
versus 10 L bioreactor. The four different states (−/−, circles; ara/−, squares; −/sal, diamonds; +/+, triangles) are plotted. The dotted line
represents a theoretically perfect correlation between states. The shake flask cultures are unable to predict the ara/− failure mode in the 1 mL
microreactor and the 10 L bioreactor. However, the 1 mL microreactor predicted the ara/− failure mode of the gate in the 10 L bioreactor. Data for
the shake flask cultures are taken from DS68637† grown on unsupplemented minimal media (Figure 4). The data for the microreactor correspond to
the mean fluorescence of each culture between 10 and 40 h in Supplementary Figures 6A and S6. Data for the 10 L bioreactor are derived from Run
6 (−/−, −/sal, +/+; Supplementary Table S1) and Run 9 (ara/−; Supplementary Figure S7B).
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expression standard to be a useful tool for comparing gate
performance at each stage of scale-up and across industrial and
academic laboratories. We found that the particular promoter-
RBS-reporter-backbone choice made by Kelly et al.35 produces
a reliable response in varied environmental contexts. By
converting the output to Relative Expression Units (REU),
we could quantify a 20-fold variability in the AND gate across
environments and laboratories (an effect that could be
qualitatively visualized by eye).
The AND gate contains parts that are toxic and reduce the

growth rate.23 This has a minor impact in shake flask
experiments using complex media. However, a notable
reduction in the biomass accumulation was observed in 10 L
bioreactor experiments. This is particularly problematic
considering that desired genetic programs will likely require
many integrated circuits. Interestingly, the strength of the RBS
connecting a sensor to the AND gate changes the load, where
those that yielded the best gates also caused the strongest
inhibition of growth. Thus, the optimal RBS has to balance
circuit function and growth, a trade-off not previously
described.
The microreactor was able to predict one of the failure

modes of the AND gate. In the 10 L bioreactor, the gate is not
responsive to the salicylate input. This effect was previously
observed in shake flask experiments when the RBS connecting
the leaky Psal promoter to the circuit was too strong.21,23

Additional sources of failure may have been that the PBAD
promoter was stronger or the translation rate of the T7 RNAP
gene was higher. The observation of such failure modes due to
changes in promoter strength across conditions highlights the
need for genetic parts that are insulated from changes in the
environment. Although design of such insulation is not yet
reliable, some design rules are becoming elucidated.41,52−54

Neither the shake flask nor microreactor experiments were
able to predict the rapid decline in output that occurs after the
shift from exponential to constant feed rates. The E. coli
DS68637 strain has been observed to have a lower plasmid
copy number42 and plasmid stability is a problem.43,44 Indeed,
one of the plasmids was rapidly lost after the shift, and this
resulted in the inactivation of the gate (Supplementary Figure
S8). Such evolutionary instability is a common problem of the
plasmid genetics, but it can also be hastened by the presence of
toxic parts within a circuit and can even depend on the
induction state.45 As technologies for editing the prokaryotic
genome expand, unstable plasmid systems such as the ones
studied here will be replaced by direct-to-genome program-
ming.46

In this work, standardized measurements are critical in
comparing gate performance across strains, growth conditions,
and laboratories. The wider adoption of standards will enable
the more rapid determination of circuit failure modes. Further,
it will aid the interpretation of genetic part data gathered at
increasingly small scales in fabrication laboratories and then
applied to problems in varied applications, strains, and
environments.24,47 Even among projects within our own lab,
and in moving strains between UCSF, MIT, and industrial
partners, we have found it challenging to unify the “stand-
ardized” measurements made by individual researchers.48,49

Truly realizing the potential will require the development of
large, dedicated consortia of industrial and academic
laboratories.

■ METHODS

Strains and Plasmids. Escherichia coli K-12 RV308 [Su-,
lac X 74, gal ISII: OP308, strA] was obtained from ATCC (no.
31608, deposited by Genentech). The arabinose operon from
positions 65,855 to 71,266 (Genbank no. U00096) was
replaced by the method of Datsenko and Wanner with
KanR.50 This marker was transduced into the RV308 parent
strain by P1 phage (BW28357). KanR was then removed using
the FRT recombinase encoded by the plasmid pCP20. The
resulting strain was constructed at UCSF to resemble
phenotypic characteristics of the DS68637 strain used for
fermentation research at DSM. Replicates of shake flask
experiments used the strain constructed at UCSF, designated
as DS68637† in this text. Tube replicates of shake flask
experiments were performed in the Synthetic Biology Center at
MIT. All fermentation, microreactor, and initial shake flask
experiments were done with the original DSM DS68637 strain
at the DSM Biotechnology Center in Delft.
E. coli DH10B was obtained from Invitrogen (no. 18297). E.

coli DH10B and DS68637 (both UCSF and DSM versions)
were cotransformed with plasmids pAC-SalSer914, pBR939b,
and different RBS variants of pBACr-AraT7940, which together
constitute the AND gate.18 The different RBS variants of
pBACr-AraT7940 were designated pFM159, pFM160,
pFM161, and pFM163, corresponding to RBSC, RBSD, RBSB,
and RBSA, respectively (Supplementary Table S3). To
construct the NOR gate, the strains were cotransformed with
plasmid pCI-YFP and plasmid pNOR10-20.19 For the RBS
variation experiments, Top10 cells (Invitrogen no. C4040-10;
genetically identical to DH10B) were transformed with RBS
plasmids containing a ColE1 replicon bearing the promoter
BBa_J23100 (www.partsregistry.org) and a downstream
mRFP1 red fluorescent protein.16 The RBSs driving translation
from these constructs were identical to the forward engineered
RBSs 1, 2, 5, 6, 11, and 14 (pFM169−174, respectively) from
Salis et al.16 The reference plasmid pFM46 (KanR, p15a) was
used as a basis of comparison of reporter expression. This
plasmid contains the promoter/RBS/GFP/terminator con-
struct J23102/B0032/E0040/B0015 (www.partsregistry.org)
and is nearly identical to the Kelly et al.35 standard plasmid.27

Kelly et al.35 used the promoter J23101 as their promoter
standard, which is nearly identical in sequence and strength to
J23102.27

Shake Flask and Tube Experiments. Plasmids were
maintained in shake flasks, the BioLector MTP Microreactor,
and the 10 L fermentations by culturing in 10 μg/mL
chloramphenicol, 10 μg/mL neomycin, and 50 μg/mL
ampicillin. Culturing was done in 2xYT media (Teknova, no.
Y0167), LB media (Fisher Scientific no. R452322), or an in-
house defined minimal medium (DSM). The defined minimal
medium, which was used in all fermentations and shake flask
experiments, was composed of 0.5% w/w ammonium sulfate,
0.5% w/w potassium hydrogen phosphate, 3% w/w MES, 0.4%
w/w glucose, and a proprietary mixture of trace elements. The
pH was adjusted to pH 7 before sterilization through a 0.2 μm
filter. Yeast extract (BD no. 212750) and Bacto Tryptone (BD
no. 211705) were added to the defined medium as indicated by
adding a stock solution of 50 g/L that had been sterilized by
filtration through a 0.2 μm filter. To grow the leucine
auxotroph DH10B cultures in minimal media, L-leucine
(Acros Organics no. 12512-1000) was added to the media at
0.5 g/L, which was observed to be sufficient to attain maximal
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growth rates (data not shown). Induction of AND gates was
performed with 1.3 mM L-arabinose (Sigma no. A3256) and
0.63 mM sodium salicylate (Sigma no. S3007), except as noted.
Induction of NOR gates was performed with 1.3 mM L-
arabinose (Sigma no. A3256) and 100 ng/mL anhydrotetracy-
cline (aTc) (Fluka no. 37919).
For all experiments reported, E. coli cultures frozen in 25%

glycerol solution at −80 °C were freshly streaked on plates of
2xYT agar and antibiotics. Fresh single colonies from these
streaks were then cultured overnight at 37 °C and 280 rpm
orbital shaking in volumes and media as noted. Both shake
flasks and tubes grow cells in oxygen-limited conditions, so for
simplicity, all shake flask and tube replicate experiments are
referred to as “shake flask” experiments. For shake flask
experiments at DSM, overnight cultures were grown in 20 mL
of 2xYT media in 100 mL flasks. After ∼18 h, the OD600's of
these cultures were measured, which were then diluted back to
an OD600 of 0.01 in 20 mL of prewarmed media in 100 mL
sterile flask. Shake flask cultures were then grown at 37 °C and
280 rpm orbital shaking. For AND and NOR gate strains,
induction occurred at the time of dilution. The cultures were
then grown for 18−24 h prior to measurement. For culture
tube experiments at UCSF, all cultures were grown in 14 mL
polystyrene culture tubes (Falcon no. 352059) at 37 °C and
280 rpm. Overnight cultures were grown in 3 mL of LB media
and antibiotic and were diluted back 1:1000 in 3 mL of media
after 18 h of growth. AND and NOR gate cultures were
otherwise treated identically as in DSM shake flask experiments
and were then measured by flow cytometry.
At DSM, OD600 measurements were performed on an

Ultrospec 3100 Pro (Amersham Biosciences) spectrophotom-
eter. At UCSF, OD600 measurements were performed on a Cary
50 Bio UV−vis spectrophotometer (Varian). Cultures were
diluted with sterile water until the OD600 fell between 0.10 and
0.60, the range across which OD600 correlates linearly with cell
density.
Flow Cytometry. At UCSF, cytometry was done on the BD

LSRII flow cytometer and the FACSDiva software as follows.
Samples of E. coli cultures that were to be measured by
cytometry were diluted 1:5 in phosphate buffered saline (PBS)
containing 2 mg/mL Kan to stop translation. A 488 nm laser
was used for excitation, and a 510/20 emission filter was used
to measure Forward Scatter, Side Scatter, and GFP
fluorescence. A 561 nm laser was used to excite, and a 610/
20 band-pass filter was used to collect RFP fluorescence for
RBS library measurements. Events were measured at a flow rate
0.5 μL/s until 50,000 events within the E. coli cell population
gate were acquired. Analysis of the data was carried out in the
FlowJo software package (Treestar). The cell population was
gated by the forward and side scatter to include a maximal
number of cells (>95%). At DSM, fluorescence was measured
using a MoFlo cytometer/cell sorter. During fermentation,
aliquots of 8 mL of whole broth was frozen at −20 °C. These
samples were later thawed and analyzed using the MoFlo
cytometer. Upon thawing, each sample was diluted 1:10,000 in
PBS and then run on the cytometer. Fresh and frozen samples
showed no difference in scatter or fluorescense (data not
shown).The 488 nm laser was used for excitation, and a 510/20
band-pass filter was used to collect GFP fluorescence. The data
were exported and analyzed using FlowJo as described above.
Fermentation. Fermentation runs were performed at DSM

in cylindrical fermentors with a total volume of 10 L, an internal
diameter of 230 mm, two small baffles, and two heat

exchangers. Two R6 Rushton turbines stirred the culture. All
fermentations were carried out in series of two or three and
were performed identically, except as noted (Supplementary
Table S1). The initial 3 L batch phase contained minimal
medium with 0.4% w/w glucose, 1% w/w yeast extract, and
0.05% w/w antifoam. A 100 mL shake flask culture was grown
on 2xYT media and antibiotics (concentrations as noted above)
overnight and used to inoculate the batch phase at t = 0. A 3 L
feed containing 10% w/w glucose, antibiotics, and supple-
mentary yeast extract as noted was started after the glucose in
the batch was exhausted, which occurred roughly 18 h after
inoculation. The initial feed rate was initially 5.5 g/h, was
increased exponentially to maintain a fixed growth rate, and
stopped 42 h after start, after which time the feed rate was kept
constant at 45 g/h. pH was set at 6.8 and was stabilized
throughout fermentation by automatic feeds of 10% ammonia
and 4 N sulfuric acid. Dissolved oxygen (DO) was initially
100% saturation and was allowed to drop to 50%. Off-gas was
analyzed in real-time by mass spectrometry. Profiles of the feed
rates, pH, DO, respiratory quotient (RQ), and oxygen
consumption rates for the length of each fermentation are
reported in Supplementary Figure S10.
The media for the batch and feed were prepared in fractions

and contain the following unless otherwise noted in
Supplementary Table S1. Batch fraction 1 was prepared in a
clean fermentor and contained 10 g/kg yeast extract, 2 g/kg
K2HPO4, and 0.5 g/kg antifoam. Batch fraction 2 contained 4%
glucose, 5 g/kg (NH4)2SO4, and trace mineral mix (propri-
etary). Batch fractions 1 and 2 were combined following
autoclaving. Feed fraction 1 contained any supplementary yeast
extract and salts added to the feed. Feed fraction 2 contained
400 g/kg glucose. Feed fractions 1 and 2 were combined
following autoclaving. Antibiotics were prepared in 1000x stock
solution, filter sterilized, and added to the batch fraction only
(Runs 1−3, Supplementary Table S1) or the batch fraction and
the glucose feed (Runs 4−10, Supplementary Table S1).
A computer monitored the weight of the glucose feed and

the pH titrants, temperature of the culture, and the air input.
Temperature of the culture was controlled by a cooling finger
and a heat lamp and maintained at 37 °C. The dissolved oxygen
of the culture was adjusted by controlling the speed of the
impellers (min 200 rpm, max 750 rpm) and a constant airflow.
Samples were taken immediately before addition of the
inducers and at accessible time points throughout fermentation.
Approximately 50−100 mL of sample was taken from each
fermentor at each time point and analyzed. The samples were
weighed, and the amount was recorded in the central computer,
which adjusted the feed rate parameters based on the lost
weight. Each sample was then analyzed for culture biomass,
OD600, fluorescence, and pH. Three 3 mL aliquots of each
sample and the supernatant of each sample were frozen at −20
°C for later analysis. OD600 measurements of each sample were
made in triplicate as described above. GFP fluorescence of each
sample was measured by flow cytometry as described. The dry
cell weight (DCW) was measured as follows. An aliquot of 10
mL of culture was weighed in a 50 mL Falcon conical tube that
had been predried at 105 °C for 24 h, diluted with 40 mL of
distilled water, and then centrifuged at 6000 rpm for 10 min.
The supernatant was poured off, and the pellet in the tube was
dried for 24−30 h at 105 °C and weighed. The reported DCW
is the weight of the pellet divided by the total weight of the
sampled culture.
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BioLector Microreactor Experiment. A batch culture of
E. coli DS68637 carrying the RBSB AND gate and the reference
plasmid (pFM46) were grown in the BioLector CC (m2p
laboratories) instrument using a sterile 48-well flower plate
(m2p laboratories MTP-48-BOH). Each 48-well clear-bottom
flower plate had a 1.0 mL capacity/well and contained optodes
for monitoring pH and dissolved oxygen. Automated
spectrophotometry monitored fluorescence of the entire
culture. Culture density was monitored by light scattering
and is reported in arbitrary units. One colony from a freshly
streaked 2xYT agar plate was used to inoculate a 100 mL
culture of the RBSB AND gate or the reference plasmid. One
milliliter of culture was then aliquoted into the 48-well flower
plate. Each well of inoculated media contained either no
inducer, only one inducer (1.3 mM arabinose or 0.63 mM Na
salicylate), or both inducers. Culture density, fluorescence, pH,
and DO were monitored for 40 h. Additional details of the
microfermentation are presented in the Supporting Informa-
tion.
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