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Abstract
Overexpression of synthetic genes depletes cellular resources, particularly ribosomes, which leads
to lower expression of other synthetic genes and decreased growth rate. These burden effects can be
detrimental to genetic circuit performance and hinders the process of modularly composing genetic circuits
to create complex biomolecular systems with novel functions. No solution exists that allows the expression
of any gene to a desired level without hindering the expression level of all other genes and growth
rate. Here, we engineer an actuator that upregulates ribosome production. The key component of the
actuator is a genetic cassette that expresses the hydrolysis domain of the SpoT enzyme (SpoTH) in a cell
strain with elevated basal levels of ppGpp. We demonstrate that our actuator is capable of increasing
protein production rates (proxy for free ribosomes) by over 150% and growth rate by over 80%. We
use the actuator to engineer a feedforward controller, in which SpoTH is co-expressed with a target
gene. Expressing the target gene without SpoTH purges the expression of a constitutive gene by more
than 80% and cellular growth rate by 40%. By contrast, with SPOTH, the feedforward controller can
be tuned to guarantee less than 10% change in the expression of a constitutive gene while keeping the
expression of a the target gene at any desired level without any decrease in growth rate (however growth
can increase by ≈ 40%). Alternatively, the feedforward controller can be tuned to guarantee less than
10% deviations in growth rate while also providing 30% higher expression of a constitutive gene relative
to the case of expressing the target gene without SpoTH. Therefore, this solution allows desired target
gene overexpression without burden, which is instrumental for predictable composition of genetic circuits.
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Introduction
A challenge in synthetic biology is being able to modularly compose well-characterized genetic circuits to
create complex systems [1, 2]. Contributing to this challenge are context-dependent effects, which include
sharing of common cellular resources among genetic circuits. Specifically, it has been shown that ribosomes
are a key limiting resource in protein production and can undesirably couple genetic circuits [3, 4, 5]. Overexpressing a gratuitous protein compromises the expression of a constitutively expressed gene and growth
rate [6, 7, 8]. Decreased growth rates can compromise persistent overexpressoin of gene cassettes [9] or the
coexistence of multiple strains in bacterial consortium applications [10, 11, 12].
An ideal solution to the ribosome sharing problem would allow for the expression of a gene cassette to
any desired level without lowering the production rate of other genes and cell growth rate. Current solutions
deviate from this ideal. For example, in [13], the mRNA production rate of a cassette is regulated using a
burden sensitive promoter to maintain its production rate below the threshold that impacts the expression
of constitutively expressed genes and cell growth. However, this design prevents the overexpression of the
cassette to high levels. In [14], a synthetic 16S rRNA was used to allocate an orthogonal pool of ribosomes for
synthetic mRNAs with a unique ribosome binding sequence (RBS) to guarantee orhtogonality. The expression
of the synthetic 16S rRNA was regulated via a feedback mechanism to ensure the orthogonal ribosome pool
is robust to the expression of synthetic mRNAs. Using the orthogonal pool fixes the RBS sequence, implying
that designers lose a commonly used tuning parameter. Finally, in [15, 16] a feedback controller is appended
to a gene of interest to ensure that its production rate is robust to ribosomes fluctuations. Nevertheless,
this solution should be implemented for every gene to ensure that overexpression of a gene of interest does
not affect expression of all other genes. Additionally, this solution does not address the issue of diminishing
growth rate.
Ribosomes in E. coli are composed of three ribosome RNAs (rRNA) and more than 50 proteins (r-proteins)
[17]. The transcription of rRNA is the rate-limiting step in ribosome production [18, 19] and is regulated
based on the nutrient availability and current translational demand to yield the resource allocation that
optimizes growth rate [20, 21, 22, 23, 24]. The concentration of r-proteins is autoregulated via translational
inhibition [25, 17, 26] to stoichiometrically match rRNA levels since it is costly to manufacture r-proteins [27].
The production of rRNA is regulated by several protein factors [28, 29], iNTP [30, 31], and the two (p)ppGpp
nucleotide analogs (abbreviated as ppGpp) [32, 33]. However, during balanced exponential growth, ppGpp is
the primary regulator [18, 34, 35] and there is an inverse relationship between basal ppGpp levels and rRNA
transcription (and growth rate) [36, 37, 38, 39]. The RelA/SpoT Homologue (RSH) proteins are responsible
for the synthesis and hydrolysis of ppGpp [40, 41, 42] as shown in Fig. 1-a. The SpoT enzyme is bifunctional
with both synthesis and hydrolysis capabilities (the latter dominating in exponential growth [43]), while
the RelA enzyme is monofunctional with solely synthesis activity. Furthermore, SpoT is responsible for
maintaining basal ppGpp levels in steady state growth [44].
In this work we leverage the ppGpp pathway to create a ribosome/growth rate actuator. By exogenously
expressing the hydrolysis domain of SpoT [45], which we coin as SpoTH, we catalyze hydrolysis of ppGpp
and thus upregulate ribosome production and growth rate (Fig. 1-a). We demonstrate that our actuator is
capable of increasing the production rate of a constitutively expressed gene (a proxy for free ribosomes [8])
by over 150% and growth rate by over 80%. We apply our actuator to cancel the burden from overexpressing
a target gene by creating a feedforward controller . The controller can be tuned to guarantee less than 10%
deviations in constitutive gene expression as the target gene is expressed without any decrease in growth
rate. Alternatively, the controller can be tuned to guarantee less than 10% deviations in growth rate while
also providing 30% higher constitutive gene expression relative to the uncontrolled system. Our solution
does not compromise the expression of the target gene, which can be expressed at any desired level without
substantially compromising expression of other genes or growth rate.

Results
Actuating ribosomes and growth rate via spoTH
To actuate free ribosomes and growth rate we express spoTH (Fig. 1-a) from a genetic circuit. The spoTH gene
(sequence shown in SI Table 1) encodes for only the first 203 spoT amino acids to guarantee only ppGppase
activity [45]. The desired actuation profile of free ribosomes and growth rate as spoTH is expressed, is shown
in Fig. 1-b, where an initial increase in spoTH concentration leads to an increase in both free ribosomes and
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Figure 1: Actuating free ribosome and growth rate via SpoTH (a) The basal level of the nucleotide
ppGpp sets ribosome production rate and growth rate in E. coli during exponential growth through a repression mechanism. The synthesis of ppGpp is catalyzed from GTP/GDP by RelA and the synthesis domain
of SpoT (denoted in gray), while the hydrolysis of ppGpp is catalyzed by the hydrolysis domain of spoT
(denoted in pink). By expressing the hydrolysis domain of spoT (spoTH) from a genetic circuit, we hydrolyze
ppGpp and hence upregulate ribosome production and growth rate. Thus, spoTH expression serves as an
actuator of ribosomes and cell growth. (b) The desired actuator profile is one where ribosome concentration
and growth rate initially increase as spoTH is expressed. We define the nominal ribosome/growth rate level as
the level when there is no SpoTH present. Since the ribosomal cost to translate spoTH continues to increase
as more mRNA is produced but upregulation of ribosome production saturates when most of the ppGpp in
the cell has been hydrolyzed, we expect that the actuator profile will peak (we define the ribosomal/growth
rate level at this peak as the peak actuation) and decrease as spoTH expression increases. We refer to the
SpoTH concentration where the actuator profile drops back to the nominal level as the operational range. In
application, SpoTH expression should be kept within the operational range to ensure positive actuation. (c)
We probe several strains with endogenous spoT mutated (yielding varying levels of basal ppGpp) to guage
if expressing spoTH results in the desired actuation profile.
growth rate. In the first part of this section we probe several strains (as shown in Fig. 1-c) to choose one that
yields the desired actuation profile. Then, we show that for the strain with the desired actuation properties,
we can tune the actuation profile using different carbon sources and demonstrate a trade-off between peak
actuation and nominal ribosome/growth rate levels.
Choosing strain with desired actuator profile
The genetic circuit used to express spoTH is shown in Fig. 2-a. We can increase the concentration of SpoTH
by increasing the concentration of the aTc inducer. We use the production rate of GFP as a proxy for free
ribosomes [46]. We probe four different strains to gauge if they render the desired actuation profile when
used as the chassis to express spoTH. We test the wild type MG1655 strain along with a set of strains with
spoT mutated to render varying levels of basal ppGpp/nominal growth, these are: CF944 (spoT202 allele),
CF945 (spoT203 allele), and CF946 (spoT204 allele) [36, 47, 48, 34].
The results from expressing SpoTH (using the construct in Fig. 2-a) in these strains and monitoring the
production rate of a constitutively expressed green fluorescent protein (GFP) and growth rate, are shown in
Fig. 2-C and Fig. 2-D, respectively. For MG1655 (CF944) we can actuate GFP by 22% ( 45%), but not
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growth rate. For CF945, we can actuate GFP by 90% and growth rate by 80%. For CF946, GFP initially
decreases, but then increases by 65% (relative to 0 aTc) and growth rate increases by 60%. Therefore,
CF945 is the only strain that provides the desired actuation profile (Fig. 2-b) for both free ribosomes (GFP
production rate) and growth rate and thus it is the strain we work with for the rest of this study. Notice that
the GFP production rate and growth rate actuator profiles don’t fully correlate. For example, for CF945,
GFP production rate peaks at aTc ≈ 215 nM and then begins to decrease, while growth rate continues to
increase. This lack of correlation between GFP production rate and growth rate is expected since growth
rate depends on an ensemble of endogenous proteins [21, 49, 22, 50] and not solely on free ribosomes.
From Fig. 5 in Box 1, our simple mathematical model predicts that depending on the parameter regime,
the actuation profile can: (I) have the qualitative behavior as our desired profile, (II) continuously decrease
as spoTH is increased (similar to the growth rates of MG1655 and CF944), (III) initially decrease and then
increase (like the GFP production rate of CF946). From Remark 1 in Box 1, having too little basal ppGpp
(like MG1655/CF944) or too much (like CF946), can place the parameters outside the regime that renders
the desired actuation profile. Thus it supports our findings that the intermediate strain CF945, with just
the right amount of basal ppGpp, renders the desired actuator profile.
Tuning actuation profile via carbon source and trade-off between nominal growth and maximum
actuation potential
The CF945 strain provides the desired actuation profile (both for GFP production rate and growth rate),
however, we would like a simple method to tune the profile while using this chassis. It has been shown that the
culture media composition, specifically carbon source, can determine the ppGpp basal level/nominal growth
rate [37, 51, 22, 35, 52]. Therefore, we propose tunning the properties of the actuation profile (Fig. 1-b) in
CF945 by varying the carbon source.
We express spoTH (genetic circuit Fig. 2-a) using four commonly used carbon sources: lactose, glycerol,
fructose, and glucose. The normalized GFP production rate (with respect to GFP at 0 aTc) is shown in
Fig. 2-d. The GFP production rate at 0 aTc (nominal GFP production rate) vs the normalized peak GFP
actuation for each carbon source along is shown in Fig. 2-e. We observe that all carbon sources yield the
desired actuation profile and that there is an inverse relationship between the normalized peak actuation
and the nominal production rate. The nominal GFP production rate hierarchy is fructose>glucose >glycerol
>lactose, while the peak actuation hierarchy is fructose≈glucose<glycerol <lactose. The nominal GFP
production rate for fructose is 2.6 times higher than that of lactose, but in lactose, the GFP production rate
can be actuated by 150% compare to just 50% for fructose.
The normalized growth rate (with respect to 0 aTc) is shown in Fig. 2-f. The growth rate at 0 aTc
(nominal growth rate) vs the normalized peak growth rate actuation for each carbon source is shown in
Fig. 2-g. We observe that for all carbon sources, the growth rate increases with spotH expression (aTc). The
nominal growth rate hierarchy is glucose> fructose> >glycerol >lactose, while the peak actuation hierarchy
is glycerol >lactose>fructose> glucose. For glycerol the nominal growth rate is ≈ 0.2 1/hr with a peak
actuation of ≈ 85%, while for glucose the nominal growth rate is ≈ 0.35 1/hr with a peak actuation of
≈ 45%.
The results from Fig. 2-e and Fig. 2-g suggest that there is a tradeoff between nominal levels and relative
actuation. Intuitively, this tradeoff occurs because if lower nominal GFP production rate/growth rate levels
are due to high basal ppGpp levels, then this implies that there is more ppGpp available to hydrolyze and
thus actuate. Our physical intuition is made mathematically precise in Box 1. In Fig. 6 in Box 1, we
demonstrate that our model predicts the tradeoff between the nominal level of free ribosomes vs the relative
peak actuation of free ribosomes. The model predicts that lower nominal ribosome levels lead to higher
relative peak actuation up until a certain critical value (as observed for growth rate in Fig. 2-g). Below the
critical value, relative peak actuation decreases with nominal free ribosomes level.

Actuator application: Cancel burden arising from heterologous protein overexpression
Overexpressing a heterologous protein decreases protein production rates and cell growth rate [6, 4, 53] due
to the depletion of ribosomes available to translate mRNA. This motivates us to apply our actuator to cancel
these two burden effects from gene overexpression. The first part of this section will assess the capabilities
of our actuator to rescue protein production rates and growth rate as a red fluorescent protein (RFP) is
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Figure 2: Expressing spoTH in several strains to acquire the desired actuation profile and
tunning the profile using four different carbon sources. (a) The genetic construct used to express
spoTH using inducible ptetR promoter and measuring growth rate and GFP production rate (proxy for free
ribosomes). (b)/(c) The GFP production rate/growth rate while expressing SpoTH (increase aTc) in the
MG1655, CF944, CF945, and CF946 strains in M9 media supplemental with glycerol. (d) The normalized
GFP production rate as spoTH is expressed in CF945 growing in M9 media supplemented with lactose,
glycerol, fructose, or glucose. The normalized peak GFP actuation is denoted by closed circles. (e) The
normalized peak GFP actuation versus the GFP production rate at 0 aTc (nominal production rate) for
each carbon source. (f) The normalized growth rate as spoTH is expressed in CF945 growing in M9 media
supplemented with lactose, glycerol, fructose, or glucose. The normalized peak growth rate actuation is
denoted by open squares. (g) The normalized peak growth rate actuation versus the growth rate at 0 aTc
(nominal growth rate) for each carbon source. For all data, error bars represent standard deviation from at
least four replicates (two biological replicates each with two technical replicates). The unnormalized data is
shown SI Fig. 9.
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overexpressed. Next, to automate the process of canceling the burden of expressing RFP, we place both the
RFP and SpoTH under the same inducible promoter (feedforward configuration) and tune the spoTH RBS
to flatten the response curve between RFP produciton rate and free ribosomes/growth rate.
The actuator is capable of rescuing burden caused by overexpressing RFP
To assess the capability of the spoTH actuator to rescue the protein production rate of a constitutive expressed
gene (proxy for free ribosomes) and growth rate when these are reduced through heterologous protein expression, we expresses SpoTH and the burden protein RFP under two separate inducible promoters as shown in
Fig. 3-a. From Fig. 3-b, the addition of AHL will initiate the production of rfp mRNA and hence sequester
free ribosomes, which causes a decrease in the rates of GFP production and growth. The addition of aTc
will produce SpoTH and thus upregualte GFP production rate and growth rate in a manner as observed in
Fig. 2.
From Fig. 3-c, we observe that for 0 aTc (no spoTH expression) as RFP increases (increasing AHL) GFP
production rate drops up by ≈ 80%. However, increasing aTc (spotH expression), rescues GFP production
rate back to the nominal value (GFP production rate at AHL = 0 and aTc = 0). For each aTc value, we show
the RFP production rate value for which GFP production rate is rescued back to the nominal value. For aTc
= 250 nM, the actuator rescues GFP production rate from a decrease of over 60%. From Fig. 3-d, we observe
that for 0 aTc (no spoTH expression) as RFP increases (increasing AHL) growth rate drops up to ≈ 35%.
However, increasing aTc (spotH expression), rescues growth rate back to the nominal value (GFP production
rate at AHL = 0 and aTc = 0). We show explicitly for each aTc value, the RFP production rate value for
which GFP production rate is rescued back to the nominal value. For aTc = 105 nM, the actuator rescues
growth rate from a decrease of ≈ 35%. In Fig. 3-e we plot the aTc induction vs RFP production rate path
that perfectly rescues GFP and growth rate. The paths are made continuous by linearly interpolating the
data in Fig. 3-c and Fig. 3-d. We observe that the path to rescue GFP and growth rate are not identical. This
implies that it may not be possible to perfectly rescue GFP production rate and growth rate simultaneously.
Due to the lack of correlation between GFP production rate and growth rate as spoTH is expressed (Fig. 2),
this is expected.
The results from Fig. 3-c are in qualitative agreement with our mathematical model (Fig. 7 in Box 2).
Our model predicts that we can cancel the reduction in free ribosomes as a heterologous protein is expressed.
Feedfoward controller to cancel the burden from heterologous protein overepxression
The results from Fig. 3 suggest that for every level of RFP, there exists an amount of spoTH mRNA to
perfectly rescue GFP production rate back to the nominal level and a different amount of spoTH mRNA
to perfectly rescue growth rate back to the nominal level (Fig. 3-e). On the field, it may be difficulty to
separately tune the expression of RFP (or any other protein of interest) and SpoTH to cancel burden effects.
Here, we automate the process of simultaneously expressing rfp and spoTH mRNA as shown in Fig. 4-a. Both
rfp and spoTH are activated by the same transcriptional signal and the branch that goes through RFP hinders
ribosomes/growth rate while the branch that goes through SpoTH upregulates ribosomes/growth rate (if the
actuator is within the operational range). This architecture is known as a feedfoward controller. We refer to
the open loop (OL) when the transcription (TX) signal only activates RFP and the closed loop (CL) when
it actives both RFP and SpoTH. In Fig. 4-b we show the expected OL response as RFP is expressed (this
should be similar to the 0 aTc case in Fig. 3), the ideal response where GFP production rate and growth rate
remain constant as RFP is expressed, and the expected CL responses. The genetic circuit implementations
of the OL and CL are shown in Fig. 4-c and Fig. 4-d, respectively. We tune the SpoTH ribosome binding
site (RBS) of the CL to try an approximate the ideal response. We also consider a control genetic circuit as
shown in Fig. 4-e, where we replace SpoTH with CJB (a nonfunctional heterologous protein). This control
circuit allows us to verify that the CL performs better than the OL due to the actuation properties of SpoTH
and not because of the configuration change that the RFP mRNA undergoes when it is coexpressed with a
second protein.
As shown in SI fig. 16, we design four SpoTH RBS’s to tune the CL response. In Fig. 4-f we show the
normalized (with respect to 0 AHL) GFP production rate as RFP is expressed when using lactose as the
carbon source, for the control circuit, the OL, and the RBS library of the CL. For the CL with RBS 3, we
can approximate the ideal curve within 10% error for all the RFP values achieve by the OL, while the OL
GFP drops by over 80%. In Fig. 4-g we show the normalized (with respect to 0 AHL) growth rate as RFP
is expressed when using lactose as the carbon source. For the CL with RBS 2, we can approximate the ideal
6
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Figure 3: SpoTH actuator rescues reduced protein production rate and growth rate due to
overexpressing a heterologous protein. (a) The genetic construct used to express SpoTH and RFP
under two sepereate inducible promoters. This circuit is identical to the one in Fig. 2-a, but with the addition
of RFP under the inducible plux-luxR promoter. (b) AHL activates the production of RFP, which depletes
free ribosome/growth rate levels. The addition of aTc will positively actuate free ribosomes and growth rate.
Here we use the production rate of a constitutively expressed GFP as a proxy for free ribosomes. (c) The
GFP production rate as RFP and SpoTH are induced. As RFP is expressed (increase AHL) GFP levels drop.
But as SpoTH is expressed (increase aTc) it rescues GFP to the nominal level (aTc = 0 and AHL = 0). (d)
The growth rate as RFP and SpoTH are induced. As RFP is expressed (increase AHL) growth rate drops.
But as SpoT is expressed (increase aTc) it rescues growth rate to the nominal level (aTc = 0 and AHL = 0).
(e) The RFP production rate vs aTc induction paths to rescue GFP production rate and growth rate (to the
level when aTc = 0 and AHL = 0). The paths are made continuous by linearly interpolating the experimental
data. Note that these two paths are not identical. For all data, error bars represent standard deviation from
at least four replicates (two biological replicates each with two technical replicates). Glycerol was the carbon
source used in all the experiments in this figure. The AHL concentrations used in this experiment were AHL
= 0 nM, 3nM, 7nM, 15 nM.
curve within 10% error for all the RFP values achieve by the OL, while the OL GFP drops by over ≈ 40%. In
SI Fig. 10 and Fig. 11, we show the unormalized AHL induction plots corresponding to Fig. 4-f and Fig. 4-g.
As expected from Fig. 3-e, the RBS that best rescues GFP is not the same as the RBS that best rescues
growth rate.
In Fig. 4-h we show the normalized (with respect to 0 AHL) GFP production rate as RFP is expressed
when using glycerol as the carbon source. For the whole CL RBS library, the OL and CL are nearly identical
(within error). In Fig. 4-i we show the normalized (with respect to 0 AHL) growth rate as RFP is expressed
when using glycerol as the carbon source. For the CL with RBS 2, we can approximate the ideal curve within
10% error for all the RFP values achieve by the OL, while the OL GFP drops by over ≈ 40%. In SI Fig. 12
and Fig. 13, we show the unormalized AHL induction plots corresponding to Fig. 4-f and Fig. 4-g.

7

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.11.430724; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

For all results in Fig. 4, the control performs worst than both the OL and CL as expected since we have
the burden from both RFP and CJB without the SpoTH actuation. Here we only tried lactose and glycerol
since from Fig. 3, they provide the most relative actuation.
The prediction from the mathematical model using the feedfoward controller are shown Box 2, Fig. 8. We
demonstrate that if the parameter regime is such that the actuator has the desired response (like CF945 in
Fig. 3), then the SpoTH RBS can be chosen such that in CL, ribosome levels stay constant (initially) as the
heterologous protein is expressed. Furthermore, we show that even if the chosen CL RBS does not render
constant ribosome concentration, it can still perform better than the OL.

Discussion
The alarmone ppGpp has been refereed to as the CEO of the cell, whose job is to optimally allocate resources
for growth based on environmental conditions and current translational activity [50]. In this paper, we
engineered an actuator that interfaces with ppGpp and upregulated protein production rates (proxy for free
ribosomes) and cellular growth rate. The actuator’s key mechanism is the expression of the hydrolysis domain
of spoT (SpoTH) in a strain with high level of basal ppGpp (CF945). We demonstrated that by tuning the
carbon source we could exploit the tradeoff between nominal growth and maximum actuation potential. For
example, using glucose as the carbon source, the cells had a doubling time of 2 hours and the actuator could
upregulate growth rate by ≈ 45% (protein production rate by ≈ 60%). In contrast, with lactose as the
carbon source, the cells had a doubling time of ≈ 5 hours and the actuator could upregulate growth rate
by ≈ 75% (protein production by ≈ 150%). In this work we choose to use carbon source to tune the basal
level of ppGpp, but other methods such as tuning the amino acid concentration in the media [36] could be
implemented.
We apply the actuator to cancel the burden from overexpressing a gene cassette by creating an incoherent
feedforward loop (iFFL). Expressing RFP in an OL configuration purges the protein production rate of
a constitutively expressed gene by more than 80% and cellular growth rate by 40%. We create an iFFL
expressing spoTH on the same promoter as RFP. We tune the CL via the spoTH RBS to guarantee less than
10% deviations in protein production rates as RFP is increased to the same level as the OL. Hoverer, for
this RBS wihtin the same RFP range, growth rate increases by 40%. Alternatively, the RBS can be chosen
to guarantee less than 10% deviations in growth rate while also providing significantly higher constitutive
protein production rates relative to the OL.
Our understanding of ppGpp (especially its role in exponential growth) is constantly evolving [50], so
as we gain more insight on this pathway, it may provide opportunities to further optimize the actuator.
Furthermore, other enzymes like mesh1 [54, 55] and SpoT E319Q [56] have been shown to catalyze the
hydrolysis of ppGpp and can serve as alternative actuators. Furthermore, this work provides an example
of exploiting endogenous pathways for synthetic biology applications. Finally, we implemented our actuator
in a feedforward controller to cancel burden, but also applying it in a feedback configuration would be of
interest.
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Figure 4: Feedforward controller to automatically cancel the burden from expressing RFP.
(a) Open loop: A transcriptional (TX) input activate solely RFP produciotn, which which sequesters free
ribosomes and hence hinders GFP production rate and growth rate. Closed loop: the TX input also activates
SpoTH production and hence upregulates ribosome concentration. The closed loop is in a feedforward
controller architecture. (b) The expected GFP production rate/growth rate as RFP is expressed for the ideal
case where these quantities remain constant, the open loop, and the closed loop. (c) The open loop genetic
construct used to express RFP under the inducible plux-luxR promoter while monitoring the constitutive
expression of GFP (proxy of free ribosomes). (d) The closed loop genetic construct used to express RFP and
SpoTH under the same inducible plux-luxR promoter. We vary the RBS of SpoTH to tune the closed loop
response to approximate the ideal case. (e) The control genetic construct used to express RFP and CJB
under the same inducible plux-luxR promoter. The CJB is a nonfunctional heterologous protein. (f) The
GFP production rate vs RFP production rate for the control, open loop, and closed loop (for 4 RBS) when
lactose is the media. (g) The growth rate vs RFP production rate for the control, open loop, and closed
loop (for 4 RBS) when lactose is the media. (h) The GFP production rate vs RFP production rate for the
control, open loop, and closed loop (for 4 RBS) when glycerol is the media. (i) The growth rate vs RFP
production rate for the control, open loop, and closed loop (for 4 RBS) when glycerol is the media. For all
data, error bars represent standard deviation from at least four replicates (two biological replicates each with
two technical replicates). The unormalized data along with the AHL values used is shown in SI Fig. 10-SI
Fig. 13.
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Box 1 Actuator Model
Here we provide a simplified mathematical model that
describes how expressing spoTH actuates free ribosome. The full model derivation and details can be
found in SI Section: SpoTH Actuator Model. The
key dimensionless equation describing how the total
ribosome concentration equals the sum of the free ribosome concentration (R) and the concentration of
ribosomes translating spoTH mRNA (cs ) is given by
∆: spoTH actuation

nominal (cs = 0)

z}|{
R0

|

render the desired actuation profile. This implies that
too high or too low basal ppGpp can be detrimental
in achieving the desired actuator profile.

z

}|

{

+ (1 − R0 )f (cs /, R0 )] = R + cs , (1)

{z

}

total ribosomes

where R0 ∈ [0, 1] is the nominal level of free ribosomes (R0 = R(cs = 0)) and ∆ describes the actuation of ribosome production as spoTH is expressed,
(cs /)(cs /+2)
f = (cs /)(c
, and  is a dimensionless pas /+2)+1/R0
rameter that corresponds the rribosomal cost to express sufficient spoTH to degrade ppGpp (cost to actuate). A small  implies that the amount of ribosomes needed to produce enough SpoTH to actuate
(degrade a sufficient amount of ppGpp) is small compared to the increase in ribosomes due to ppGpp hydrolysis. In the derivation of (1), we accounted for
the concentration of ribosomes translating endogenous mRNA, but this term is not explicit shown in
(1) due to the nondimensionalization. The concentration of SpoTH is proportional to cs and thus we use
increasing SpoTH expression and increasing cs interchangeably. An additional key quantity is
δ(R0 , ) :=

dR
dcs

=2
cs =0

R0 (1 − R0 )
− 1.


(2)

In Fig. 6, we show the normalized actuation (R/R0 )
profile for  = 0.13 and R0 = 0.125, 0.25, 0.3, 0.34.
These parameters are chosen such that relative peak
actuation and the ratio of nominal values math those
of the GFP production rate data shown in Fig. 2-d
and Fig. 2-e (R0 = 0.125 for lactose, R0 = 0.25 for
glycerol, R0 = 0.34 for glucose, R0 = 0.34 for fructose). We observe that for lower R0 we have more
relative peak actuation. In the inset we show that
show that the peak actuation increases as R0 up until R0 ≈ 0.1. After this critical value peak actuation
decreases as R0 decreases.
Desired behavior

slope
OR

Figure 5: Qualitative behavior of actuator For
δ > 0 (given by (2)), the actuator profile predicted
by (1) has the desired behavior where R increases as
spoTH is expressed (increasing cs ), then it peaks and
begins to drop. When δ < 0, the amount of free ribosome initially decreases as SpoTH is expressed. It
can then either continue to decrease or at some point
increase, peak, and then decrease again.

Remark 1. From (2), for a fixed  such that  < 0.5,
there exists 0 < R0,∗ < R0∗ < 1 such that for all
R0 ∈ (R0,∗ , R0∗ ) we have δ > 0 and for all R0 outside
this set δ < 0. In SI section: SpoTH Actuator Model
(16), we show that R0 monotonically decreases with
basal ppGpp and this implies that for a fixed , there
is also an open interval of basal ppGpp values that

max
relative
actuation

The qualitative behavior of (1) is shown in Fig. 5 and
it has three prototypical responses. When δ > 0, we
get the desired actuator profile where R increases initially as cs increases. As δ → ∞, the peak actuation
and actuator operational range (as defined in Fig 1-b)
both approach (1 − R0 ). When δ < 0, R decreases initially as cs increases and then it can either continue to
decrease or it can eventually increase past R0 , peak,
and then decrease again.

Figure 6: Tradeoff between nominal level and
relative peak actuation The actuation profile predicted by (1) for several R0 . We observe that for lower
R0 , there is higher peak actuation. In the inset we
show that the peak actuation increases as R0 up until R0 ≈ 0.1. After this critical value peak actuation
decreases as R0 decreases.
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Box 2 Actuator to cancel burden from heterologous protein overexpression
We modify (1) in Box 1 to account for the expression
of a heterologous protein y, which reads
R0 + (1 − R0 )f (cs /, R0 ) = R + cs + cy ,

(3)

where cy is the concentration of ribosomes translating
y mRNA. The protein concentration of y is proportional to cy . The quantities cy and cs are related to
free ribosomes by
cy = my R/Ky ,

cs = ms R/Ks

dR
|cy =0 ) of the closed loop is given by γδ − 1
slope ( dc
y
(see qualitative behavior in SI Fig. 15). Thus, if we
choose γ = 1/δ(R0 , ), then ribosome levels initially
remain constant as y is expressed. Note that since γ
represents that ratio of the RBS strengths of spoTH
and y, then it must be a positive quantity. Therefore, to choose γ = 1/δ(R0 , ), we must have δ > 0,
which from Fig 5, implies that we are in the parameter
regime such that the actuator has the desired profile.

input 2

input 1

(4)

y

where my is the y mRNA concentration, Ky is the
dissociation constant of free ribosome with y mRNA,
ms is the spoTH mRNA concentration, and Ks is
the dissociation constant of free ribosome with spoTH
mRNA. As shown in Fig. 7, we set input 1 = my /Ky
and input 2 = ms /Ks . As input 1 increases, free ribosome concentration decreases by 80%. For a fixed
cy , we can rescue R by increasing input 2. For example, by increasing input 1 such that cy = 0.14, we
have that R drops by 56%, but if input 2 = 0.3, we
can fully rescue R back to R0 . For this simulation
R0 = 0.25 and  = 0.13, by looking at Fig. 6 we observe that for this parameters the maximum relative
actuation is ≈ 100%. Furthermore, in the simulation
the maximum value for input 1 was 3.2 regardless of
the value of input 2, but as input 2 increases the maximum values of cy achieved increase. This implies that
for a fixed amount of y mRNA, increasing input 2
increases the amount of protein y produced.
To automate the process of rescuing free ribosomes
as y is expressed, one can transcriptionally couple its
expression with that of SpoTH by having them under
the same promoter, which implies that my = ms and
thus cs = γcy where

spoTH

Increase spoTH
expression
(input 2)

Figure 7: SpoTH can rescue the drop in free
ribosomes from heterologous protein overexpression Simulation of (3) when protein y and
SpoTH are under the control of diffrent inputs. As
input 1 increases R drops, but for a fixed cy , the ribosome level ran be rescued to back to R0 by expressing
SpoTH (input 2). Here input 1 ranges from 0 to 3.2
and input 2= 0, 0.10, 0.15, 0.21, 0.26, 0.3.
Ideal

y

spoTH

y

(5)

Figure 8: Transcriptionally couple y and spoTH

We refer to the configuration where y and spoTH
are transcriptionally coupled as the closed loop and
obeys (3) with cs = γcy . We denote expressing y in
the absence of spotH as the open loop and it obeys
(3) with cs = 0. One can tune γ in the closed
loop to try and approximate the ideal scenario where
R = R0 for all cy , as shown in Fig. 8. The initial

to automatically cancel burden from protein
overexpression Simulation of (3) with cs = γcy .
This corresponds to placing y and SpoTH under same
promoter (closed loop). The spoTH RBS (γ) can be
tuned to approximate the ideal scenario where R = R0
for all cy . We also show the open loop (y without
spoT) in orange given by (3) with cs = 0. For this
simulation  = 0.13

γ = Ky /Ks .

Acknowledgements
We thank Hsin-Ho Huang for helping guide the plasmid construction. We thank Dr. Chasel, Dr. Potrykus, and Dr.
Fernández-Coll for providing the CF944, CF945, and CF946 strains and their helpful discussion on ppGpp.

Materials and Methods
Bacterial strain and growth medium
The bacterial strain used for genetic circuit construction was E. coli NEB10B (NEB, C3019I) and LB broth Lennox
was the growth medium used during construction. Characterization was performed using the CF944, CF495 , and
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CF946 strains [36] and the MG1655 strain (CGSC, 6300). Characterization experiments were done using M9 minimal
medium supplemented with 0.2% casamino acids,1 mM thiamine hydrochloride, ampicillin (100 µg/mL), and either
0.4% glucose, 0.4% fructose, 0.4% glycerol, or 2 g/L lactose (the specific carbon source used for each experiment is
specified in the figure caption).

Microplate photometer
Cultures were prepared by streaking cells from a 15 % glycerol stock stored at −80◦ C onto a LB (Lennox) agar plate
containing 100 µg/mL ampicillin and incubated at 37◦ C for 16 hours. Isolated colonies were picked and grown in 2
ml of growth medium in culture tubes (VWR, 60818-667) for 12-24 hours at 30◦ C and 220 rpm in an orbital shaker.
Cultures were then diluted to an OD at 600 nm (OD600nm ) of 0.0075 in 4 mL and grown for an additional 6 hours in
culture tubes (VWR, 60818-667 to ensure exponential growth before induction. Cultures were then induced and plated
onto 96 well-plate (Falcon, 351172). The 96-well plate was incubated at 30◦ C in a Synergy MX (Biotek, Winooski,
VT) microplate reader in static condition and was shaken at a fast speed for 3 s right before OD and fluorescence
measurements. Sampling interval was 5 minutes. Excitation and emission wavelengths to monitor GFP fluorescence
are 485 and 530 nm, respectively and those to monitor RFP fluorescence are 584 and 619 nm, respectively.

Genetic circuit construction.
The genetic circuit construction was based on Gibson assembly CITE. DNA fragments to be assembled were amplified by PCR using Phusion High-Fidelity PCR Master Mix with GC Buffer (NEB, M0532S), purified with gel
electrophoresis and Zymo clean Gel DNA Recovery Kit (Zymo Research,D4002), quantified with the nanophotometer
(Implen, P330), and assembled withGibson assembly protocol using NEBuilder HiFi DNA Assembly Master Mix(NEB,
E2621S). Assembled DNA was transformed into competent cells prepared by the CCMB80 buffer (TekNova, C3132).
Plasmid DNA was prepared by the plasmid miniprep-classic kit (Zymo Research, D4015). DNA sequencing used
Quintarabio DNA basic sequencing service. Primers and gBlocks were obtained from Integrated DNA Technologies.
The list of constructs and essential DNA sequences can be found in SI Table 1.

Calculating growth rate and protein production rates
The background OD (0.08 OD600nm ) and GFP (100 AU) were subtracted from the data prior to any calculations.
To ensure the data analyzed was coming from cells in exponential growth, only OD values (adjusted for background)
of OD600nm = 0.06 and OD600nm = 0.14 were considered except for experiments done in lactose were the range was
OD600nm = 0.06 and OD600nm = 0.1 (since these entered stationary phase at lower OD values).
To remove noise before differentiating, the OD and fluorescence data was then filtered using a moving average
filter. Given a signal with n measurements y = [y1 , y2 , . . . , yn+1 ] sampled at a constant period ∆t, we apply the
moving average filter as follow:
dj =

2
X
yj+r
r=−2

5

∀j ∈ [3, 4, . . . , n − 1],

,

where d = [d1 , d2 , . . . , dn+1 ] is our filtered signal with boundary points identical to those of y (d1 = y1 and d2 = y2 ).
The growth rate µ is calculated from the filtered OD signal by performing linear regression (in a least-squares
sense) on the log of the signal and taking the slope of the fit. The RFP and GFP production rates were calculated in
a similar manner as [46]. Denoting GFP(ti ) and RFP(ti ) as the filtered GFP and RFP signal measured by the plate
reader at time ti , the GFP production rate (αGFP (ti )) and RFP production rate (αRFP (ti )) are given by
αGFP (ti ) =

GFP(ti+1 ) − GFP(ti−1 )
,
2(ti+1 − ti−1 )OD(ti )

αRFP (ti ) =

RFP(ti+1 ) − RFP(ti−1 )
,
2(ti+1 − ti−1 )OD(ti )

where OD(ti ) is the filtered OD level.
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Supplementary Information
Detailed Experimental data
a

b

Figure 9: The unnormalized data corresponding to the Fig. 2 in the main text (a) Corresponding
data to Fig. 2-d. (b) Corresponding data to Fig. 2-f.

a

c

b

Figure 10: The unnormalized data corresponding to the Fig. 4 in the main text for OL and CL
in lactose (a) Corresponding data to OL and CL in Fig. 4-f. (b) Corresponding data to OL and CL in
Fig. 4-f. (c) Corresponding data to OL and CL in Fig. 4-g.

a

c

b

Figure 11: The unnormalized data corresponding to the Fig. 4 in the main text for control in
lactose (a) Corresponding data to control in Fig. 4-f. (b) Corresponding data to control in Fig. 4-f. (c)
Corresponding data to control in Fig. 4-g.
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a

c

b

Figure 12: The unnormalized data corresponding to the Fig. 4 in the main text for OL and CL
in glycerol (a) Corresponding data to OL and CL in Fig. 4-h. (b) Corresponding data to OL and CL in
Fig. 4-h. (c) Corresponding data to OL and CL in Fig. 4-i.

a

c

b

Figure 13: The unnormalized data corresponding to the Fig. 4 in the main text for control in
glycerol (a) Corresponding data to control in Fig. 4-h. (b) Corresponding data to control in Fig. 4-h. (c)
Corresponding data to control in Fig. 4-i.

SpoTH Actuator Model
Here we derive a model of the SpoTH actuator. We model spoTH mRNA being translated by ribosomes to produce
the SpoTH protein, which catalyzes the hydrolysis of ppGpp. We model how ppGpp inhibits ribosome production
and how this modifies the total ribosomal budget. This dimensional model contains many free parameters, but
by nondimensionalizing the equations, we can reduce our governing equation to contain only two dimensionless
parameters. Finally, we modify the equations to account for the expression of a heterologous protein.

SpoTH expression
We model spoTH mRNA (ms ) binding to free ribosomes (R) to produce the translation initiation complex cs , which
is then translated to produce the SpoTH protein S with elongation rate constant κs . The mRNA decays with rate
constants δs and the protein dilutes with rate constant γs . The corresponding chemical reactions are:
α

s
∅ −→
ms ,

δ

s
ms −→
∅,

ms + R

as
ds

κ

s
ms + R + P s ,
cs −→

γs

S −→ ∅,

(6)

where αs is the production rate constant of the mRNA, as and ds are the association and dissociation rate constant,
respectively, between ribosomes and mRNA. Levering reaction rate equations, consequently, the concentration of each
species satisfies:
dms
=αs − as Rms + (ds + κs )cs − δs ms ,
dt
dcs
=as Rms − (ds + κs )cs
dt
dS
=κs cs − γs Ps .
dt
The steady state of (7) is given by
ms =

αs
,
δs

cs =

ms
R,
Ks

S=

κs
cs ,
γs

(7)

(8)

s
. From (8), the concentration of spoTH S is proportional to cs (the number of ribosomes translating
where Ks = dsa+κ
s
spoTH mRNA). The models (7) and (8) are consistent with [5].

ppGpp hydrolyzed by SpoTH
We now relate ppGpp concentration to SpoTH expression. We model ppGpp (G) being produce at a rate αG ,
decayed at basal rate γG0 , and catalyzed by spoTH to GTP/GDP (Gp ) at a rate aG . The production rate αG should
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Figure 14: SpoTH RBS library (a) The genetic construct used to test the SpoTH RBS library. This
construct is identical to Fig. 4-a in the main text, but with a very weak RFP RBS. For the entry labeled “No
spoT” in the legends, the construct is identical but without the SpoTH RBS and CDS. (b) For lactose, the
GFP production rate as SpoTH is expressed (increase AHL) for the RBS library. (c) For lactose, the growth
rate as SpoTH is expressed (increase AHL) for the RBS library. (d) For glycerol, the GFP production rate
as SpoTH is expressed (increase AHL) for the RBS library. (e) For glycerol, the growth rate as SpoTH is
expressed (increase AHL) for the RBS library. For all data, error bars represent standard deviation from at
least four replicates (two biological replicates each with two technical replicates).
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be determined by the synthesis rate of relA and spoT. Similarly the basal decay rate γG0 , should have a contribution
from the hydrolysis domain of spoT. The corresponding biochemical reactions are:
α

G
∅ −→
G,

γG

a

0
G −→
∅,

G
S + G −→
GP + S.

(9)

Notice that for simplicity we used a one step catalytic reaction [57] for the hydrolysis of ppGpp . The concentration
of each species satisfies:
dG
= αG − γG GS − γG0 G.
(10)
dt
The steady state of (10) is given by
G0
G=
,
(11)
1 + S/Kgs
where G0 = αG /γG0 and Kgs = γG0 /aG .

ppGpp represses ribosome production and SpoTH sequesters ribosomes
Next we show how ppGpp represser ribosome production and how the expression of SpoTH sequesters ribosomes.
Denoting RT as the concentrtion of the total ribosomes in the cell, we have that
RT = R + cs + ce ,

(12)

where ce is the concentration of ribosome translating endogenous mRNA. From (12), it is clear that expressing spoTH
(increasing cs ) should lower the number of free ribosomes. The total ribosome concentration obeys
dRT
= αr − γ r R T ,
dt

(13)

where αr is the ribosome production rate and γr is the ribosome decay rate. ppGpp represses ribosome production
(via inhibition of rRNA), we model this repression by
αr =

αr∗
,
1 + (G/KG )2

where KG and αr∗ is the ribosome production rate in the absence of ppGpp. We use a hill coefficient of 2, consistent
with [6, 58]. Taking the steady state of (13), we have that
RT =

RT∗
,
1 + (G/KG )2

where RT∗ = αr /γr .

Dimensionless actuator model
We assume that ce has a similar form as cs in (8) such that
ce =

me
R,
Ke

where me is the total endogenous mRNA and Ke is the effective dissociation constant of endogenous mRNA with
ribosomes. We can rewrite (12) as
RT∗
me
1
R
me
cs
, = R(1 +
, = ∗ (1 +
) + cs , =⇒
)+ ∗ ,
1 + (G/KG )2
Ke
1 + (G/KG )2
RT
Ke
RT
and can be further expressed as:



1
1
R
1
me
cs
+
−
= ∗ (1 +
)+ ∗ .
2
2
2
1 + (G0 /KG )
1 + (G/KG )
1 + (G0 /KG )
RT
Ke
RT
Defining R̄ =
form as

R
∗
RT

(14)

e
(1+ m
) and c̄s = cs /RT∗ and using the relationship (11) and (8), we can express (14) in dimensionless
Ke

R0 + (1 − R0 )f (c̄s /, R0 ) = R̄ + c̄s ,
where
θG = G0 /KG ,

R0 (θG ) =

1
,
2
1 + θG

=

Kgs γs
,
RT∗ κs

f (c̄s /, R0 ) =

(15)
(c̄s / + 1)2 − 1
.
(c̄s / + 1)2 − 1 + 1/R0

(16)

The dimensionless parameter θG is a measure of the basal ppGpp in the cell, R0 is the free ribosome concentration
(normalized by RT∗ ) when no spoTH is expressed (cs = 0)  is the ribosomal cost to express sufficient spoTH to
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degrade ppGpp (cost to actuate). A small  implies that the amount of ribosomes needed to produce enough SpoTH
to actuate (degrade a sufficient amount of ppGpp) is small compared to the increase in ribosomes due to ppGpp
hydrolysis. Also notice that there is a monotonically decreasing relationship between the basal ppGpp θG and the
nominal ribosome level R0 . Finally, a key parameter to determine the qualitative behavior of (15) is given by:
δ(R0 , ) :=

dR
dcs

=2
cs =0

2
2R0 (1 − R0 )
θG
− 1,
−1=
2 2

(1 + θG
) 

(17)

where δ ∈ (−1, ∞). By definition, if δ > 0, it implies that ribosome levels increase as a small amount of exogenous
SpoT is expressed.

Appending model with the expression of an additional heterologous protein
We model the mRNA of a heterologous protein (my ) binding to free ribosomes (R) to produce the translation initiation
complex cy , which is then translated to produce the protein y with elongation rate constant κy . The mRNA decays
with rate constants δy and the protein dilutes with rate constant γy . The corresponding chemical reactions are:
αy

∅ −→ my ,

δy

my −→ ∅,

ay

my + R

dy

κy

cy −→ my + R + Py ,

γy

y −→ ∅,

(18)

where αy is the production rate constant of the mRNA, ay and dy are the association and dissociation rate constant,
respectively, between ribosomes and mRNA. The concentration of each species satisfies:
dmy
=αy − ay Rmy + (dy + κy )cy − δy my ,
dt
dcy
=ay Rmy − (dy + κy )cy
dt
dy
=κy cy − γy Py .
dt

(19)

The steady state of (19) is given by
my =

αy
,
δy

cy =

my
R,
Ky

y=

κy
cy ,
γy

(20)

d +κ

where Ky = yay y .
We modify (12) to read
RT = R + cs + ce + cy .
Defining c̄y = cy /RT∗ , we can write the total ribosme concentation in dimensionless from as in (15) as
R0 + (1 − R0 )f (c̄s /, R0 ) = R̄ + c̄s + c̄y ,

(21)

When y and spoTH are under the same promoter, it implies my = ms and thus
cs = γcy ,

γ = Ks /Ky .

For this we have:
dR
dcy

=
cy =0

γ
− 1.
δ

(22)

Thus the inital can be made flat if:
γ = δ(R0 , ).
The qualitative behavior of (21) when cs = γcy is shown in Fig. 15

Plasmid maps and DNA sequences
Part
RBS
RBS
RBS
RBS

Sequence (5’ to 3’) or biobricks part number
1
2
3
4

GTTACAGCTTAGCCCGATCCATTT
TGAGCGCCGCCAGGGACCACGC
CTCGACACACCCCCTATTAAAT
CAAACCTCTACCGTAGGATTCGTCATT

20

(23)
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SpoTH

CJB

ATGTATCTGTTTGAAAGCCTGAATCAACTGATTCAAACCTACCTGCCGGAAGACCAAATCAAGCGTCTG
CGGCAGGCGTATCTCGTTGCACGTGATGCTCACGAGGGGCAAACACGTTCAAGCGGTGAACCCTATATC
ACGCACCCGGTAGCGGTTGCCTGCATTCTGGCCGAGATGAAACTCGACTATGAAACGCTGATGGCGGCG
CTGCTGCATGACGTGATTGAAGATACTCCCGCCACCTACCAGGATATGGAACAGCTTTTTGGTAAAAGC
GTCGCCGAGCTGGTAGAGGGGGTGTCGAAACTTGATAAACTCAAGTTCCGCGATAAGAAAGAGGCGCA
GGCCGAAAACTTTCGCAAGATGATTATGGCGATGGTGCAGGATATCCGCGTCATCCTCATCAAACTTGC
CGACCGTACCCACAACATGCGCACGCTGGGCTCACTTCGCCCGGACAAACGTCGCCGCATCGCCCGTGA
AACTCTCGAAATTTATAGCCCGCTGGCGCACCGTTTAGGTATCCACCACATTAAAACCGAACTCGAAGA
GCTGGGTTTTGAGGCGCTGTATCCCAACCGTTATCGCGTAATCAAAGAAGTGGTGAAAGCCGCGCGCCA
AAATTCGTCAGTTGCTGAAAAACCTCAAGCGTAATAA
ATGcatcatcatcatcatcatGCGTCGAAAATCTCAGACAATGTACGTATTAAACTGTACATGGAAGGCACCGTCA
ACAACCATCACTTCATGTGTGAAGCGGAAGGTGAAGGCAAGCCGTACGAAGGAACCCAGATGGAAAACA
TTAAAGTCACTAAAGGTGGCCCTCTTCCGTTCTCTTTCGACATTCTCACGCCGAACTGTCAGTATGGGT
CAGTGGCAATCACCAAATATACCAGTGGCATCCCGGACTACTTTAAGCAGAGCTTTCCTGAGGGATTCA
CGTGGGAACGCACGACCATCTATGAAGACGGGGCCTACCTTACAACCCAACAAGAAACGAAGCTTGACG
GCAACTGCCTGGTGTATAACATCAAGATTCTGGGTTGCAATTTCCCACCGAACGGCCCGGTGATGCAGA
AGAAAACACAGGGATGGGAACCCTGTTGCGAGATGCGTTATACACGTGATGGAGTATTGTGTGGGCAG
ACACTTATGGCGCTCAAATGTGCAGATGGGAACCACCTCACTTGCCACTTACGCACGACGTACCGCTCC
AAAAAAGCGGCAAAGGCGCTGCAGATGCCGCCGTTCCATTTCAGTGACTCACGCCCTGAGATCGTGAAA
GTTAGCGAGAATGGAACTCTTTTCGAACAGCATGAATCCTCAGTGGCCCGCTATTGCCAAACGTGTCCT
TCCAAACTCGGCCATAACTAATAA

Table 1: Essential DNA sequences used in this study
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Qualitive behavior

Figure 15: The qualitative behavior coexpressing y and SpoTH under the same promoter The
qualitative behavior of (21) when cs = γcy (blue line). The open loop (cs = 0 for all cy ) is shown in orange.
The asymptotic behavior as γδ → 0 and γδ → ∞ are shown in dashed lines.
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Figure 16: Plasmid maps (a) The genetic construct map for the construct for Fig. 2-a in the main text.
(b) The genetic construct map for the construct for Fig. 3-a in the main text. (c) The genetic construct
map for the construct for Fig. 4-c (No spoT), Fig. 4-d, Fig. 4-c (replace spoT with CJB) in the main text.
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