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Abstract
The T7 expression system is commonly used to obtain high yields of heterologous proteins in
Escherichia coli. Still, laboratories empirically optimize its use, frequently with little information for
rationally choosing the change of settings in each case. Here, we monitored the expression of green
�uorescent protein (GFP) as a function of growth in three strains, with and without additional LacI
repressor and IPTG added at different times. BL21(DE3) strain showed the best yield; however, its inability
to repress T7 harmed the culture unless additional LacI was provided. The BLR(DE3) and MG1655 strains
suppressed T7 leaking by themselves but differed in the outcomes of additional LacI. While LacI
overexpression improved BLR’s growth and yield, it severely harmed the MG1655 culture. In all cases,
early induction with IPTG offered a better outcome than adding it too late. MG1655 was least sensitive to
this timing thanks to its capability of keeping a high growth rate for longer. Notably, the GFP production
rate was linear to growth rates throughout the culture, meaning that the ribosomal fraction allocated to
GFP production was constant at all the analyzed time points. This observation is consistent with a
general, time-resolved regulation function and supports the interpretation of our data through a proteome
allocation model (PAM). A simple PAM simulated correctly the carbon over�ow triggered by heterologous
overexpression, indicating that if any anabolic fraction is added to compete for proteome allocation, the
rate of precursors consumption will decrease, thus leading to said over�ow. This model proposes that a
LacI promiscuous repression activity can explain its observed opposite effects on BLR(DE3) and MG1655
strains. Through different levels of downregulation, the carbon �xating proteome fraction would reach a
state closer or farther from optimum in each host.

Introduction
In the context of recombinant protein production for industrial purposes or as a reporter signal in whole-
cell biosensors, expressing high amounts of a foreign gene challenges the internal cellular regulations in
ways that can select non-producers or harm the culture and thereby diminish yield or signal (Binder et al.,
2016; Borkowski et al., 2016; Eichmann et al., 2019; X. Jia et al., 2019; Li & Rinas, 2020; Malakar &
Venkatesh, 2012). For example, the T7 promoter, induced by the IPTG-conditional derepression of T7 RNA
polymerase (Browning et al., 2019; Studier & Moffatt, 1986), remains a popular system for overexpressing
heterologous proteins in Escherichia coli(B. Jia & Jeon, n.d.; Rosano & Ceccarelli, 2014; Ting et al., 2020).
Still, the protein properties, the bacterial host, and the culture conditions interact in complex ways.
Therefore, it is common to follow a partially systematic set of trials to obtain an optimized protocol for
protein production (Bhatwa et al., 2021).

Although BL21(DE3) has shown to be an excellent host for heterologous protein production, there is
growing interest in alternative strains. For example, the relatively more versatile phenotype of K-12 strains
might aid in expressing more di�cult proteins or serve as a chassis for new metabolic or biosensor
circuits. In particular, MG1655 is considered a laboratory wild type strain with virtually intact metabolic
capabilities (Marisch et al., 2013; Wang et al., 2020). However, surprisingly few data show a simple
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explicit characterization of the T7 expression system for foreign protein production as a function of
culture growth in different E. coli strains (Kang et al., 2002).

We present here the interdependence of growth and heterologous protein production analyzed for three
different E. coli strains under typical laboratory conditions, simultaneously monitoring culture density and
GFP �uorescence. The results are interpreted through a simple kinetic system based on proteome
allocation models (Scott et al., 2010; Towbin et al., 2017). In this model, a carbon-�xating proteome
fraction produces intracellular precursors, while a ribosomal proteome fraction consumes these. We �nd
that the interplay between the catabolic and anabolic proteome fractions correctly represents the effects
of heterologous protein production on growth rate and carbon over�ow (Li & Rinas, 2021; Weber et al.,
2021). It also suggests explanatory mechanisms for the differences we observed between strains.

Materials And Methods
E. coli strains

MG1655 ΔendA ΔrecA (DE3) was a gift from Kristala Prather (Addgene code # 37854) (Tseng et al.,
2010). Agar stabs of BLR(DE3) and BL21(DE3) were kindly provided by Carlos Bustamante at UC-
Berkeley and Mauricio Baez at Universidad de Chile, respectively. Cells were made competent by CaCl2
incubation protocol and transformed by 42°C heat shock with pUC-T7GFP or sequentially with pUC-
T7GFP and pACYCDUET. Selection LB-agar plates were supplemented with 1% glucose to reduce T7
basal expression, and ampicillin for pUC-T7GFP, or ampicillin and chloramphenicol for pUC-T7GFP
pACYCDUET.

Plasmids

A gene block for GFP expression was designed using Benchling RRID:SCR_013955 [Biology Software].
(2020). Retrieved from https://benchling.com. Twist Bioscience synthesized the DNA fragment. It
contained the following elements: T7 promoter, lac operator, Shine-Dalgarno ribosome binding sequence,
a codon-optimized GFPmut3 coding sequence (Balleza et al., 2018) fused with an LVA tag (Andersen et
al., 1998) and T7 terminator. A high-copy GFP expression plasmid, pUC-T7GFP, was built by inserting this
construct into a pUC57 vector through standard digestion and ligation reactions between NcoI and KpnI
restriction sites. To introduce additional expression of LacI, we used the low-copy number plasmid,
pACYCDUET, acquired from GenScript.

Culture protocol.

Freshly transformed colonies were hand-picked to inoculate 10 mL of medium supplemented with
ampicillin or ampicillin and chloramphenicol. These cultures were incubated at 37°C and 250 RPM
overnight, then measured for cell density and harvested by centrifugation at 5000 RPM for 5 minutes.
Immediately, the cells were resuspended in fresh medium to the appropriate volume to obtain an optical
density of 0.1, which equated to approximately 2x107 cells/mL. Finally, 200 uL of these suspensions were
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loaded in a 96 multiwell plate and incubated at 30°C with 220 RPM oscillatory shaking. The
microcultures were grown without the addition of antibiotics. The multiwell plate was covered with its
plastic lid, and the outer wells were �lled with 200 uL of water so that a similar humidity surrounded all
the monitored cultures. This con�guration resulted in less than 2.5% volume loss due to evaporation after
16 hours. Induction was done by pipetting manually 5 uL 20 mM IPTG into the appropriate wells.

Data acquisition

Culture density (OD600) and �uorescence were monitored in a plate reader, In�nite 200 Pro from TECAN,
using the following settings: 475 nm Excitation and 516 nm emission, a gain of 50, 25 �ashes, reading
every 15 minutes over 16 hours.

Data analysis.

Each data point averages nine measurements (three colonies in triplicate repetition). Growth rates on
each point are calculated as the difference of OD between consecutive points 1 and 2, and then divided
by the OD of point 1. Similarly, the production rates are calculated as the difference of �uorescence
between points 1 and 2 divided by the OD at point 1. Finally, a smoothing �lter was applied to the growth
rate and the production rate consisting of a sliding averaging window of 5 points. Only data points until
320 minutes were used for all the analysis presented in this work.

Results
We used microcultures (200 uL) to follow the growth and heterologous protein production made by the
most used strain, BL21(DE3)(Kim et al., 2017) and compared its performance with MG1655 ΔendA ΔrecA
(DE3) (Tseng et al., 2010) (called MG1655 here for brevity) as representative of K12 strains, which are
closest to wild type bacteria. Additionally, we monitored BLR(DE3), which is commonly the strain of
choice for expressing constructs prone to spontaneous recombination. BLR(DE3) is a ΔrecA derivative of
BL21(DE3) that received a ~79 Kb chromosome segment from MG1655; in consequence, it could have
some traits unexpectedly different from BL21 (Go�n & Dehottay, 2017) and possibly closer to its K12
donor. We chose GFP as a generally ‘low burden’, easily folded, soluble heterologous protein to follow
production in real-time through simple �uorescence measurements. The relatively fast maturing time of
the GFPmut3 variant (Balleza et al., 2018) and the LVA degradation tag (Andersen et al., 1998) helped to
have the best picture of the cellular activity at each time point. We used a high-copy number pUC57 vector
to enhance differences in the exerted burden and their possible consequences on growth rate and protein
yield. The T7 promoter, lac operator and 5’ UTR that preceded the GFP gene formed a 90 bp long
sequence, identical to many public and commercial expression plasmids (e.g. pET series). Our protocol
simulated the conditions most commonly used for batch protein production: diluting a pregrown culture
in a rich, de�ned medium supplemented with glucose and amino acids. We observed the effect of
additional LacI repressor expressed from its native promoter by adding a low-copy plasmid (pACYCDUET
vector, with no insertion of other heterologous genes). Also, because the induction time is one of the main
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variables that every laboratory needs to monitor and optimize, we compared the effects of adding IPTG at
early and late time points for the six different cultures.

Cultures general behavior and yields

To produce recombinant proteins in fed-batch cultures, the induction time must correspond to a point in
the growth curve when a high amount of biomass is already present (Donovan et al., 1996; Malakar &
Venkatesh, 2012). Inducing too early would risk a competition that would select lower or non-producer
cells due to their �tness advantage during exponential growth (Borkowski et al., 2016). Also, the induction
time must ensure that the biomass-producing machinery is sustained with health and resources for long
enough to achieve a good yield. The most common practice compromises an imperfect decoupling of
growth from product formation by adding the inducer IPTG at OD600 of 0.5-0.7. This cell density usually
corresponds to close to mid-time during exponential growth. We determined the concentration of viable
bacteria in our microcultures by counting colonies from samples at six OD600 values ranging from 0.08
to 0.80. A linear regression intersecting at 0 determined an equivalence of 2x108 UFC/mL per unit of OD
(r2=0.99). To evaluate the effect of the induction time, IPTG was added at a �nal concentration of 0.5 mM
at time 0, with an OD=0.1 and 2 hours later. These two times corresponded to before and shortly after the
growth-rate peak, respectively, in all cases (Figure 1). When comparing the best conditions for each strain,
the growth rates and protein yields of BL21(DE3), BLR(DE3) and MG1655 were not too distant from each
other (bolded text in Table 1).

On the other hand, the induction time appeared more important for BL21(DE3) and BLR(DE3) than
MG1655. While the B strains lose close to 60% of their yield, MG1655 loses only ~40%. We can relate the
signi�cantly lower yield for late induction of the B strains with their sharp growth rate decrease.
Differently, the growth rate of MG1655 (without pACYCDUET) decreased gentler, indicating that its
anabolic activity endured longer. To test this interpretation, we introduced a reporter plasmid for GFP
expression under the control of the ribosomal promoter P1. When cultured at the same conditions, we
observed a peak of P1 expression centred on the growth rate peak for both MG1655 and BLR. Just as
observed for the shape of their respective growth rates in time, the �uorescence of BLR strain decreased
sharply, while the high values of MG1655 were kept for longer (Data not shown). Although the activities
of the seven ribosomal promoters comprise a complex regulation system (Maeda et al., 2015), the
extended P1 expression might be indicative of MG1655 sustaining its anabolic proteome fraction for
longer times than the B strains.

Growth and Production Rates

Figure 2 shows that the protein production and growth rate are linearly related. As a foundation of the
proteome allocation models, Scott et al. (2010) demonstrated a linear relationship for protein production
and maximum growth rates for MG1655 cultured in different carbon sources. Here, each culture drew a
straight line when the production rates at each time point were plotted against their corresponding growth
rates. Table 2 indicates these linear functions for each culture. These observations support the idea that a
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�xed fraction of the cell’s anabolic activity is dedicated to producing the heterologous protein under the
T7 expression system. However, the slopes shown in Table 2 indicate that the value of this fraction varies
signi�cantly with different hosts and their conditions of induction.

The Effect of Additional LacI

Also, we tested the in�uence of additional expression of LacI. While BLR and MG1655 were able to
suppress the T7 expression with native LacI production solely, BL21(DE3) was severely harmed by basal
expression (Figure 1A). Adding pACYCDUET plasmid, which includes the LacI gene under the control of
its native promoter, increases the intracellular repressor probably by ~10 times its initial concentration.
This additional LacI bene�ts BL21(DE3) growth during the �rst ~100 minutes (Figure 3A), presumably by
inhibiting the early production of the foreign protein, even at the time of pre-inoculum. Intriguingly, LacI
improves BLR(DE3) early growth rates, although this strain showed no detectable GFP leaking. During the
�rst ~60 minutes, BLR bene�ts from additional LacI (Figure 3B), possibly by preventing an undetectable
T7 leaking of GFP production, or more likely, shortening the growth lag by some other mechanism.

On the other hand, the effect of LacI was detrimental in the case of MG1655 (Figure 3C). Because this
strain showed tight T7 suppression by itself, we suspect that additional LacI molecules exert their
in�uence by repressing different promoters, i.e. other than Lac operon. High-resolution location of single
molecules demonstrated that LacI binds in vivo to multiple near-speci�c sites (Garza de Leon et al.,
2017), possibly in�uencing carbon �xation and anabolic activity in ways other than repressing the lac
operon.

A Proteome Allocation Model

Because the initial observations seemed to �t with the concepts of proteome fractions, we felt
encouraged to apply a time-resolved proteome allocation model as an attempt to represent and explain
our results. We adapted the simplest model consisting of two variable proteome fractions: First, a carbon-
�xating fraction, C, has the activity of consuming substrate from the medium and producing intracellular
precursors, x. Second, a ‘ribosomal’ proteome fraction, R, consumes intracellular precursors to produce
biomass.

The interdependence between the growth rate m, the intracellular precursors x, and the biomass-
producing proteome fraction R is represented by the equation:

Where g is the absolute maximum growth rate (theoretically, for R = 1 and x = ∞) and k2 represents the
dissociation constant of R for its precursors (e.g., the a�nity of the amino-acyl tRNA synthetases for their
respective amino acids, and that of ribosomes for the amino acid-charged tRNAs). A low limit of 0.06 was
set for the R fraction (Scott et al., 2010), representing the minimal set of anabolic reactions that the cell
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needs for survival. The sum of R and C is set constant at 0.55 (Scott et al., 2010), considering the
existence of a third fraction of core (Q = 0.45), constitutive genes that will not take part in the variations
represented in this model.

The value of C is tied to the growth rate and intracellular precursors through a regulatory function:

Where kf represents the regulation sensitivity of the cell’s catabolic enzymes. The value of kf can be taken
from the sensitivity of the CRP-cAMP regulatory system (Towbin et al., 2017).

To connect the intracellular precursors’ production with their consumption for biomass and energy, the
change of x in time is de�ned as:

Where β is the upper limit for the rate of carbon in�ux (theoretically, for C = 1 and S = ∞), S is the
concentration of extracellular substrates, and ks represents the dissociation constant of the C proteins for
those substrates. We observed that without a feedback regulation of C activity, the precursors did not
stabilize in reasonable time unless b was set to unrealistic low values. Therefore, we added a regulatory
module of C activity with an allosteric constant k1, as previously formulated by (Towbin et al., 2017).
Differently than Towbin et al., we wished to represent the evolution of the precursors and extracellular
substrates in time. Therefore, we added the coe�cient z, representing the portion of precursors needed to
sustain the growth rate m. The consumption of x (in g/litre of cell volume) towards biomass must be the
rate of cell production m (in h-1) multiplied by the amount of total mass per cell (cellular dry weight,
2.8 10-13 g/cell). To obtain a realistic value for z, we took the linear dependence between glucose uptake
and growth rate from a chemostat study (Carlson & Srienc, 2004) and used the data from (Scott et al.,
2010), assuming that at the maximum growth rate, the carbon in�ux is b × C (see Supplementary
Information). Additionally, using data from (Carlson & Srienc, 2004), the rate of biomass �xation was
subtracted from the carbon intake to obtain the rate of x consumed towards energy production. The
sources for all other constants and a complete model description are provided in the accompanying
supplementary information.

Figure 4 shows a culture simulation by our PAM, when the production of a heterologous protein is
induced at time 2h. Recently, it was shown that overexpressing proteins does not starve the cell of
metabolic precursors but, on the opposite, causes an over�ow of intermediates due to an anabolic
limitation that mimics carbon overfeeding (Li & Rinas, 2021; Weber et al., 2021). In agreement with these
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observations, our model shows that producing a heterologous protein causes an increase in the
equilibrium concentration of intracellular precursors.

Discussion
Proteome allocation models were proposed to describe bacterial behavior at a steady state. The fact that
we observe a constant slope for protein production vs growth rate suggests that the PAM general
assumptions hold reasonably well through the times and cell densities analyzed here. The T7 expression
system is a paradigmatic example of a high-producing circuit with a foreign regulation and a gratuitous,
non-metabolizable inducer. Because of these characteristics, it is expected to interfere with cellular
machinery and culture growth exclusively through the allocation of resources. However, our results
suggest that its main action is not sequestering intracellular anabolic precursors but sequestering
anabolic proteome fraction, in agreement with recent reports (Li & Rinas, 2021; Weber et al., 2021). As a
simple, general interpretation, we propose that if any anabolic fraction is added to compete for proteome
allocation, the fraction R and the rate of precursors consumption will decrease, thus leading to a carbon
over�ow.

Also, the expression of additional LacI appears to interfere in ways that ask for more studies and might
include the repression of alternative carbon-�xating activities. In our experiments, the most striking
feature of introducing additional LacI is how it affected each strain differently. Although there are many
studies on LacI’s structure and function regarding its allosteric mechanism and DNA binding speci�city,
we could not �nd an in vivo characterization of its effects on gene expression away from the lac operon.
The bene�cial effect of LacI in the absence of leaking (observed here for BLR(DE3)) and its harmful
effect on MG1655 suggest that it may act on other sites. In E. coli, 14 different repressors are closely
related to LacI, regulating alternative routes of carbon �xation (Fukami-Kobayashi et al., 2003). We
hypothesize that, when overexpressed, LacI can downregulate carbon �xating proteins usually controlled
by other transcription factors of the same family.

We attempted to represent this hypothetical action of LacI as a promiscuous transcription factor to see if
its overexpression could manifest different in�uences depending on the cellular context. In our PAM, the
repression of C fraction is a function of x with a sensitivity that relies on a constant, kf. If kf value is
reduced 10 times, we observe that the growth rate increases, representing a bene�cial effect such as that
observed for BLR. If kf is reduced 15 times, then the internal precursors x equilibrate at a lower
concentration, reducing the growth rate, as in the case of MG1655. It remains to be tested if the
overexpression of LacI by a low-copy number plasmid as pACYCDUET effectively represses the C fraction
and if the extent of this repression is different for these strains. The model suggests that there is a level
of repression of C that is optimal. It is likely that MG1655, being closer to a wild type strain, remains
closer to such optimal and is therefore harmed by the overexpression of a transcription factor. 

We expect that this contribution will serve as a reference to optimize heterologous protein production and
to remain attentive to the rational use of LacI. BL21(DE3) remains the �rst choice for the highest yield
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attainable, provided that additional LacI can be expressed. The capability of BLR and MG1655 to
suppress uninduced expression even when using a high-copy number vector makes it unnecessary to use
additional LacI repressor, which can be advantageous given the pleiotropic effects that this repressor
possibly exerts on the cellular carbon metabolism. The surprisingly good yield obtained by MG1655
invites to consider its choice, especially if a high growth rate is desired for more extended periods; for
instance, the development of biosensors or the insertion of new metabolic routes integrated with native
carbon �uxes would bene�t from the virtue of MG1655 not requiring to meddle with LacI intracellular
concentration.

Finally, we encourage the application of proteome allocation models to evaluate and interpret the
performance of alternative strains and conditions to maximize growth and yield.
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Tables
Table 1.

Plasmids 

pUC-T7GFP pUC-T7GFP + pACYCDUET

No
induction

IPTG0H IPTG2H No
induction

IPTG0H IPTG2H

Strains Maximum Fluorescence/OD

BL21 8103
± 1271

8289 ±
6455

6763 ± 5271 196 ± 3 8423 ± 317 3548 ±
624

BLR 375 ± 9.5 3934 ± 113 2013 ±
123.5

350 ± 5 7509 ±
1335

2847 ±
681

MG1655 143 ± 13 5601 ± 237 3252 ± 115 205 ± 5 1815 ± 301 652 ± 105

 

Table 2.
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  Plasmids

pUC-T7GFP pUC-T7GFP + pACYCDUET

Strain IPTG0H IPTG2H IPTG0H IPTG2H

BL21(DE3) 7014.0*µ +385.4 8884.5*µ -314.7 8089.2*µ +698.6 5335.7*µ +381.8

BLR(DE3) 4503.57*µ -80.69 4637.13*µ -351.03 4297.9*µ +753.1 3362.97*µ +349.15

MG1655 5709.3*µ +248.4 2864.5*µ +539.7 3217.05*µ -95.76 1591.72*µ -26.93

Figures

Figure 1

Growth and GFP production rates. Microcultures (200 uL) started at OD600 = 0.1 (~2 107 UFC/mL) and
were induced with 0.5 mM IPTG as indicated. Left panels, cells transformed with pUC-T7GFP. Right
panels, cells transformed with pUC-T7GFP and pACYCDUET for additional expression of LacI. A,
BL21(DE3). B, BLR(DE3). C, MG1655.

Figure 2

Protein production rates as a function of growth rates. A, cultures were induced with 0.5 mM IPTG at the
start point. B, cultures were induced with 0.5 mM IPTG at time = 2h. Plotted data correspond to the �rst
320 minutes to avoid including the onset of the stationary phase. 
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Figure 3

Effect of LacI on growth rates. At each time point, the change in the growth rate of cells transformed with
both pUC-T7GFP and pACYCDUET was calculated by subtraction, taking as a reference the non-induced
strain transformed only with pUC-T7GFP. Positive values indicate a bene�cial effect of the additional LacI
expression induced by pACYCDUET. A, BL21(DE3). B, BLR(DE3). C, MG1655.

Figure 4

Simulation of cultures by a time-resolved PAM. Left panels, simulations with no heterologous protein.
Right panels, simulations of cultures induced for the production of a heterologous at time = 2 h, indicated
by the vertical line. A, Concentration of the extracellular substrates S, and intracellular precursors x. B,
Growth rate, rate of heterologous protein production, and total number of cells. C, Proteome fractions
allocated by: C, carbon-�xating proteins, R, anabolic or ribosomal proteins, and H, heterologous protein.
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