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Highlights

Mutants with only 3 ribosomal operons grow faster than wild-type in minimal medium
A4 rm and rpoB mutants share phenotypic traits

Faster growth of mutants is achieved by increased ribosome content

Fast-growing mutants display reduced hedging expression and adaptation trade-offs

Despite similar ribosomal content in rich medium the mutants present growth defects


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-ND 4.0 International license.

Summary

Bacteria regulate their cellular resource allocation to enable fast growth-adaptation to a
variety of environmental niches. We studied the ribosomal allocation, growth and expression
profiles of two sets of fast-growing mutants of Escherichia coli K-12 MG1655 in glucose
minimal medium. Mutants with only 3 of the seven copies of ribosomal RNA operons grew
faster than the wild-type strain in minimal media and show similar phenotype to previously
studied rpoB mutants. Higher growth rates due to increased ribosome content affected
resource allocation. Expression profiles of fast-growing mutants shared downregulation of
hedging functions and upregulated growth functions. Mutants showed longer diauxic shifts
and reduced activity of gluconeogenic promoters during glucose-acetate shifts, suggesting
reduced availability of the RNA Polymerase for expressing hedging proteome. These results
show that the regulation of ribosomal allocation underlies the growth/hedging phenotypes
obtained from laboratory evolution experiments. We show how two different regulatory
perturbations (rRNA promoters or rpoB mutations) reshape the proteome for growth with a

concomitant fitness cost
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Introduction

Cellular growth is the result of a highly regulated process that demands the allocation of
cellular resources towards different tasks. Bacteria have evolved to regulate resource
allocation to maximize survival under harsh and changing environments. During fast
exponential growth ribosomal RNA represents ~86% of the total RNA, ribosomes constitute
over 30% of the biomass (Dennis and Bremer, 2008), and translation uses ~40% of the
cellular energy (Wilson and Nierhaus, 2007). Therefore, the regulation of ribosomal content

is central to bacterial physiology.

The main control step in ribosome biogenesis is the transcription of ribosomal RNA (rRNA)
(Dennis et al., 2004), which hoards much of the available RNA polymerase (RNAP). RNAP
is central to the regulation of the ribosomal allocation, it is the target of the (p)ppGpp
stringent response and fast-growing strains selected by Adaptive Laboratory Evolution (ALE)
often present mutations in the rpoB or rpoC genes that code for the core RNAP (Phaneuf et
al., 2019). ALE selects for RNAP mutants that grow faster than the parental strain in minimal
media, display adaptation trade-offs (such as the glucose-acetate diauxic shift) and slower
growth in rich media. The effects of these mutations have been attributed to the
reprogramming of the whole transcriptome, and the reallocation of resources from
downregulated hedging functions to growth, however their effects on the regulation of the
ribosome allocation have not been studied (Cheng et al., 2014; Conrad et al., 2010; Utrilla et
al., 2016).

A clear correlation between copy number of ribosomal RNA operons, growth rate and growth
efficiency has been established for many bacterial species (Roller et al., 2016). In the model
bacterium Escherichia coli rRNA is transcribed from seven ribosomal operons (rrnA, B, C, D,
E, G and H) that provide the necessary amount of ribosomal transcription for fast growth.
However, it has been shown through progressive deletions that E. coli can survive with only
one of the seven (Asai et al., 1999a). The resulting ribosomal operon elimination mutants
have been studied in rich medium, showing reduced growth rate, increased adaptation time
in glucose-LB shift-up assays and a modest reduction in RNA content (Asai et al., 1999b;
Condon et al., 1995). Previous studies in E. coli have demonstrated that not all the ribosomal
operons have the same transcription strength in different conditions, even though the
structure of the rrn promoters is similar, the genomic location and slight differences in the
promoter sequences result in different promoter strength and sensitivity to stringent
response (Kolmsee et al., 2011; Maeda et al., 2015). Also, there is evidence showing that
poor nutrient conditions produce heterogeneous populations of ribosomes that regulate the

expression of stress response genes (Kurylo et al., 2018).
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It has been recently shown that the cost of the translationally inactive (unused) ribosomes,
present in E. coli, may reduce the growth capacity in a static environment but can be useful
in a dynamic or changing environment (Dai et al., 2016, Mori et al.,, 2017). A negative
correlation between growth rate and adaptation rate has been recently observed (Basan et
al., 2020). This evidence suggests that a fraction of inactive ribosomes may confer fithess
advantages in changing conditions, such as those found in nature, however, under constant
environments the inactive ribosomes may constitute a burden that constrains the maximum
achievable growth rate. An open question regarding the mechanism of growth rate increase
of ALE selected mutants in constant minimal media conditions, is if they reduce the amount
of inactive ribosomes. The reduction of costly inactive ribosomes could increase growth rate
in constant environments but would result in a loss of capacity to resume growth under

changing conditions.

Here we studied the allocation of ribosomal resources in two sets of strains with regulatory
perturbations that increase growth rates in minimal media. Two mutants with the three
stronger ribosomal operon (SQ53: rrnCEH, SQ78: rrnBCH) expression resulted in higher
resource allocation to ribosome synthesis for growth and decreased adaptation capacity.
These results are similar to the optimized growth strategies displayed by fast-growing RNAP
mutants obtained by ALE (rpoBE546V and rpoBE672K), which highlights common and
specific mechanisms of regulatory reprogramming of ribosomal allocation.
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Results

The effect of rrn operon number on the growth phenotype in different environments
Mutants with deletions of ribosomal RNA operons have been constructed previously
(Condon 1993, Asai et al., 1999, Goyfry et al., 2015, Quan et al., 2015, Levin et al., 2017). In
general, such studies focused on broad physiological parameters in rich medium, rRNA
gene exchange between species and rRNA gene copy implications in antibiotic resistance.
Nutrient rich media promote minimal levels of stringent response (through ppGpp, Irving et
al.,, 2021), a global gene expression regulation primarily targeting transcription. The
implications of the reduction of ribosomal RNA operons in the general cellular physiology
and molecular response in minimal media, where ppGpp levels can be four times higher
than in rich medium (Dennis and Bremer, 2008, Zhu et al., 2019) are poorly understood.
More so from the perspective of analyzing the regulation of growth phenotypes of the
mutants across different environments. To this end we grew the Wild Type (WT: E. coli
MG1655) strain and the mutants lacking one to six rrn operon copies (Table 1, Quan et al.,
2015) in rich and minimal media supplemented with different carbon sources. The results
showed that while there is a positive correlation between growth rate and number of rrn
operons in rich medium (LB with glucose and M9 with glucose supplemented with casamino
acids, CAA) (Figure 1A), in minimal media with different carbon sources there is an optimal
amount of rrn operons that maximizes the growth rate (3 rrn operons; SQ53: rrnCEH, SQ78:
rrBCH) and this number is different from that of the WT strain (7 rm, Figure 1B,
Supplementary Table 1).
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Figure 1. The effect of rrn operon number on the growth phenotype in different

environments. A, the effect of rrn operon copy number on the growth rate in rich media (LB

with glucose and glucose supplemented with casamino acids). B, the effect of rrn operon

copy number on the growth rate in minimal media (glucose, arabinose and galactose). C,

Triplicate growth dynamics of selected rrn strains and two rpoB mutants in LB with glucose.
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D, Triplicate growth dynamics of selected fast strains in glucose. E, Growth rates of selected
strains in LB supplemented with glucose. F, Growth rates of selected strains in glucose
minimal medium. Error bars represent standard deviations from nine replicates; some are
smaller than the size of the marker. * denotes significant difference with 95% confidence.

See supplementary table 1.

Growth dynamics in rich medium and minimal media are shown in Figs. 1C and D,
respectively. During our experiments in glucose M9 medium, where acetate is typically
produced as an overflow metabolite and latter consumed in a second growth phase, we
observed that faster rrn mutants showed a diminished ability to resume exponential growth
once glucose had been exhausted (Fig. 1D, Fig. S1), while the WT strain transitioned swiftly
through the glucose-acetate shift. At this point we recognized similarities between the
phenotype exhibited by rrn mutants and two previously reported strains (rpoBE546V and
rpoBE672K, Utrilla et al., 2016) each carrying a point mutation in the rpoB gene of the
RNAP. Both types of mutants grew faster in glucose minimal media, showed glucose-
acetate growth shift defects, and grew slower than the WT in rich media, such as glucose +
CAA and LB with glucose (Figures 1C, D and E).

The ribosome production and the growth rate change proportionally to achieve faster
growth in minimal media in all mutants.

Recently many studies have pointed to the fact that reserve ribosomes and translation
efficiency may play a fundamental role in the observed maximum growth rate in a given
condition (Dai et al., 2016). Since we studied mutants with a reduced ribosomal operon copy
number that grow faster than the WT strain, we hypothesize that a reduced amount of
ribosomal content plus a higher translation efficiency may be a possible mechanism for the
increased growth rate of the mutants in minimal media. Therefore, one of the main questions
we addressed in this work was whether ribosome production in the studied mutants changes
in the same magnitude as the WT in different growth environments. To measure ribosome
content in the studied strains we used a previously reported in vivo system to indirectly
monitor ribosome concentration. A ribosomal protein-GFP fusion was used to replace the
native rpll gene (Fig. 2A), whose protein product is a component of the large subunit of the
ribosome (Kim et al., 2021).
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Figure 2. The ribosome production and the growth rate change proportionally in all
mutants. A, The ribosomal protein-GFP fusion in the chromosome. An 18 bp linker (coding
for amino acids SGGGGS) is placed between the genes (Not to scale). The fused genes
encode the ribosomal L9-msfGFP chimeric protein. TAA denotes end of translation. B,
Linear regression of the normalized rpll:msfGFP fluorescence as a function of growth rate for

all strains in several conditions. The yellow line represents the regression for all strains data

9
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combined. Each strain's corresponding points are categorized by color (see legend). Error
bars are the standard deviation from triplicates. The regression line's shadow is the 95%
confidence. C, Comparison of each strain's individual normalized rpll:msfGFP slopes
obtained by linear regression. No significant differences between any mutant and MG1655
(95% confidence) were found. D, Normalized fluorescence for strains grown in glucose
minimal medium as a function of growth rate. E, Normalized fluorescence comparison
between mutants and the WT. * denotes significant difference with 95% confidence. See
figures S2, S3 and S4.

We measured ribosomal content across 11 media through rpll:msfGFP fluorescence.
Ribosomal-fluorescent protein fusions have been reported to have a linear correlation with
rRNA content (Failmezger et al., 2017). Maximum growth rates () ranged from 0.25 to 1.67
h. We plotted the normalized rpll:msfGFP fluorescence during exponential growth as a
function of growth rate (Fig 2B); we observed that regardless of the number of rRNA
deletions, the slope of the regression of ribosomal content and the and p is maintained (Fig.
2C). The results also showed that the mutants that grew faster than the WT strain in the
same environment did so by increasing the ribosomal content at a similar magnitude than
the WT strain for different environments (data points fell on the same linear trend as the
WT). Observations in minimal media show that the increase in growth rate derives from an
increase in ribosomal content and not from a reduction of inactive ribosomes or increased
ribosomal efficiency. For example, in glucose minimal medium an 4.5-65 %
(rpll:msfGFP/OD) increase in the mutants corresponds to a 6-17% higher growth rate (Fig.
2D and E).

Previous evidence (Kolmsee et al., 2011, Maeda et al., 2015) showed that the promoters of
each rRNA operon have different strengths and sensitivity to environmental and regulatory
signals such as (p)ppGpp (Fig. S2). Utrilla et al, showed that even though the rpoBE546V
and E672K mutations are not in the specific (p)ppGpp binding site, they belong to the same
“structural community” where molecular motions of residues are strongly correlated. They
observed that these mutations perturb the stability of the RNAP open complex in the
presence of (p)ppGpp perturbing the response to stringent response with implications in its
affinity for sigma factors, ribosomal promoters and other regulatory effects at the
transcriptional level. Since both set of mutants increase ribosomal content proportional to
the growth increase in 11 evaluated media (Figs S3 and S4 A-H), we postulate that the
mechanism for doing so is the stronger expression of ribosomal RNA resulted from two
different molecular mechanisms: the use of the stronger set of ribosomal promoters in SQ53
and SQ78 strains and the perturbed stability of the RNAP open complex in rpoB mutants.

10
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Mutants display reduced growth and same ribosomal content than the wild type in
rich medium

In this study we investigated the growth increasing strategies due to the perturbation of
ribosomal allocation regulation in minimal media. However, our growth characterization
shows that in LB + glucose medium the WT growth rate increased by 1.4-fold compared to
that in glucose minimal medium, whereas the mutants increased it by only 0.17-0.41 fold. It
was previously reported that RNAP mutations in subunits of the RNAP (rpoB and C) reduce
growth rate in rich media (Utrilla et al., 2016, Conrad et al., 2010). To better address
ribosomal content in LB + glucose and glucose minimal medium, in addition to normalized
rpl:msfGFP data (Fig. S4 | and J), we measured rRNA by capillary electrophoresis
(Hardiman et al., 2008) (Fig. S5S). The results show that in the WT strain rRNA increased
from 72% to 85% of total RNA when comparing growth in glucose minimal vs glucose rich
media. Mutants with higher rRNA in minimal media (74-79%) present slightly less (not
significant) amount of rRNA in rich medium than the WT. These results show that in an
environment with negligible ppGpp concentration (rich medium), rRNA transcription reaches

its homeostatic level, but such hoarding of RNAP may affect global gene expression

11
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Figure 3. Faster growth phenotypes show a reduced adaptation capacity and the

aceB promoter activity dynamics. A, Typical bacterial diauxic growth diagram. First, a

single carbon source is consumed, reaching a growth rate (ul). After a pause, another

carbon source is consumed and exponential growth is resumed, reaching a second growth
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rate (u2) lower than the first one. B, Maximum growth rates (u) in glucose before (lilac) and
after (green) the growth shift. C, Time at maximum growth rates (u) in glucose before (lilac)
and after (green) the growth shift. D, Dynamics of the normalized activity of the aceB
promoter (dGFP/dt/OD) in MG1655. Dashed line represents the time of growth shift. Red
lines represent activity slopes analyzed in panels E and F. E, Comparison of normalized
PaceB activity slope towards maximum between mutants and MG1655. * denotes significant
difference with 95% confidence. F, Comparison of normalized PaceB activity slope after
maximum between mutants and MG1655. * denotes significant difference with 95%

confidence. See also figures S6 and S7.
Faster growth phenotypes show a reduced adaptation capacity

In E. coli aerobic cultures, growth in glucose minimal medium is accompanied by acetate
production (Enjalbert et al., 2015). Two well-defined growth phases can be differentiated in
these cultures with a maximum growth rate in glucose and another in acetate (Fig. 3A). We
observed that mutants displayed a reduced capacity to adapt and grow in the acetate growth
phase (after glucose depletion, Fig. S1). Figure 3B shows the maximum growth rates (J)
before (lilac) and after (green) the diauxic shift. While fast growing mutants (SQ53: rrnCEH,
SQ78: rrnBCH and both in rpoB) had a higher growth rate during the glucose phase, they
were slower than the WT after the shift (only 28% of the growth rate achieved by the WT for
SQ53 and rpoBE546V). SQ110, with only one rrn copy, grows so poorly that it did not even
have a diauxic shift. Regarding the time required to reach the post-shift maximum growth
rate, our data showed a delay correlated with the number of rrn deletions (Fig. 3C).
However, this may depend on the precise deletions as exemplified by SQ53 which was
particularly slow in contrast to SQ78 despite both containing 3 rrn copies (see discussion
below). Additionally, both rpoB mutants showed a similar diauxic behavior to that of SQ78,
though with slight differences in the post-shift growth rate which decreased by 28% in
rpoBE546V and 68% in rpoBE672K. These observations show an important phenotypic trait
in the fast-growing mutants: they took longer to adapt to a new carbon source and resume
exponential growth in acetate and their growth rates were lower than MG1655 in the post-

shift phase.

aceB promoter activity dynamics

The genes aceA and aceB are essential for growth in acetate. They are responsible for the

glyoxylate shunt in the tricarboxylic acid cycle and show a strong transcriptional response in

13
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the glucose-acetate shift (Enjalbert et al 2015). In order to test the regulatory response of the
aceBAK operon in the fast-growing mutants, we used a reporter plasmid containing the aceB
promoter controlling the expression of GFP (Zaslaver et al., 2006). The normalized Promoter
Activity (PA), a measure of RNAP transcription at a certain promoter, was monitored in vivo
over time in M9-glucose 4 g/L cultures (dGFP/dt/OD, Fig. 3D). In those conditions, two clear
phases were observed: a) a gradual increase in aceB PA to reach a maximum value of
activity hours before the growth shift, and b) a decrease in aceB PA towards the transition to
acetate growth. The slopes for each phase of this activity dynamics (blue and yellow lines)
were determined by a linear regression (Fig. 3E and F). There was a 12-20% reduction in
the SQ53 aceB PA slope towards its maximum and 54% of the WT PA for the rpoB E672K
mutant. After this point, the PA slope fell abruptly for the studied mutants with a reduction
ranging from 2.47 to 1.37-fold of the WT aceB PA. Since the concentration of acetate in
each culture may be different and could affect the regulatory response, we also measured
the aceB PA dynamics in media with glucose-acetate mixtures showing results consistent
with those mentioned above: a lower slope of the aceB PA during the first phase and a
higher negative slope during the second growth phase (Figures S6 and S7). These results
showed a reduced transcription of the aceBAK operon in both the rRNA and RNAP mutants
and suggested a reduced availability of the RNAP to transcribe the genes needed to
efficiently adapt to a new carbon source that resulted in a loss of adaptation capacity in the

fast-growing mutants.

The transcriptional profiles of rrn and rpoB mutants show common differentially

expressed functions

After assessing similarities during growth associated with the RNAP in both types of
mutants, we compared the transcriptomes in glucose minimal medium of two selected fast
strains: SQ53 and the previously reported rpoB E672K mutant. Increased growth rate of
rpoB mutants in glucose minimal medium has been attributed to the reduction of hedging
functions, having their associated cellular resources being channeled to growth functions
(Kim et al., 2020; Utrilla et al., 2016). Results for SQ53 showed 104 Differentially Expressed
Genes (DEGs), of which 74 are downregulated (Figure 4A). Broadly, the downregulated
genes belong to hedging functions such as oxidative and osmotic stress, acid resistance,
general stress responses and a portion of genes of unknown function (Figure 4B). For the 30
upregulated genes we observed the majority of growth functions such as carbohydrate
transport and metabolism, amino acid uptake, and metabolism and protein synthesis. When

we compared the expression profile changes among SQ53 and rpoB mutants we found
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similarities in terms of the broad categories of DEGs, such as osmotic and oxidative stress,
acid resistance, ion transport and homeostasis and genes with unknown function.
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Figure 4. The transcriptional profiles of rrn and rpoB mutants show common
differentially expressed functions. A, Number of upregulated (red) and downregulated
(blue) genes for SQ53 and rpoB. Intersections denote the number of shared genes between
mutants. B, Heatmap showing expression levels of hedging and growth functions for SQ53

and rpoB672. Genes were categorized by the functions shown. See supplementary file.

We further analyzed the data by performing a proteome balance calculation to estimate the
contribution in mass by each DEG (Lastiri-Pancardo et al., 2020, see methods). While a
given gene may show differences in its transcription, it is the size and copy number of the
corresponding protein that has the largest impact on the cellular resource and energy budget
(Lynch and Marinov, 2015). From these calculations we observed that most of the impact on
the cellular budget was associated with a few proteins showing a Pareto-shape response
regardless of the mutant. This means that 80% of the change in cellular budget associated
with gene expression comes from just a few genes (Figure 5). For upregulated genes, most
categories corresponded to amino acid uptake, protein synthesis, carbohydrate transport
and metabolism and ion homeostasis. For downregulated genes, the associated categories
are more heterogeneous. Within the genes with more impact, functional categories
corresponded to oxidative and osmotic stress, DNA damage and metabolic process, ion
homeostasis and defense mechanisms. Another important observation derived from these
calculations is that the estimated proteome change was higher for upregulated functions
compared to the down regulated ones. Upregulated genes for SQ53 contributed three times
the mass of those downregulated (6.27 vs 2.09 fg., respectively). For the rpoBE672K mutant
the difference is more prominent, as upregulated genes contributed 5.97 times more than
downregulated genes (52.43 vs 8.76 fg., respectively). This means that the estimated
increase in the growth proteome for both studied mutants is higher than the reduction of the
hedging functions. This may explain the better capacity to grow in minimal media but the
reduced ability to shift conditions. The mutants show a larger and more specialized

proteome that prevents them from being prepared for environmental adaptations.
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Figure 5. Proteome mass contribution in femtograms for DEGs. A, B Proteome mass
contribution in femtograms for up and downregulated genes for each strain, respectively.
The yellow line represents the cumulative percent (right axis) for the 20 genes with the
largest contribution.

17


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

Greed versus fear response and the proteomic budget of fast-growing mutants

In order to get a deeper understanding of the transcriptomic changes in fast growing strains
we used the iModulon classification of the DEG data sets. iModulons are a set of genes
obtained by independent component analysis of transcriptomic data sets that reflect the
transcriptional regulatory network of E. coli (Sastry et al., 2019). We found significant and
conserved changes in few iModulons: there was a general increase of the iModulons related
to growth (pyruvate, BCAA-2), and a general reduction to the “fear” iModulons (rpoS) (Figs.
6A and S8). Tan et al 2020 reported the expression patterns in different heterologous protein
production strains and observed that those proteins that elicited a weaker expression of fear
iModulon were more productive for heterologous protein production. We therefore assessed
the availability of cellular resources for recombinant gene expression using the isocost lines
methodology that measures the protein budget on the basis of the relationship of two co-
expressed fluorescent reporters (Gyorgy et al., 2015). Even though the fast-growing strains
show a higher expression of the translation machinery iModulons (greed) and reduced the
expression of the rpoS iModulons (fear), we found a reduced proteomic budget in these
strains (Figure 6B). Recently, it has been observed that in a defined environment fast growth
and unnecessary protein production are inversely correlated (Kim et al., 2021; Scott et al.,
2010). Therefore, the increased allocation of resources to growth obtained in these strains is
not correlated with a higher budget for a synthetic function. Taken all together, our results
suggest that the similar phenotype of the RNAP and rRNA mutants is the result of different

expression profiles with similar categories of genes being differentially expressed.
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Figure 6. Greed versus fear response and the proteomic budget of fast-growing
mutants. A, DEGs categorized by iModulons for SQ53 and rpoBE672K. Color bar indicates
fold change expression level. B, Isocost lines indicating differences in cellular budget

between mutants and the WT. See Fig. S8.
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Discussion

The bacterial growth rate is the result of a complex regulatory interplay that fine tunes the
allocation of cellular resources such as the ribosomes. Several works have proven that the
growth rate in a determined environment can be increased if the proteome is optimized, by
regulatory and other mutations, to that specific environment (Cheng et al., 2014; Heckmann
et al., 2020; LaCroix et al., 2015). Indeed, rewiring E. coli transcription networks with fusions
of promoters and master regulators (e.g. arcA, crp, rpoD) upregulated ribosomal-associated
genes and increased growth rates (Baumstark et al., 2015). Here, we show that different
regulatory perturbations that increase ribosomal synthesis result in higher growth rates in

specific environments are also associated with phenotypic and molecular trade-offs.

In this work, we studied E. coli mutants lacking one to six copies of the seven ribosomal
operons. We found that, while in rich media ribosomal deletion results in a reduced growth,
there is a combination of three ribosomal operons that results in higher growth in minimal
media. We compared the fast-growing ribosomal mutants to the ALE selected RNAP
mutants (rpoBE546V and rpoBE672K) due to their striking growth phenotype similarity:
these strains exhibit increased growth rate in minimal media with longer diauxic shifts and
decreased growth rate in rich media. Our data suggests this arises from a regulatory effect
on RNAP distribution, being able to increase the expression of rRNA in very specific
conditions with faster growth and a reprogramming of the whole transcriptome. Even though
some studies point to an increase in ribosomal efficiency or the reduction of reserve
ribosomes as a possible mechanism of increase in growth rate (Dai et al., 2016), here we
show that the increase in growth rate in the studied mutants was due to the increase in
ribosomal content. We attribute this to two different mechanisms with similar consequences:
the previously shown differential regulation and strengths of ribosomal operons (Kolmsee et
al., 2011; Maeda et al., 2015) or mutations in RNAP that may perturb the sensibility to the
(p)ppGpp stringent response. Both mechanisms can perturb the (p)ppGpp - ribosomal
allocation regulatory circuit. Therefore, in wild type E. coli the (p)ppGpp - ribosomal
allocation regulatory circuit is fine tuned to constrain the maximum growth rate with a better
adaptation response.

In the specific case of rich medium (LB + glucose) both types of mutants have similar
ribosome content (rpll:GFP, %rRNA) as the WT but grow slower (57-68% of the WT growth
rate). The low ppGpp concentration (four times less than in glucose minimal media) may
drive the increased transcription of rRNA in the remaining rrn operons as has been shown
before (except for a 6 rrn deletion mutant, Asai et al., 1999b). To sustain such a level of

transcription, various steps in the synthesis of rRNA should occur. Namely, increased
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elongation rate (ER) and increased elongation initiation at the remaining rrn copies (Zhu et
al., 2021). A study of the kinetics of ALE identified rpoC mutants of the RNAP shows
increased elongation rate in rrn transcription units (rrnB, Conrad et al., 2010) and a short
lived RNAP open complex. Since protein synthesis requires more than just ribosomes
(ternary complexes, composed of GTP, charged tRNAs and EF-TU) it is likely that the trade-
off of homeostatic rRNA transcription is a deficit in the expression of necessary genes. The
RNAP redistribution due to the adaptive mutation for growth optimization in minimal medium
does not imply that this beneficial effect should be reflected also in rich medium. Indeed,
Utrilla 2016 reports a modest but significant decrease in growth-associated genes in rich
medium. Additionally, RNAP hoarding and perturbation of the elongation rate likely disrupt
the coupling of transcription-translation, further affecting gene expression.

Regarding adaptation, we found that mutants that showed faster growth rate in glucose also
showed the slowest growth rate in the acetate consumption phase. This agrees with a study
(Basan et al., 2020) where cultures with higher pre-shift growth rates show the longest times
to resume exponential growth in shift-down experiments due to reduced metabolite pools
and enzyme distribution. Furthermore, the aceB PA results show that these fast-growing
strains allocate less resources to anticipate the carbon source shift. This is very likely due to
the sensitivity of the rrn promoters to environmental and regulatory signals, the SQ53
(rrnCEH) and the SQ78 (rrnBCH) strains both harbor the rrnH ribosomal operon that has
been shown to be upregulated in minimal media (Kurylo et al., 2018). Furthermore, as it has
been previously shown, the P1 promoters of rrn operons have heterogeneous strength and
sensitivity to (p)ppGpp (Kolmsee et al., 2011, Maeda et al., 2015, Fig.S2). The SQ53 mutant
has the strongest and least (p)ppGpp sensitive P1 promoter (rrnE). The SQ78 mutant,
differing only in having rrnB instead of rrnE, has a more responsive P1 promoter to reduce
rRNA transcription. Our results suggest that the sensitivity of the P1 promoters to regulatory
signals allows the RNAP to be allocated to the transcription of genes required for shifting
growth to a gluconeogenic carbon source in a more timely fashion. In summary, the WT
strain with higher aceB PA had a shorter time to resume exponential growth compared to the
fast-growing mutants with lower aceB PA. The fast-growing rpoB mutants showed a similar
phenotype, and while the detailed molecular mechanism of the regulatory reprograming in
these mutants needs to be further studied, overall these results point to a reduced sensitivity
to (p)ppGpp that drives RNAP to highly express ribosomal operons with a lower capacity to

shift to alternative promoters.

The transcriptome of the fastest growing strain, SQ53, showed a general profile similar to
what was previously observed for the rpoBE672K strain. There was a conserved response of

increased growth functions and a reduction of hedging functions, however the specific genes
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differentially expressed in the strains were not the same (Utrilla et al. 2016). In this study, we
conducted a calculation of the proteomic contribution of each DEG in both mutants
compared to the WT strain. We observed that there is a greater increase in proteome related
to growth functions than the estimated proteome reduction from downregulation of hedging
functions. These results provide new insights into the molecular phenotype of the fast-
growing mutants: they produce a larger and more specialized proteome resulting in a trade-
off in adaptation capacity. Here we show that the fast growth phenotype may be associated
to a more efficient recruiting of the RNA polymerase to the rrn promoters with a concomitant
reduced expression of bet-hedging genes such as those of metabolic adaptation to
gluconeogenic carbon sources, thus highlighting its evolutionary role for selecting fast

growth phenotypes.

Analyzing the transcriptomic changes with the iModulon methodology we identified a general
shift in the greed versus fear response; however, we did not observe a larger proteomic
budget for a synthetic circuit expression as measured by isocost lines. Even though previous
works show that less fear iModulon expression, when expressing unnecessary proteins,
results in higher proteomic budget (Ceroni et al., 2015; Tan et al., 2020), our results show
the growth rate related greed versus fear balance do not result in increased proteomic
budget. Recent evidence shows that a faster growth rate in a given environment results in a
reduced budget for a genetic circuit (Kim et al., 2021). From a resource allocation and a
cellular minimization point of view (Hidalgo and Utrilla, 2019), the detailed study of these
strains is an important effort to understand and harness design principles for tailored cellular

chassis construction.

In this work, we took a systems-based approach to study perturbations on rRNA synthesis at
a molecular level. We show that increasing ribosomal content resulting from regulatory
perturbations increases growth rate in minimal media but has an adaptation capacity cost
and less resource availability for engineered functions. Our findings show that the E. coli
proteome can naturally achieve faster growth rates in minimal media, but its regulatory
program limits the ribosomal allocation to channel resources for hedging functions. The
understanding of the correlation between growth, gene expression machinery, and its
regulation, are of great interest for those studying the general physiology of bacteria and can

help to guide successful bioengineering efforts.

Limitations of the study
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Our work directly provides critical and systems-level insights of the growth profile and
dynamics including medium-transitions with sensible in vivo molecular probes for fast
mutants, however, a dynamic measurement of the whole proteome at different points of the
diauxic shift could provide insights of the regulatory response at a finer time scale.
Regarding the adaptation trade-off, assays evaluating RNAP activity or localization would
support reduced RNAP availability as the major contributor for the downregulation of
hedging-function genes.

In the case of rich medium, a detailed description explaining the differences between growth
rates but similar ribosome content in the mutants compared to the WT would require
additional work beyond the scope of this study.

Lastly, this study identifies the molecular factors contributing to faster growths and their
adaptation trade-offs. A detailed molecular mechanism showing how two contrastingly
different mutations lead to similar phenotypes is yet to be elucidated. Direct ppGpp

guantification, which is not trivial, would help to explain such a mechanism.

23


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

Acknowledgements

We thank H. King for rRNA quantification equipment support. We acknowledge the funding
provided by UNAM-DGAPA-PAPIIT project IN213420 and Newton advanced Fellowship
Project NA160328. D.H. is a doctoral student from Programa de Doctorado en Ciencias
Biomédicas, Universidad Nacional Autonoma de México (UNAM), and received a fellowship
508351 from CONACYT. C.M. acknowledges the Programa de Maestria y Doctorado en
Ciencias Bioguimicas, UNAM and the masters scholarship 825745 from CONACYyT.

Author contributions

Experiments, data processing, statistical analyses and figures were conducted by D.H. RNA
extraction, library construction and initial RNAseq data processing and analysis was carried
out by C.M. Critical analysis of experimental data and RNAseq categorization was done by
D.H and J.U. In vivo ribosomal measurements analysis and isocost lines were carried by
D.H. and J.J. The project was conceived by D.H. and J.U. Supervision and guidance by J.U.
The manuscript was written by D.H., J.U., J.J. and B.P.

Declaration of interests
B.P. is inventor in a US patent filed by UCSD concerning the rpoB mutant strains.
Accession numbers

The accession number for the RNAseq data of SQ53 and processed files of SQ53 and
rpoBE672K reported here is GEO:GSE180830. The accession number for the RNAseq data
of rpoBE672K reported in Utrilla et al., 2016 is GEO:GSE59377.

24


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

References

Asai, T., Zaporojets, D., Squires, C., and Squires, C.L. (1999a). An escherichia coli strain
with all chromosomal rRNA operons inactivated: Complete exchange of rRNA genes
between bacteria. Proc. Natl. Acad. Sci. U. S. A. 96, 1971-1976. DOI:
10.1073/pnas.96.5.1971

Asai, T., Condon, C., Voulgaris, J., Zaporojets, D., Shen, B., Al-Omar, M., Squires, C., and
Squires, C.L. (1999b). Construction and initial characterization of Escherichia coli strains
with few or no intact chromosomal rRNA operons. J. Bacteriol. 181, 3803-3809. DOI:
10.1128/3JB.181.12.3803-3809.1999

Basan, M., Honda, T., Christodoulou, D., H6rl, M., Chang, Y.F., Leoncini, E., Mukherjee, A.,
Okano, H., Taylor, B.R., Silverman, J.M., et al. (2020). A universal trade-off between growth
and lag in fluctuating environments. Nature 584, 470-474. DOI:
https://doi.org/10.1038/s41586-020-2505-4

Baumstark, R., Hanzelmann, S., Tsuru, S., Schaerli, Y., Francesconi, M., Mancuso, F.M.,
Castelo, R., and Isalan, M. (2015). The propagation of perturbations in rewired bacterial
gene networks. Nat. Commun. 2015 61 6, 1-11. DOI: 10.1038/ncomms10105

Ceroni, F., Algar, R., Stan, G.-B., and Ellis, T. (2015). Quantifying cellular capacity identifies
gene expression designs with reduced burden. Nat. Methods 12, 415-418. DOI:
https://doi.org/10.1038/nmeth.3339

Cheng, K.-K., Lee, B.-S., Masuda, T., Ito, T., Ikeda, K., Hirayama, A., Deng, L., Dong, J.,
Shimizu, K., Soga, T., et al. (2014a). Global metabolic network reorganization by adaptive
mutations allows fast growth of Escherichia coli on glycerol. Nat. Commun. 2014 51 5, 1-9.
DOI: https://doi.org/10.1038/ncomms4233

Condon, C., French, S., Squires, C., and Squires, C.L. (1993). Depletion of functional
ribosomal RNA operons in Escherichia coli causes increased expression of the remaining
intact copies. EMBO J. 12, 4305-4315. DOIl: https://doi.org/10.1002/j.1460-
2075.1993.tb06115.x

Condon, C.N., Liveris, D., Squires, C., Schwartz, I., and Squires, C.L. (1995). rRNA Operon
Multiplicity in Escherichia coli and the Physiological Implications of rrn Inactivation. J.
Bacteriol. 177, 4152-4156. DOI: 10.1128/jb.177.14.4152-4156.1995

Conrad, T.M., Frazier, M., Joyce, A.R., Cho, B.-K., Knight, E.M., Lewis, N.E., Landick, R.,

25


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

and Palsson, B.@. (2010). RNA polymerase mutants found through adaptive evolution
reprogram Escherichia coli for optimal growth in minimal media. Proc. Natl. Acad. Sci. 107,
20500-20505. DOI: 10.1073/pnas.0911253107

Dai, X., Zhu, M., Warren, M., Balakrishnan, R., Patsalo, V., Okano, H., Williamson, J.R.,
Fredrick, K., Wang, Y.-P., and Hwa, T. (2017). Reduction of translating ribosomes enables
Escherichia coli to maintain elongation rates during slow growth. Nat Microbiol 2, 16231 DOI:
https://doi.org/10.1038/nmicrobiol.2016.231

Dennis, P.P., and Bremer, H. (2008). Modulation of Chemical Composition and Other
Parameters of the Cell at Different Exponential Growth Rates. EcoSal Plus 3. DOI:
10.1128/ecosal.5.2.3

Dennis, P.P., Ehrenberg, M., and Bremer, H. (2004). Control of rRNA Synthesis in
Escherichia coli: a Systems Biology Approach. Microbiol. Mol. Biol. Rev. 68, 639-668. DOI:
10.1128/MMBR.68.4.639-668.2004

Enjalbert, B., Cocaign-Bousquet, M., Portais, J.C., and Letisse, F. (2015). Acetate exposure
determines the diauxic behavior of Escherichia coli during the glucose-acetate transition. J.
Bacteriol. 197, 3173-3181. DOI: https://doi.org/10.1128/JB.00128-15

Failmezger, J., Ludwig, J., NieRR, A., and Siemann-Herzberg, M. (2017). Quantifying
ribosome dynamics in Escherichia coli using fluorescence. FEMS Microbiol. Lett. 364, 55.
DOI: 10.1093/femsle/fnx055

Gyorfy, Z., Draskovits, G., Vernyik, V., Blattner, F.F., Gaal, T., and Posfai, G. (2015).
Engineered ribosomal RNA operon copy-number variants of E. coli reveal the evolutionary
trade-offs shaping rRNA operon number. Nucleic Acids Res. 43, 1783-1794. DOI:
10.1093/nar/gkv040

Gyorgy, A., Jiménez, J.l., Yazbek, J., Huang, H.-H., Chung, H., Weiss, R., and Del Vecchio,
D. (2015). Isocost Lines Describe the Cellular Economy of Genetic Circuits. Biophys. J. 109,
639—-646. DOI: http://doi.org/10.1016/j.bpj.2015.06.034

Hardiman, T., Ewald, J.C., Lemuth, K., Reuss, M., and Siemann-Herzberg, M. (2008).
Quantification of rRNA in Escherichia coli using capillary gel electrophoresis with laser-
induced fluorescence detection. Anal. Biochem. 374, 79-86. DOI: 10.1016/j.ab.2007.09.032

Heckmann, D., Campeau, A., Lloyd, C.J., Phaneuf, P. V., Hefner, Y., Carrillo-Terrazas, M.,
Feist, A.M., Gonzalez, D.J., and Palsson, B.O. (2020). Kinetic profiling of metabolic

26


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

specialists demonstrates stability and consistency of in vivo enzyme turnover numbers. Proc.
Natl. Acad. Sci. U. S. A. 117, 23182-23190. DOI: https://doi.org/10.1073/pnas.2001562117

Hidalgo, D., and Utrilla, J. (2019). Resource allocation principles and minimal cell design. In
Minimal Cells: Design, Construction, Biotechnological Applications, (Springer International
Publishing), pp. 211-230. DOI: https://doi.org/10.1007/978-3-030-31897-0_8

Irving, S.E., Choudhury, N.R., and Corrigan, R.M. (2020). The stringent response and
physiological roles of (pp)pGpp in bacteria. Nat. Rev. Microbiol. 2020 194 19, 256-271. DOI:
https://doi.org/10.1038/s41579-020-00470-y

Kim, J., Darlington, A., Salvador, M., Utrilla, J., and Jiménez, J.l. (2020). Trade-offs between
gene expression, growth and phenotypic diversity in microbial populations. Curr. Opin.
Biotechnol. 62, 29-37. DOI: https://doi.org/10.1016/j.copbio.2019.08.004

Kim, J., Darlington, A.P.S., Bates, D.G., and Jimenez, J.I. (2021). The interplay between
growth rate and nutrient quality defines gene expression capacity. bioRxiv Preprint DOI:
https://doi.org/10.1101/2021.04.02.438188.

Kolmsee, T., Delic, D., Agyenim, T., Calles, C., and Wagner, R. (2011). Differential stringent
control of Escherichia coli rRNA promoters: Effects of ppGpp, DksA and the initiating
nucleotides. Microbiology 157, 2871-2879. DOI: DOI: 10.1099/mic.0.052357-0

Kurylo, C.M., Parks, M.M., Juette, M.F., Zinshteyn, B., Altman, R.B., Thibado, J.K., Vincent,
C.T., and Blanchard, S.C. (2018). Endogenous rRNA Sequence Variation Can Regulate
Stress Response Gene Expression and Phenotype. Cell Rep. 25, 236-248.e6. DOI:
10.1016/j.celrep.2018.08.093

LaCroix, R. a, Sandberg, T.E., O'Brien, E.J., Utrilla, J., Ebrahim, A., Guzman, G.l., Szubin,
R., Palsson, B.O., and Feist, A.M. (2015). Use of Adaptive Laboratory Evolution To Discover
Key Mutations Enabling Rapid Growth of Escherichia coli K-12 MG1655 on Glucose Minimal
Medium. Appl. Environ. Microbiol. 81, 17-30. DOI: DOI: https://doi.org/10.1128/AEM.02246-
14

Lastiri-Pancardo, G., Mercado-Hernandez, J.S., Kim, J., Jiménez, J.I., and Utrilla, J. (2020).
A gquantitative method for proteome reallocation using minimal regulatory interventions. Nat.
Chem. Biol. 16, 1026-1033. DOI: https://doi.org/10.1038/s41589-020-0593-y

Levin, B.R., McCall, I.C., Perrot, V., Weiss, H., Ovesepian, A., and Baquero, F. (2017). A

numbers game: Ribosome densities, bacterial growth, and antibiotic-mediated stasis and

27


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

death. MBio 8. DOI: https://doi.org/10.1128/

Lynch, M., and Marinov, G.K. (2015). The bioenergetic costs of a gene. Proc. Natl. Acad.
Sci. U. S. A. 112, 15690-15695. DOI: https://doi.org/10.1073/pnas.1514974112

Maeda, M., Shimada, T., and Ishihama, A. (2015). Strength and Regulation of Seven rRNA
Promoters in Escherichia coli. PLoS One 10, e0144697. DOI:
https://doi.org/10.1371/journal.pone.0144697

Mori, M., Schink, S., Erickson, D.W., Gerland, U., and Hwa, T. (2017). Quantifying the
benefit of a proteome reserve in fluctuating environments. Nat. Commun. 8, 1-8 DOI:
https://doi.org/10.1038/s41467-017-01242-8

Phaneuf, P. V, Gosting, D., Palsson, B.O., and Feist, A.M. (2019). ALEdb 1.0: a database of
mutations from adaptive laboratory evolution experimentation. Nucleic Acids Res. 47,
D1164-D1171. DOI: https://doi.org/10.1093/nar/gky983

Quan, S., Skovgaard, O., McLaughlin, R.E., Buurman, E.T., and Squires, C.L. (2015).
Markerless Escherichia coli rrn deletion strains for genetic determination of ribosomal
binding sites. G3 Genes, Genomes, Genet. 5, 2555-2557. DOI: 10.1534/9g3.115.022301

Roller, B.R.K., Stoddard, S.F., and Schmidt, T.M. (2016). Exploiting rRNA operon copy
number to investigate bacterial reproductive strategies. Nat. Microbiol. 1, 16160. DOI:
https://doi.org/10.1038/nmicrobiol.2016.160

Sastry, A. V., Gao, Y., Szubin, R., Hefner, Y., Xu, S., Kim, D., Choudhary, K.S., Yang, L.,
King, Z.A., and Palsson, B.O. (2019). The Escherichia coli transcriptome mostly consists of
independently regulated modules. Nat. Commun. 10, 1-14. DOl:
https://doi.org/10.1038/s41467-019-13483-w

Schmidt, A., Kochanowski, K., Vedelaar, S., Ahrné, E., Volkmer, B., Callipo, L., Knoops, K.,
Bauer, M., Aebersold, R., and Heinemann, M. (2016). The quantitative and condition-
dependent Escherichia coli proteome. Nat. Biotechnol. 34, 104-110. DOI:
https://doi.org/10.1038/nbt.3418

Scott, M., Gunderson, C.W., Mateescu, E.M., Zhang, Z., and Hwa, T. (2010).
Interdependence of Cell Growth and Gene Expression: Origins and Consequences. Science
(80-.). 330, 1099-1102. DOI: 10.1126/science.1192588

Swain, P.S., Stevenson, K., Leary, A., Montano-Gutierrez, L.F., Clark, I.B.N., Vogel, J., and

28


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

Pilizota, T. (2016). Inferring time derivatives including cell growth rates using Gaussian
processes. Nat. Commun. 7, 1-8. DOI: https://doi.org/10.1038/ncomms13766

Tan, J., Sastry, A. V, Fremming, K.S., Bjagrn, S.P., Seo, S., Voldborg, B.G., and Palsson,
B.O. (2020). Independent component analysis of E. coli's transcriptome reveals the cellular
processes that respond to heterologous gene expression. Metab. Eng. DOI:
https://doi.org/10.1016/j.ymben.2020.07.002

Utrilla, J., O’'Brien, E.J., Chen, K., McCloskey, D., Cheung, J., Wang, H., Armenta-Medina,
D., Feist, A.M., and Palsson, B.O. (2016). Global Rebalancing of Cellular Resources by
Pleiotropic Point Mutations lllustrates a Multi-scale Mechanism of Adaptive Evolution. Cell
Syst. 2, 260-271. DOI: 10.1016/j.cels.2016.04.003

Wilson, D.N., and Nierhaus, K.H. (2007). The Weird and Wonderful World of Bacterial
Ribosome Regulation. Crit. Rev. Biochem. Mol. Biol. 42, 187-219. DOI:
10.1080/10409230701360843

Zaslaver, A., Bren, A., Ronen, M., ltzkovitz, S., Kikoin, I., Shavit, S., Liebermeister, W.,
Surette, M.G., and Alon, U. (2006). A comprehensive library of fluorescent transcriptional
reporters for Escherichia coli. Nat. Methods 3, 623-628. DOI: 10.1038/nmeth895

Zhu, M., Mori, M., Hwa, T., and Dai, X. (2019). Disruption of transcription—translation
coordination in Escherichia coli leads to premature transcriptional termination. Nat. Microbiol.
4, 2347-2356. https://doi.org/10.1038/s41564-019-0543-1

Zhu, M., Mu, H., Jia, M., Deng, L., and Dai, X. (2021). Control of ribosome synthesis in
bacteria: the important role of rRNA chain elongation rate. 64, 795-802. DOI:
10.1007/s11427-020-1742-4

29


https://doi.org/10.1101/2021.08.01.454633
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.01.454633; this version posted December 21, 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-ND 4.0 International license.

Table 1. rrn deletion strains

Strain Genotype ren in chromosome
E. coli
MG 1655 ilvG rfb-50 rph-1 7: ABCDEGH
SQ37 ArrnE 6: ABCDGH
SQ40 ArmEG 5: ABCDH
SQ49 ArrnGBA 4: CDEH
SQ53 ArrnGBAD 3: CEH
SQ78 ArrnGADE 3: BCH
SQ88 ArrnGADEH(ptRNAG7) 2: BC
SQ110 ArrnGADBHC(ptRNAG7) 1. E

Table 1. Strain genotypes. Mutants derived from the K-12 MG1655 strain contain deletions of one or several rrn
operons. Each rrn operon contains a copy of the rrn, rrl and rrf genes. In the intergenic and distal positions of
these operons there are tRNA genes for different amino acids. Strains may be complemented with a plasmid

containing tRNA genes when needed (ptRNA67, SpcR).
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Methods

Strains
The WT strain used in this work was E. coli K12 MG1655.

The rrn deletion strains are derived from E. coli K12 MG1655 and were generated by Quan
et al. 2015. and obtained through the Coli Genetic Stock Center (CGSC,
http://cgsc2.biology.yale.edu/)

Table 1 summarizes the strain’s genotype.
The rpoB mutants rpoBE546V and rpoBE672K were obtained from Utrilla et al., 2016.

Growth media

Rich complex media used in this work were LB (Sigma), LB with 1 g/L glucose and M9
minimal media with 0.2% casamino acids (cAA) (Sigma) and 4 g¢/L glucose.
The minimal medium used was M9 (33.7 mM, Na2HPO4; 22.0 mM, KH2PO4; 8.55 mM,
NaCl; 9.35 mM, NH4CI; 1 mM, MgS04; 0.3 mM, CaCl2) supplemented with trace nutrients
(13.4 M, EDTA; 3.1 uM, FeCI3 - 6H20; 0.62 pM, ZnCI2; 76 nM, CuCI2 - 2H20; 42 nM,
CoClI2 - 2H20; 162 nM, H3BOS3; 8.1 nM, MnCI2 - 4H20).

All carbon sources (glucose, glycerol, arabinose, galactose, sodium gluconate, xylose,
fructose) were at 4 g/L except for acetate and succinate (2 g/L) unless otherwise stated
(diauxic shift experiments). Antibiotic concentrations were Gentamicin 25 pg/mL,
Spectinomycin (Spc) 50 pg/mL and Kanamycin 50 pg/mL unless otherwise stated.

Cell growth

Frozen strains in glycerol at -80°C were grown in solid medium and incubated overnight to
24h at optimal temperature. A colony was put into liquid medium with the corresponding
antibiotics were needed and incubated overnight to 24h in agitation (37°C)

On the day of the experiment, either plates (50 pL) of flasks (70 mL) were inoculated at 0.05
OD 600 nm.

Growth-associated calculations and determinations

Growth rates

After measuring the OD at 600 nm at 20 minutes intervals in an automatic plate reader
(ELx808, Biotek), the growth rates for the plate experiments (3 replicates per plate for 3
independent plates) were determined computationally using an algorithm based on gaussian

processes (Swain et al., 2016) running on Python. From this analysis, the magnitude and
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time of the maximum growth rate and of the maximum OD were obtained, as well as the time
and magnitude of local growth rate maxima. Additionally, for selected growth media, the time
and OD at diauxic changes was analyzed manually.

When needed, fluorescence intensity in plate experiments was also measured using an

automatic plate reader (H1, Biotek) at 479 nm excitation and 509 nm emission.

rpll:msfGFP-Tagged strains

Strains were electroporated with the cpEMG rpll:msfGFP plasmid and recovered in rich
medium overnight. 200 pL of the recovery were plated in LB Km (25 pg/mL). Cointegration in
green fluorescent colonies was verified by PCR using primers emg rpli Fwd (5'-
agggataacagggtaatctgcgctcgcetacctgtccctgcet-3') and yifz emg Rev (5'-
gcctgcaggtcgactctagagtatttattgcaagatgtcgaat-3’). Km resistance was not removed since it
does not interfere with the rpll:msfGFP fusion. Experiments were run in the absence of the

antibiotic.

Glucose quantification

Glucose quantification was performed with a YSI 2700 Select machine directly on filtered
supernatants of cultures grown in M9 medium with 4 g/L glucose sampled at selected times.
Calibration of the equipment was done with a standard glucose solution. Each run uses a 20

uL sample.

rRNA quantification

Based on Hardiman et al., 2007 with slight modifications. Briefly, Samples for total RNA
extraction taken from agitated flask cultures at early exponential growth (0.2 OD at 600 nm).
2 mL samples were mixed into glass tubes containing 2 volumes of RNAprotect bacteria
reagent solution (Qiagen). After mixing and incubating for 5 min at room temperature, 2 mL
aliquots were separated into three 2 mL microcentrifuge tubes and centrifuged at 14 000 rpm
for 10 minutes at 0°C). The supernatants were removed, and the cell pellets were frozen at —
20 °C.

Selected samples were resuspended in 1 mL of protoplasting buffer (15 mM Tris—HCI [pH
8.0], 0.45 M sucrose, and 8 mM EDTA and stored at 4 °C), and 10 pL lysozyme solution (50
g/L hen egg white lysozyme, Sigma) was added. After gently mixing and incubating on ice
for 15 min, the protoplasts were collected by centrifugation (10 000 rpm for 5 min at 0 °C).
The supernatant was carefully discarded and the protoplasts were resuspended in 0.5 mL of
lysing buffer (10 mM Tris—HCI [pH 8.0], 10 mM NaCl, 1 mM sodium citrate, and 1.5% [w/v]
SDS stored at 37 °C). Then 15 pL diethyl pyrocarbonate (DEPC) was added. The resulting

preparation was incubated for 5 min at 37 °C and subsequently chilled on ice. After mixing
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with 250 pL of a saturated solution of NaCl and incubating for 10 min on ice, the protein—
SDS-DNA precipitate was collected by centrifugation at 14 000 rpm for 20 min at 0°C. Then
500 pL of the supernatant was transferred to a fresh 1.5 mL microcentrifuge tube and mixed
with 1 mL of ice-cold 100 % ethanol. The obtained precipitates were incubated at —80 °C for
30 min prior to centrifugation at 14 000 rpm for 25 min at 0 °C. The nucleotide-containing
pellet was washed with 1 ml ice-cold 70 % ethanol and centrifuged at 14 000 rpm for 3 min.
The ethanol was removed carefully and the resulting RNA extract was resuspended in 10 pL
RNase-free water for immediate analysis (RNA 6000 Nano kit, Bioanalyzer instrument and
the Bioanalyzer 2100 software, Agilent).

All solutions were prepared with RNase-free water prepared with 0.1% DEPC in dest. water,

incubated overnight at 37 °C, and then autoclaved.

pPaceB-GFP

The Km resistant plasmid containing the aceB promoter fused with GFP was constructed by
Zaslaver et al., 2006. Cells were transformed by electroporation following a 1-hour recovery
and plated on LB with Km. Fluorescent colonies were selected for the plate assays.

RNA sequencing

SQ53 and MG1655 cells were cultured at 37°C in 25 mL of glucose minimal medium. During
early exponential growth, 3 mL were sampled into a tube and 3mL of RNA protect reagent
were added and mixed. After a 5-minute incubation, samples were lysed enzymatically
(Lysozyme from chicken egg white, Sigma). RNA from samples was purified using a
modified version of the Quick-RNA miniprep kit from Zymo research. RNA integrity of
purified samples was verified by gel electrophoresis (1% agarose) using TAE buffer. Then,
10 pL of each replicate at a 500 ng/uL concentration was used as the input material to be
separated from ribosomal RNA using the Zymo-Seq RiboFree Total RNA Library kit from
Zymo research. The resulting material was used to construct the libraries using the TruSeq
Stranded mRNA kit from Illumina and sequenced using the Illlumina Next-Seq 500 platform.
Libraries were sequenced to 10 million paired reads. These reads were then verified for
quality and the adapter sequences were cut. Sequence alignment using the E. coli genome
(GCF_000005845.2_ASM584v2) as reference was performed using R packages from
bioconductor. Tables containing the raw transcripts were used as input for the normalization
algorithm and significance tests from the DeSeq2 package, comparing replicates from the
WT and mutant strain in the same experiment. Cut values were set to p < 0.1 with a base 2
logarithmic fold change different from 0. Genes passing these criteria were recognized as
differentially expressed. The accession number for the RNAseq data reported in this paper is
GEO: GSE180830 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180830).
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Proteome estimation

The proteome estimation calculation, as reported by Lastiri-Pancardo et al. 2020, is based
on the number of transcripts (ri) and the corresponding protein copy number per cell (C cell
i). It is assumed that the transcripts yield the proteome reported by Schmidt et al. in glucose

minimal medium. The translation efficiency rate (s) is calculated by

~ Cecelli
ST = ——

ri

The rate for each protein is then used to estimate the protein copies per cell (Pi) for the

mutants and transform that to mass with
pi ri X si X MW
I =

NA

where Pi is a given protein i contribution in mass, ri is the mutant’'s transcript abundance in

FPKMs, MW is the protein's molecular weight and NA is Avogadro’s number (6.022 x 10%).

For each protein, the difference between mutant and WT Pi is its contribution in mass.

Gene categorization

Differentially expressed genes from SQ53 and rpoB672 were categorized using available
data from ecocyc (https://ecocyc.org/) and uniprot (https://www.uniprot.org/) and compared
with previous categorization by Schmidt, 2016. Final categories were manually cured based
on the most frequent annotations from available data sources (see supplementary file).
Genes with poor or unavailable information regarding function or associated sigma factor

were considered in the hedging function group.
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Supplementary material

Supplementary table 1. Related to figure 1. Growth rates, % change and significance. The
growth rates from plate assays in rich and minimal media are presented. The % change
compared to the WT was calculated and the statistical significance was determined at 95%

confidence.
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Figure S1. Related to figure 1D and 3. Glucose quantification. Glucose concentration was

determined directly in supernatants of samples taken from MG1655, SQ53 and SQ78 during

growth on glucose minimal medium. Samples were taken at t = Oh and close to the growth

shift. Glucose is depleted at the growth shifts.
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Figure S2. Related to Fig. 1, 2 and 3. Taken and adapted from Kolmsee et al., 2011.
Individual strengths of the rrn P1 promoters during A, exponential growth, and B, stringent
response, as measured by a stable RNA product and relative to the rrnB P1 promoter. Panel
A shows the heterogeneous activities among P1 promoters, ranging from 10% (rrnD) to 264
% (rrnE). Panel B shows reduced P1 promoter activities due to (p)ppGpp action, also
elucidating heterogeneous sensitivity to stringent response. SQ53, with 3 rrn copies and
having the strongest but also the least sensitive P1 promoter (P1rrnE) responds poorly to
signals to reduce rRNA transcription (the major effect of stringent response). SQ78, with the
same number of rrn copies but differing only in having rrnB instead of rrnE, has more
responsive Plrrn promoters to stop rRNA transcription. This allows the RNAP to be
allocated in the transcription of other necessary genes for growth in a new carbon source

and, hence, has a shorter time to resume exponential growth.
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Normalized rpll:msfGFP fluorescence during exponential growth
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Figure S3. Related to Fig. 2. A-K, Normalized rpll:msfGFP fluorescence during exponential
growth for mutants grown in different media. * denotes significant differences (95%
confidence).
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rpll:msfGFP and growth rate. Linear regressions
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Figure S4. Related to Fig. 2. A-G, Linear regressions of normalized rpll:msfGFP as a
function of growth rate for mutants grown in different media. Shadowed area represents the
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95% confidence interval. H, Bar plot of slopes obtained through linear regression of the
rpll:msfGFP/OD values for each growth medium for every strain. I, R2 values representing
goodness of fit. I, Normalized fluorescence for strains grown in LB + glucose as a function of
growth rate. J, Normalized fluorescence comparison between mutants and the WT in LB +
glucose. Error bars represent standard deviations. * denotes significant difference with 95%

confidence
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Figure S5. Related to figure 2. %rRNA and growth rates. The % of ribosomal RNA was
guantified for selected mutants. rRNA content is increased in mutants in glucose minimal as
well as their growth rates. In rich medium, rRNA is similar across strains but mutant growth

rates are significantly lower than the WT.
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Figure S6. Related to Fig. 3. A-E, PaceB activity in glucose (2.5 g/L) and acetate (1 g/L).
Dashed line represents time at growth shifts. F, PaceB activity slopes after maximum. *
represents significant differences at 95% confidence.
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Figure S7. Related to Fig. 3. A-E, PaceB activity in glucose (2.5 g/L) and acetate (2 g/L).
Dashed line represents time at growth shifts. F, PaceB activity slopes after maximum. *

represents significant differences at 95% confidence.
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Figure S8. Related to Fig. 6A. The iModulon categorization of rpoBE672K DEGs shows a
Fear vs. Greed response, just like SQ53. The number of DEGs in this strain allows for more
iModulons to be associated with the transcriptomic data, all of which are shown here. The

three iModulons for SQ53 are those presented in figure 6.
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