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Abstract

Complex regulatory programs control cell adaptation to environ-
mental changes by setting condition-specific proteomes. In
balanced growth, bacterial protein abundances depend on the
dilution rate, transcript abundances and transcript-specific trans-
lation efficiencies. We revisited the current theory claiming the
invariance of bacterial translation efficiency. By integrating
genome-wide transcriptome datasets and datasets from a library
of synthetic gfp-reporter fusions, we demonstrated that translation
efficiencies in Bacillus subtilis decreased up to fourfold from slow
to fast growth. The translation initiation regions elicited a growth
rate-dependent, differential production of proteins without regula-
tors, hence revealing a unique, hard-coded, growth rate-dependent
mode of regulation. We combined model-based data analyses of
transcript and protein abundances genome-wide and revealed that
this global regulation is extensively used in B. subtilis. We eventu-
ally developed a knowledge-based, three-step translation initiation
model, experimentally challenged the model predictions and
proposed that a growth rate-dependent drop in free ribosome
abundance accounted for the differential protein production.
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Introduction

The physiological state of the cell results from a complex interplay
between environmental stimuli and the molecular mechanisms
generating the major cellular functions (Crick, 1970; Bollenbach

et al, 2009; Scott et al, 2010). As a result, each environmental
condition coincides with a specific growth rate and a growth rate-
dependent macromolecular composition (Schaechter et al, 1958;
Bremer & Dennis, 2008). The abundance of the molecular machines
(DNA and RNA polymerases, ribosome) strongly increases with
increasing growth rate (Bremer & Dennis, 2008; Klumpp & Hwa,
2008; Klumpp et al, 2009). The pool of free polymerase (i.e.
RNAPG’ available to initiate transcription) as well as the overall
transcription efficiency increases, which in turn leads to a signifi-
cant increase in total RNA and total rRNA abundances (Schaechter
et al, 1958; Maalge & Kjeldgaard, 1966; Marr, 1991; Bremer &
Dennis, 2008; Klumpp & Hwa, 2008). In addition, the global growth
rate-dependent variation in the transcription machinery abundance
strongly and specifically influences the expression of each gene on
the basis of their promoter sequence (Klumpp & Hwa, 2008; Gerosa
et al, 2013). This effect is referred to as “global regulation”, and the
promoter activity can be described by a Michaelis—-Menten-type rate
law as a function of the growth rate (Gerosa et al, 2013).

Global regulation operates at the level of translation by identi-
cally altering the production of each protein due the growth-related
dilution (Liang et al, 2000; Bremer & Dennis, 2008; Klumpp et al,
2009). In contrast to transcription, the global growth rate-dependent
variation in the translation machinery does not seem to trigger an
additional global regulation specific to the genetic sequence of the
translation initiation region (TIR). Indeed, the transcript-specific
translation efficiency, defined as the number of proteins produced
per mRNA per hour, was estimated to be invariant (Bremer &
Dennis, 2008). As a consequence, the translation efficiency (A;) of
each transcript (m;) can be described by a constant (i.e. leading to
the protein abundance: P; = %ki with p being the rate of growth in
h™! (Klumpp et al, 2009)).

The advent of high-resolution technologies and the consecutive
generation of quantitative, genome-wide transcriptomic and
proteomic datasets (Nicolas et al, 2012; Muntel et al, 2014; Goelzer
et al, 2015) enable the estimation of the transcript-specific transla-
tion efficiencies genome-wide. The comparison of these proteome
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and transcriptome datasets immediately suggests that the current
model of the invariant transcript-specific translation efficiency is not
satisfactory at the genome-scale level. The aim of this work was
therefore to investigate the transcript-specific translation efficiency
across growth conditions and to revisit the global regulation operat-
ing at the translation level. To this purpose, we combined genome-
wide arrays, proteomics, PCR and fluorescent reporter fusions to
quantify transcript and protein abundances and deduce the tran-
script-specific translation efficiencies across growth conditions. We
first demonstrated that translation efficiency does not remain
constant but drops when growth rate increases. We furthermore
revealed that the gene-specific translation initiation region (TIR) can
drive a differential production of single proteins in the absence of
any dedicated, specific regulators. We showed that the transcript-
specific translation efficiency can be described by a Michaelis—
Menten-type rate law as a function of the free ribosome abundance.
We proposed that the drop in translation efficiency can result from
a drop in abundance of the free ribosomes with increasing growth
rates and estimated the drop in free ribosome abundance as well as
the parameters of the model for over a thousand of transcripts. We
further explored the sensitivity of the translational global regulation
with respect to the addition of translation inhibitors. To precisely
investigate the growth-rate dependency of the translation efficiency,
we eventually developed a knowledge-based mathematical model of
protein production and explored the possible interdependence of
free ribosome, total ribosome and mRNA abundances.

Results
Growth-rate dependence of bacterial transcript abundances

We determined the intracellular abundance (per mass) of total
RNA species in B. subtilis with increasing growth rate (). We
extracted total RNA from cells grown at various growth rates
(from p=0.25 to 1.70 h™!), measured the amount of total RNA
and the total amount of ribosomal RNA species and inferred the
corresponding abundances (see Appendix section 1.3). Total RNA
abundance increased as fast as the growth rate increased (Figs 1A
and EV1A). The proportion of rRNA in total RNA remained
constant at ~85% (Fig EV1B-D). We next developed a dedicated
experimental approach to quantify the proportion of total mRNA
in total RNA for each sample using genome-wide expression
microarrays and a set of control “spike-in” transcripts (Materials
and Methods, Fig 1B, Appendix section 1.4). A scaling factor was
inferred from the intensity values of the retrotranscribed, in vitro-
synthesized transcripts for each microarray (Fig 1C). The result
was that the proportion of total mRNA in total RNA remained
constant across samples, which directly implies that total mRNA
abundance in B. subtilis does increase proportionally to the growth
rate (Fig 1D).

By comparing the transcriptomes acquired in slow vs. fast
growth conditions (Fig EV1E and F), we sorted the transcripts into
two groups (Fig 1E): transcripts whose abundances increased faster
than the total mRNA abundance (enriched species) and the remain-
ing ones (depleted species). The first group represented ~39% of the
total mRNA abundance at slow growth and reached up to 81% at
fast growth. In particular, transcripts coding for ribosomal proteins
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that belong to the first group increased 2.5-fold from slow to fast
growth (ribosomal mRNAs). Several unregulated (constitutive)
genes fell into either of the two groups (Fig EV1G). Taken together,
these results reveal a global, growth rate-dependent reorganization
of the transcriptome (Fig 1E) and are consistent with the global
regulation of the transcription machinery (Bremer & Dennis, 2008;
Klumpp & Hwa, 2008; Gerosa et al, 2013).

Growth-rate dependence of the bacterial translation efficiency

In this work, we aimed at experimentally determining the tran-
script-specific translation efficiency across growth conditions. The
transcript-specific translation efficiency (%; in h™!) is defined as the
number of proteins produced per mRNA per hour, that is A; = %’
(Bremer & Dennis, 2008). In order to accurately estimate the trans-
lation efficiency, we determined the abundance of a the stable vari-
ant of the green fluorescent protein (GFPmut3 (Botella et al, 2010))
at various growth rates in B. subtilis strains carrying gfpmut3 under
the control of the promoter and translation initiation region (TIR)
of the constitutive fbaA gene at the fbaA genomic locus
("*“TIRyu4 gfp, Table 1). GFP abundance from the P*ATIRg, gfp-
reporter strain exhibited a fivefold decline from slow to fast growth
(Fig 2A). In order to systematically correct for possible differential
stability between the fb“ATIR,bHA gfp mRNA and the fbaA mRNA
(Fig 2B) across growth conditions, we assessed the growth rate-
dependent variation in ﬂ’“ATIRﬂmA gfp mRNA abundance by
quantitative PCR (qPCR, Appendix section 1.5). The ﬂ’“ATIRﬂ,aA gfp
transcript was slightly less stable than the fbaA transcript, in a
growth rate-dependent manner (Fig 2C). Combining total mRNA
quantification and qPCR-corrected transcriptome data, we then
deduced that the translation efficiency of the f”“ATIRﬂmA gfp
construct decreased fourfold from slow to fast growth (Fig 2D). We
concluded that the resulting protein abundance decreased with
increasing growth rate (from 0.4 to 1.7 h™!), due equally to
growth-related dilution (~fourfold) and to a decrease in the growth
rate-dependent translation efficiency (~fourfold).

Translation initiation regions trigger different translation
efficiency’s growth-rate dependencies, and consequently
differential growth rate-dependent protein production

Since the translation efficiency of a given transcript also depends on
the genetic sequence of its translation initiation region (TIR
(Vellanoweth & Rabinowitz, 1992)), we wondered whether the
same constitutive protein expressed under the control of different
TIRs may exhibit a variety of growth-rate dependencies. We therefore
constructed a series of gfp-reporter strains combining one of the
two promoters, Pgpqs and Py, (a synthetic, isopropyl B-D-1-thio-
galactopyranoside (IPTG)-inducible promoter) with one of eight
additional synthetic translation initiation regions (TIRs, Table 1).
The synthetic TIRs were derived from the natural TIR of fbaA
(TIRpqa) by introducing point mutations into the RBS, the accom-
modation region of the ribosome, and/or changing both the
sequence and the size of the accommodation region and modifying
the start codon (Table 1). The synthetic TIRs were then inserted
downstream of either the promoter and 5'UTR of fbaA (P**TIR) or
the promoter and 5'UTR of the artificial P, (TIR). For each
synthetic strain, mRNAs were extracted from cells grown at

© 2016 The Authors
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Figure 1. Total RNA and mRNA abundances increase proportionally to the growth rate.

A Total RNA abundance in B. subtilis (blue dots) at different growth rates (0.25 h™, 0.40 h™* 060 h™* 1.2 h™* and 1.7 h™%; this work). The 95% confidence intervals
are shown with horizontal and vertical bars. Previously quantified total RNA abundance in B. subtilis (green dots) from Dauner et al (2001). Data are fit with a first-

order polynomial.

B Scheme of the experimental design developed to quantify the relative abundance of total mRNA and of each transcript across growth conditions. r; and r, stand for
total ribosomal RNA amounts, t; and t, stand for total transfer RNA amounts, and m; and m, stand for total messenger RNA amounts in growth conditions 1 and 2,
respectively. S; corresponds to the amount of the ten different in vitro-synthesized (spike-in) transcripts. c1, ¢; and cs; correspond to the amounts of cDNA reverse
transcribed from my, m, and S;. Note that the amount of S; added to the total RNA extract of either growth condition is identical, which straightforwardly allows

calculating the scaling factor between growth conditions (see Appendix section 1.4).

C Mean-normalized scaling factor.

D First-order polynomial fit of normalized total mMRNA abundance (as inferred from the scaling factor and total RNA abundance). The total mRNA abundance measured
at slow growth (i = 0.4 h™%) was then assigned a value of 1.0 and total mMRNA abundances across the other conditions were reported normalized to this value (in
arbitrary units, AU; note that AU is a quantity.ODgpo ). The 95% confidence interval is shown with shaded areas.

E The population of transcripts was sorted into two groups using a slow (1 = 0.4 h™*) and a fast growth condition (u = 1.7 h~?). The first group contained transcripts
for which the abundance increased faster than the growth rate (green), and the second group included all other transcripts (orange). The enriched sub-group of
transcripts at fast growth contained the ribosomal mRNAs (dark green) and several non-ribosomal mRNAs (light green). The corresponding datasets can be found in

Dataset EV1.

various growth rates and qPCRs were performed to correct for the
stability differences between the various synthetic transcripts
(Appendix section 1.5; Fig EV2A-D). We next quantified in media
supporting growth rates ranging from 0.25 to 1.70 h™' the GFP
abundances of 6 strains, which exhibited significantly dissimilar
gene expression profiles with respect to the growth rate

© 2016 The Authors

("**TIRpaa 8o, "**TIRgnore &fp,  "*“TIRo &fp, " **TIRpmodiss &fD,
PIATIR oairz 80 and  ™TIR, gfp; Figs 3A and EV2E and F,
Appendix Table S1, Dataset EV2) and computed the ratios of the
TIR-specific translation efficiencies. Hence, we performed minimiza-
tion of mean-square-error-based estimation of the ratios of the trans-
lation efficiencies for every pair of strains (12 technical replicates *2
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Table 1. Strains and translation initiation regions (TIRs) used in this study.

Growth rate-dependent bacterial translation Olivier Borkowski et al

Strains* Genetic sequence upstream of the reporter gene (if relevant)

Explicit naming
Name’ Promoterrip_ uTr reporter Promoter Upstream 5 UTR' Pre-sequence RBS* ARS Ic!
0B01 - - - - - - -
0B02 PAATIR, gfp fbaA GGA. . .88bp. . .ACA G GTG GGA AGG AGG TGA TCC A ATG
0B11 PoAT IR shore gfP fbaA GGA. . .88bp. . .ACA G GTG GGA AGG AGG AAC TAC T ATG
0B04 POATIR an 9D fbaA GGA. . .88bp. . .ACA G GTG GGA AGG AGG ACA TTC GAC  ATG
0B06 PoATIR, gfp fbaA GGA. . .88bp. . .ACA G GTG GGA AGG AGG ACA TTC GAC  GTG
0B10 ToaATIRg gfp fbaA GGA. . .88bp. . ACA G GTG GGA AGG AGG GGG TTC GAC  ATG
0B03 POATIR modiss 9D fbaA GGA. . .88bp. . .ACA G GTG GGA AGG AGG TGATCCAGT  ATG
0BO8 P9ATIRs gfp fbaA GGA. . .88bp. . .ACA G GTG GGA AGG GGG ACA TTC GAC  GTG
0BO5 POATIR rodis2 9D fbaA GGA. . .88bp. . .ACA G GTG GGA AGG GGG ACA TTC GAC  ATG
0B07 PaATIRS gfp fbaA GGA. . .88bp. . .ACA G GTG GGA AGG GGG ACA TTC GAC  TTG
0B09 PATIR, gfp fbaA GGA. . .88bp. . .ACA G GTG GGA AGG GCG ACATTC GAC  GTG
0B12 "STIR, gfp hyperspank TAA. . .16bp. . ATT G GTG GGA AGG AGG TGA TCC A ATG
0B21 "TIRshore gfp hyperspank TAA. . .16bp. . ATT G GTG GGA AGG AGG AAC TAC T ATG
OB14 hSTIRﬂ,aA afp hyperspank TAA...16bp...ATT G GTG GCA AGG AGG ACA TTC GAC ATG
0B16 "STIR, gfp hyperspank TAA. . .16bp. . ATT G GTG GGA AGG AGG ACA TTC GAC  GTG
0B20 "STIRg gfp hyperspank TAA.. .16bp. . ATT G GTG GGA AGG AGG GGG TTC GAC ~ ATG
0OB13 ”STIRmod,fl afp hyperspank TAA...16bp...ATT G GTG GGA AGG AGG TGA TCC AGT ATG
0B18 "STIRs gfp hyperspank TAA.. .16bp. . ATT G GTG GGA AGG GGG ACA TTC GAC  GTG
OB15 hSTIRmod,fz gfp hyperspank TAA...16bp...ATT G GTG GGA AGG GGG ACA TTC GAC ATG
0B17 "STIRs gfp hyperspank TAA. . .16bp. . ATT G GTG GGA AGG GGG ACA TTC GAC  TTG
OB19 "STIR, gfp hyperspank TAA...16bp...ATT G GTG GGA AGG GCG ACA TTC GAC GTG

4

*Strains were constructed as indicated in Appendix Table S3.

TThe sequence upstream of the pre-sequence depends on the promoter sequence (Pfpaa OF Pp).

*RBS, ribosome-binding site.

AR, Accommodation region. The sequence and length of the accommodation region affect ribosomal positioning onto the initiation codon.

lic, Initiation codon.

YName of the B. subtilis strains which contain the GFP under control of the described TIR.

biological replicates, i.e. 24 replicates) grown under identical condi-
tions (Appendix sections 3.1 and 3.2). The ratio of translation
efficiencies between strains P**TIR noqir; 80 and **TIR g0 8D
approximately doubled from 0.3 to 1.5 h™" (Fig 3B), indicating that
the number of proteins produced per mRNA and per hour for these
two synthetic constructs differently varies with growth rate as a
result of only single point mutations in the TIR. We also observed a
slight (1.3-fold) increase in the ratio of translation efficiencies
between strains fb“ATIR,,mdiﬂ gfp and fb“ATIRﬂ,HA gfp from 0.30 to
1.2 h™!, which remained invariant thereafter (Fig 3C). Conversely,
ratios of translation efficiencies between three other strains
remained constant (Fig EV2G and H). Altogether, it indicated that
the growth-rate dependency of the translation efficiency depends on
the sequence of the translation initiation region.

Experiment-based estimation of the translation efficiency
parameters of the library of synthetic reporter fusions

Mathematical models of protein production that can handle a
transcript-specific, growth rate-dependent translation efficiency
(Appendix section 2.5) have previously been proposed (Kremling,

Molecular Systems Biology 12: 870 | 2016

2007; Tadmor & Tlusty, 2008)). What we above defined as the trans-
lation efficiency is represented in these models by a Michaelis—
Menten rate law, that is A; = %}Q’;ﬁ with two transcript-specific Ki;
and K; constants, and where Ry (free ribosome) abundance corre-
sponds to the fraction of ribosomes ready to initiate translation
(Kremling, 2007; Bremer & Dennis, 2008; Klumpp et al, 2009).
According to a Michaelis—Menten-type translation initiation model,
a drop in translation efficiency implies that Rp.. abundance
decreases with increasing growth rate. We therefore made use of
the model and solved a constrained optimization problem using the
GFP expression profiles from a representative subset of our
synthetic strains (Table 1) to precisely infer the model parameters
and the Rp, relative abundance with increasing growth rate
(Appendix section 3.3). The inferred behaviour of Rf.. abundance
exhibited at least a fourfold decrease from slow to fast growth
(Fig 4A). A sharp drop occurred between growth rates from 0.25 to
1.2h!, and Rfree abundance reached a plateau thereafter. We also
obtained a set of {Kj;, K,;} pairs for each construct that enabled us
to accurately fit the corresponding GFP abundances (Fig 4B). Inter-
estingly, the K,; values ranged over 25-fold (ﬂ’“ATIR,,ZodifI gfp vs.
PPAATIR ore gfp), which is the result of only a few point mutations

© 2016 The Authors
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Figure 2. Protein abundance and translation efficiency of ﬂ""TIRﬂ,.,A drop at fast growth.

A Blue dots represent the GFP abundance in different growth conditions (average of 12 technical replicates); the 95% confidence intervals are given as horizontal and
vertical bars. Data were fit with a third-order polynomial (dashed line), and the 95% confidence interval of the fit is shown in grey.

B Normalized fbaA transcript abundance (i.e. proportion of fbaA transcript within total mRNA x normalized total mRNA abundance from Fig 1D).

C Relative abundance (measured by gPCR) of the gfp mRNA to the endogenous fbaA mRNA in strain ﬂ"’ATIbeaA as a function of the growth rate. Filled circles are the
mean of eight replicates in one medium; the 95% confidence intervals are depicted as bars. Data are fit with a third-order polynomial (dashed line), and the 95%

confidence interval of the fit is shown in grey.

D Deduced translation efficiency (h™) of the ﬂ"’ATIR,bgA construct as a function of the growth rate. Note that translation efficiency in h™ is a slight abuse of notation
since we divided protein abundance (in FAU.ODggo %) by the normalized transcript abundance (AU, quantity.ODeoo ). The 95% confidence interval is shown in grey.

The corresponding datasets can be found in Datasets EV1 and EV2.

within the accommodation region (Table 1). As a consequence, the
translation efficiencies showed various profiles as a function of the
growth rate (Fig 4C). The translation efficiency of P%TIRg,on gfp
decreased by twofold from slow to fast growth, a behaviour that is
clearly explained by a K,; value (of 0.3) in the range of the Ry,
abundance variation (from 0.7 down to 0.2; Fig 4A and B). Eventu-
ally, when K; is very high compared to Rj.. abundance (e.g.
fb“ATIRmodiﬂ gfp), translation efficiency decreased as much as Ry,
abundance with increasing growth rate. Altogether, this analysis
confirmed that translation efficiency can be entirely represented in
the form of a Michaelis-Menten-like equation as a function of Ry
abundance with two TIR-dependent Ky; and K>; aggregated constants.

Exploration of the variety of translation efficiency’s growth-rate
dependencies in B. subtilis using proteomic datasets

We wondered how representative of variation among endogenous
B. subtilis transcripts are the TIR variants we constructed. We
therefore explored the variety of translation efficiency’s growth-rate
dependencies by combining the above computational approach,
and quantitative transcriptome (this work) and proteome datasets
obtained from identical growth conditions we recently published in
Muntel et al (2014) and in Goelzer et al (2015). We estimated the

© 2016 The Authors

Kj; and K,; constants associated with each gene for which the
cognate protein has been detected and correctly quantified in at
least three growth conditions (i.e. 1,002 proteins; Appendix section
3.4 and Dataset EV3). This analysis led us to partition the transcrip-
tome into three classes of transcripts: Rpr.-saturated, Rpy..-unsatu-
rated and Rpee-undersaturated (Fig SA). Two-hundred and twenty-
three transcripts (Rpe.-saturated) exhibited invariant translation
efficiencies (i.e. independent of the variation in the free ribosome
abundance: K;; < Rpee; Fig EV3A; Dataset EV3). Six hundred and
ninety-eight transcripts (Rpe.-unsaturated) exhibited translation
efficiencies that nonlinearly depend on free ribosome abundance
(with K,; values in the range of Ry, abundance). The two tran-
script-specific Kj; and K»; aggregated constants were weakly corre-
lated (pPe¥™°" = 0.60; p°Pe™M = (.56; Fig 5A; Dataset EV3).
Finally, 81 transcripts (Rsec-undersaturated) exhibited translation
efficiencies that dropped with increasing growth rate proportionally
to the free ribosome abundance (K5; > Rpr.) with % values span-
ning over several order of magnitude (Fig EV3B; Dataset EV3).

The structural determinants at the ribosome-binding sites are key
determinants for the recruitment of the initiation complex onto the
mRNA (Milon et al, 2012). We therefore wondered whether by
higher recruitment of the translation initiation complex, a long
5'UTR may be correlated with low K,; values. In B. subtilis,

Molecular Systems Biology 12: 870 | 2016
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Figure 3. Nonlinear translation efficiencies entail differential drops in
protein abundances with increasing growth rate.

A Circles represent the GFP abundance (in fluorescence arbitrary units by
optical density units: FAU.ODgoo ) measured during exponential growth
for 12 replicates at a given growth rate for constructs ﬂ"’ATIbeaAgfp,
AT IR moaipagfp and P TIRshoregfp. The GFP levels were fit with a third-
degree polynomial (dashed line); 95% confidence intervals are given in
the coloured areas.

B, C Black dots represent the ratio of the GFP abundance after correction of
the different mRNA stability by qPCR (i.e. ratio of translation efficiencies,
1) between two strains ("“TIRsnorgfp V. P“TIR modipagfp in panel B;
TOoATIR shoregf VS. P¥TIRaagfp in panel C) and the 95% confidence
intervals are given as vertical bars (see Appendix section 3.1). The dashed
curves are computed using the parameters estimated on Fig 4. The
corresponding datasets can be found in Dataset EV2.

one-fourth (157) over barely 600 mapped transcription starts are
over 80 nucleotides upstream the coding sequence (Irnov et al,
2010). The K;; values of the 71 long 5UTR messengers identified by
our analysis (over the 157 long 5’UTR messengers known so far)
were not significantly over-represented in any of the three classes
of transcripts (Fig SA and Dataset EV3). This analysis suggested
that long 5'UTR is not the only molecular determinant for the
growth rate-dependent regulator-independent global regulation of
translation.

We eventually (re)inferred the variation in Rg.. abundance using
this extended dataset (Fig EV3C) and obtained, as expected, a
relative drop in Rp.. abundance slightly larger than that obtained
using the gfp-reporter strains from the synthetic library (see
Appendix section 3.4). As shown in Fig 5B, the normalized
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translation efficiencies for the 1,002 transcripts therefore exhibited
various growth-rate dependencies (from invariance to drop).
Although we do not exclude the occurrence of a few growth condi-
tion-specific post-transcriptional regulation and/or degradation for a
subset of proteins, our results demonstrated that B. subtilis exten-
sively makes use of the newly identified regulator-independent mode
of regulation.

Structural sensitivity of the global regulation of translation with
respect to perturbations

We next wondered whether structurally disturbing the global regu-
lation of translation would affect the translation efficiencies across
growth conditions or whether there exists an unknown feedback
regulation (most probably acting on free ribosome) that would
rectify protein production with respect to the rate of growth
(Klumpp et al, 2009). A straightforward approach to alter the trans-
lation process is to use translation inhibitors. When either chloram-
phenicol or tetracycline was added to the growth medium, Scott
et al (2010) observed an increase in the total ribosome abundance
in Escherichia coli to compensate for the inhibition of the elongation
phase (Fig 6A). We therefore used tetracycline to disturb the trans-
lation process. In the presence of sub-inhibitory concentrations of
tetracycline (0.5 and 1 mg 1Y), the growth rate was reduced and
the ratios between the GFP proteins expressed under the control of
PAATIR shore &fp and fb“ATIR,,wd,-ﬂ gfp decreased, as compared to the
same growth conditions in the absence of antibiotic (Fig 6B). With
1 mgl" of tetracycline, the ratio between ™TIRgo gfp and
ﬂ’“"TIRmadm gfp decreased by 50% in rich medium (CHG) and by
5% in poor medium (M9P; Fig 6B). By contrast, in the presence of
0.5 mg 1! of tetracycline, the ratio only decreased by 25% in rich
medium and by 5% in poor medium (Fig 6B). Overall when transla-
tion was disturbed in the presence of tetracycline, the ratios
between translation efficiencies were significantly altered for all
growth rates over 0.4 h™'. Altogether, our results indicated that
there is no feedback regulation that strictly rectified protein produc-
tion with respect to the rate of growth, which consequently
suggested that the growth-rate dependency of the global regulation
of translation resulted from the variation in a molecular entity
related to the total ribosome abundance.

An elementary three-step translation initiation model to explain
the different translation efficiency’s growth-rate dependencies

In order to provide a rationale for modelling the translation effi-
ciency in the form of a Michaelis—-Menten-like equation, we devel-
oped a mechanistic model of protein production that decomposes
translation initiation into three main molecular steps (Fig 7A,
Table 2): i) ribosome binding to the mRNA; ii) accommodation of
the ribosome to the start codon; and iii) initiation of translation
elongation (Tomsic et al, 2000; Ramakrishnan, 2002; Milon et al,
2012). Translation initiation is then followed by the translation
elongation and termination steps. The underlying molecular
assumptions for modelling this process are described in the
Appendix (sections 2.1 and 2.2). Due to the succession of reversible
and irreversible steps (Fig 7A), the mathematical formalization of
this elementary three-step translation initiation process leads to a
Michaelis-Menten-type rate law of the translation efficiency (A;)

© 2016 The Authors
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Figure 4. Ry, abundance drops at fast growth and results in different TIR-specific translation efficiencies.

A Inference of Ry, abundance. Rs.. abundance was fit with a third-order polynomial (black line); the 95% confidence interval is given by the grey area (see

Appendix section 3.3).

B Set of {Ky;, K5} pairs for six synthetic constructs. The three upper plots correspond to synthetic constructs having a translation efficiency as A;

_ KilRpee]
= %oiTr, @nd the three

lower plots correspond to synthetic constructs having a translation efficiency ash; = £ [Riee], with K large as compared to [Ryrec]. The ratio [ [P o TR vy
scaled to 1 in order to relatively estimate the entire set of Ky; and K; constants (for detailed explanation, see Appendix section 3.3). Red curves represent model-based
fits of GFP abundance quantified in more than 120 cultures for each bacterial strain (black dots).

Relative translation efficiencies of the six strains from panel (B) (**TIRqagfp in blue, *TIR mogirgfp in red, P*TIRshoregfb in green and "TIRpaagfb, "TIRmoaingfp and
hSTIRde,fzgfp in black). The grey area corresponds to the space of possible translation efficiencies, which is bounded by the translation efficiency when Kj; is much

larger than Rpce ("“TIRbaadfD, "TIRmoairzgfp @nd "TIRmoair2gfb) and when Ry is much larger than Ky (theoretical values, dashed black line). The corresponding

datasets can be found in Dataset EV2.

with a limiting molecular entity, the so-called free ribosome
abundance ([Rfe], Fig 7B). Following the common consensus used
in the study of Bremer & Dennis, 2008; Klumpp et al, 2009;
Kremling, 2007; Tadmor & Tlusty, 2008; Rpy. corresponds hereafter
to the translation initiation complex and is composed of the 30S
subunit of the ribosome, the initiation factors IF1, IF2 associated
with GTP, and IF3, and the initiator tRNA, fMet-tRNA™®
(30S-mRNA-IFs-GTP-fMet-tRNA™M® Fig 7A). The complete model
(Fig EV3D) can be written in the form of a Michaelis-Menten-like
equation (Fig 7B) using two integrative, growth rate-independent
constants, K;; and K,;, which are composed of the primary TIR-
dependent constants. It is worth to note that the two integrative
constants shared several primary constants (Fig EV3D). Our model
encompassed the simplest molecular scenario of the translation
process; we nonetheless explored several other scenarios and
alternative ribosomal assembly pathways by developing alternative
models (Appendix section 2.4). The alternative models gave rise to
translation efficiencies in the form of Michaelis-Menten-like equa-
tions except that the two aggregated constants (K;; and K,;) were
constituted of different primary, kinetic parameters and/or that free
ribosome was constituted of different ribosomal subunits. Alto-
gether, our complete model turned to be a reasonable proxy of the
translation process to account for the growth rate-dependent trans-
lation efficiencies.

© 2016 The Authors

Interdependence of free ribosome, total ribosome and mRNA
abundances

The interdependence of free ribosome, total ribosome and mRNA
abundances may directly set the free ribosome abundance across
growth conditions due to the growth-rate dependency of both the
RNA and ribosome production. We therefore theoretically explored
how Rf.. abundance can naturally vary with growth rate by extend-
ing our knowledge-based model to the entire proteome
(Appendix section 2.3). We demonstrated the formal relationship
relating total ribosome (Rro) and mRNA species (m;) with Ry
(Fig 7C). Although Rte abundance increases with growth rate
(Schaechter et al, 1958; Bremer & Dennis, 2008), an analysis of this
relationship showed that the two following solutions can trigger a
drop in Rp.. abundance (Fig 7D). The first solution consists of a
strong increase in the abundances of all or many individual mRNAs
with increasing growth rate (as shown in Fig 1D), which at least
counterbalances the increase in total ribosome abundance to even-
tually lower the amount of available ribosomes (Rj.e). The second
solution consists of a global reorganization of mRNA synthesis (as
shown in Fig 1E), during which a class of transcripts (i.e. exhibiting
low K,; values such as the Rpe.-saturated transcripts) is relatively
upregulated, while a class of transcripts exhibiting the converse
properties is downregulated with increasing growth rate. A likely
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Figure 5. Genome-wide estimation of {Ki;, K»;} pairs and of over a
thousands of growth rate-dependent, gene-specific translation
efficiencies in B. subtilis.

A Plot of the values of Ky; (in logio) Vs. Ky; (in logyo) for each of the 698
transcripts (i), denoted Ry..-unsaturated, for which translation efficiencies
were in the form of a Michaelis—-Menten-type rate law. For illustration
purpose, filled-in circles correspond to the tufA (in red) and sdpC (in blue)
transcripts. The grey area represents the variation in Rgee (Fig EV3C). 223
transcripts, denoted Ry.-saturated, exhibited a constant translation
efficiency (i.e. K5 ~ O, Fig EV3A) and 81 transcripts, denoted Ryee-
undersaturated, exhibited a linear relationship between their translation
efficiencies and Ryree (.. K5i > Rpree, Fig EV3B).

B Gene-specific, growth rate-dependent translation efficiencies estimated for
1,002 transcripts (i, index of transcripts) and normalized to the growth-rate
point 0.25 h™* (colour bar and z-axis). The plain lines separate transcripts
by groups of fifty. The list of the transcripts corresponding to each panel
can be found in Dataset EV3.

biological interpretation is that such a reorganization of mRNA
synthesis would enhance titration of free ribosome at fast growth
and eventually lowers the amount of available ribosomes (Rce).
This prompted us to analyse the possible role of ribosomal mRNAs
due to the enriched, large proportion of ribosomal proteins in total
proteins at fast growth. Our combined statistical and model-based
data analyses of genome-wide transcript and protein abundances
have identified the K,; values of 32 ribosomal proteins (among
about 50 known ribosomal proteins, Dataset EV3). As expected,
most of the 32 K,; values were close to zero, which indicated that
their translation is barely affected by the rate of growth. Actually,
the rate of ribosomal protein synthesis is cross-coordinated with the
available amount of rRNA by an autogenous feedback regulation
(Nomura’s model) in B. subtilis (Grundy & Henkin, 1991; Choonee
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Figure 6. Challenging the structural sensitivity of the global regulation
of translation with respect to perturbations.

A Inhibition of the elongation phase results in an increase in total ribosome
abundance (modified from Scott et al, 2010).

B Circles represent the ratios of translation efficiencies computed at each
growth rate for 12 replicate cultures of the ﬂ"’ATIRde,ﬂ gfp and
9T IR ore Gfp strains. The dark grey, blue and red dots correspond to the
ratios obtained in the presence of 0, 0.5 and 1 mg ml~* tetracycline,
respectively. The green and purple arrows overlay the “ratio vs. p”
variations resulting from the addition of tetracycline in rich (CH, CHG) and
intermediate (S, TS) media, respectively. The orange area illustrates the little
variation in the ratios in poor media (M9SE and M9P). The corresponding
datasets can be found in Dataset EV4. The 95% confidence intervals are
given as vertical bars.

et al, 2007) similar to that in E. coli (Kaczanowska & Ryden-Aulin,
2007). We then theoretically explored how this feedback regulation
interferes with our whole-proteome modelling approach and
demonstrated that the enrichment of ribosomal mRNAs with increas-
ing growth rate (Fig 1E) could not alone explain the drop in Ry
abundance (Appendix section 2.3). As a consequence, if the growth
rate-dependent variation in Rp.. abundance only resulted from the
trade-off between the titrations of free ribosomes with the non-
ribosomal and ribosomal mRNAs, several other transcripts
contributed to the observed drop in Rg.. abundance. Altogether, our

© 2016 The Authors
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Figure 7. Exploring the interdependence of free ribosome abundance and both mRNA and ribosome abundances using a three-step translation initiation

model.

A Knowledge-based, three-step translation initiation model (for more information, see Appendix section 2.1). The growth rate-dependent molecular entities and rates of
the translation initiation process are the abundance of the translation initiation complex (Rge), the 50S subunit, the mRNA abundance (mRNA)) and the protein
elongation aggregated parameter (k,;, Table 2; Bremer & Dennis, 2008). The growth rate-independent parameters are the binding constant of Ry, 0nto the mRNA;
(kpi), the release constant (k.,) of mRNA;-associated Ry (Ry), the accommodation constant (k) of R, on the start codon, the disaccommodation constant (k.g) of
Rpi-accommodated R,; from the start codon and the constant of the initiation of translation elongation (k).

B The elementary three-step translation initiation model gives rise to translation efficiency in the form of a Michaelis—Menten-like equation with the two integrative

constants, Ky; and Ky; (see Fig EV3).

C Formal relationship relating total ribosome (Rror) and mRNA species (m;) abundances with the free ribosome abundance (Ry.; see Appendix section 2.3). The sum of
the Michaelis-Menten-like equations (blue) is an increasing function of global and gene-specific variables (d([Rseel, [M], Ki» Ko, kpi)). n indicates the number of

different mRNA species.

D The left and right parts of the equation from panel (C), respectively, in purple and blue, are plotted vs. the free ribosome abundance, [Rs.]. The intersection (D)
corresponds to the equilibrium in a given growth condition. Following a growth-rate increase from pi; to p, (1, > ), total ribosome abundance increases (from plain
to dashed purple line), and the equilibrium () is shifted towards a decrease in Rs.. abundance. The global growth rate-dependent transcriptome reorganization
(Fig 1E) can directly trigger a drop in Rse. abundance by increasing titration if a significant fraction of the transcripts from the first class (green) exhibits lower K5;

values than the second class (orange).

analysis suggested that the interdependence of free ribosome, total
ribosome and mRNA abundances is the cornerstone of growth
condition-specific cell (re)programming.

Discussion

Prokaryotes adapt to environmental changes by adjusting their tran-
scriptome in a complex manner mostly via the use of DNA-binding
regulators that respond to environmental signals or metabolic effec-
tors (Lu et al, 2007; Goelzer et al, 2008; Buescher et al, 2012;
Nicolas et al, 2012). Yet, the growth rate-dependent variation in
abundance of the transcription machinery also strongly influences

© 2016 The Authors

gene expression (Klumpp & Hwa, 2008; Gerosa et al, 2013). Indeed,
total RNA abundance (per mass) is well known to increase with
increasing growth rate in both Gram-negative (E. coli and
Salmonella typhimurium) and Gram-positive (B. subtilis) bacteria
(Schaechter et al, 1958; Dauner et al, 2001; Bremer & Dennis,
2008). We reassessed total RNA and total mRNA using up-to-date,
high-resolution technologies in B. subtilis. We confirmed that total
RNA abundance increases twofold when the growth rate doubles
and showed that total mRNA abundance represents a constant frac-
tion of the total RNA abundance for all tested growth rates (Fig 1C).
Altogether, it implies that the total mRNA abundance in B. subtilis
increases twofold when the growth rate doubles. These results are
consistent with a recent investigation reporting that mRNA

Molecular Systems Biology 12: 870 | 2016
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Table 2. Molecular steps of the knowledge-based model of protein
production, degradation and dilution.

Molecular
Step reaction Parameters
©) Ribosome binding Riree = 30SeIF1eIF2¢IF3tRNA™ME!
i (free ribosome)
Rfree 4~ Mg <:> Roi myg = Free mRNA coded by the gene i
e Rpi = 30SIFLeIF2¢IF3-tRNAMtem;
(active ribosome)
ki = rate of free ribosome binding
k.p; = rate of free ribosome release
® Ribosome R,i = 30SeIF1elF2+IF3«tRNAMEtem,
accommodation (pre-initiating ribosome)
kai k,i = rate of ribosome positioning onto
Roi : Rai the start codon
[ k_,; = rate of ribosome release from the
start codon
® Initiation of Ry = 50530SeIF1elF2+IF3tRNA™MEtem;
translation (initiating ribosome)

elongation
Rai -+ 50 Sgree — Ry

50Sfee = free 50S subunit of the
ribosome

ky; = rate of initiation of translation
elongation

Completion P; = protein coded by the gene i
kpi ki = protein elongation aggregated
Ry —Pi parameter (equal to the inverse the
population averaged time of protein
elongation)

Degradation

Vi
%]

v; = rate of protein degradation

Dilution

"
e d %]

p = growth rate

abundance in E. coli at least doubles when growth rate increases
from 0.11 to 0.49 h™! (Valgepea et al, 2013).

Translation efficiency based on Michaelis—Menten kinetics: the
what, why and how

In Gram-positive and Gram-negative bacteria, the drop in abun-
dance of constitutively expressed proteins is comparable ((Bremer
& Dennis, 2008; Klumpp et al, 2009; Scott et al, 2010) and this
work). In this study, we demonstrated that this drop in B. subtilis
is not only due to the dilution but also to an unexpected decrease
in translation efficiency (Fig 2). We also observed that the transla-
tion efficiencies of two proteins can exhibit different growth-rate
dependencies (Fig 3B and C). To provide a rationale to the
observed translation efficiency’s growth-rate dependencies
(Appendix Fig S1) across normal growth conditions or upon
antibiotic addition (Figs 3 and 6), we developed and analysed an
elementary knowledge-based model of translation in which
translation initiation is decomposed into three main steps. Such
formalization ensued from straightforward, reasonable biological
assumptions and took into account the commonly accepted
scenario of ribosome assembly and translation initiation in vivo.
However, several others scenarios and pathways of ribosome
assembly have recently been characterized in vitro with E. coli
cell-free extracts (Tsai et al, 2012). We thoroughly explored these
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scenarios and the alternative ribosomal assembly pathways by
developing alternative models (Appendix section 2.4). The alterna-
tive models also gave rise to translation efficiencies in the form of
Michaelis-Menten-like equations except that the two aggregated
constants (K;; and K,;) were constituted of different primary,
kinetic parameters. Altogether, it means that modelling the trans-
lation efficiency in the form of a Michaelis—Menten-like equation is
relevant to investigate bacterial translation. Interestingly, an early
study from the nineties in E. coli also tends to support the exis-
tence of differential protein productions (Jacques et al, 1992),
which in turn supposes a variation in Rp.. abundance in Gram-
negative bacteria. In order to draw firm conclusions, dedicated
experiments should now be performed with E. coli to confirm in
Gram-negative bacteria that translation efficiencies can exhibit
different growth-rate dependencies, especially by altering the
TIR-related K;; and K,; constants and Rg.. abundance.

Our whole-proteome modelling approach suggested that the
global regulation of translation mediated by the growth
rate-dependent variation in Rpe abundance may only result from
the interdependence of the free ribosome, total ribosome and mRNA
abundances across the growth conditions. Because of the strong
increase in total ribosome abundance with increasing growth rate,
the increase in ribosomal mRNA abundance could not trigger alone
the observed drop in free ribosome abundance. This suggested that
the growth rate-dependent reorganization of the expression of each
transcript in the cell is specifically hard-coded on the genome to set
the proper amount of free ribosomes for a given growth condition.
As a consequence, there might not exist any specific feedback regu-
lation controlling the abundance of free ribosome and therefore the
translation efficiency’s growth-rate dependencies of each transcript
in the cell. As a corollary, perturbation of the growth rate-dependent
variation in the free ribosome abundance is expected to alter the
gene-specific translation efficiency’s growth-rate dependencies. In
this study, we demonstrated that the gene-specific translation effi-
ciency’s growth-rate dependencies were sensitive to the presence in
the growth media of sub-inhibitory concentrations of tetracycline. It
is tempting to postulate that tetracycline modified the growth rate-
dependent drop in the free ribosome abundance, which in turn
altered the gene-specific translation efficiency’s growth-rate
dependencies. We therefore inferred the growth rate-dependent
evolution of the free ribosome abundance across growth conditions
in the presence of 1 mg 17! of tetracycline, which now exhibited a
maximum twofold decrease from slow to fast growth (Fig EV3E).
However, we cannot exclude that tetracycline affected translation
initiation in a way that altered the two K;; and K,; growth rate-
independent aggregated constants. Nevertheless, in the presence of
tetracycline cells were unable to set right the production of proteins
with respect to the rate of growth. Altogether, it suggests that there
is no strong feedback control on the abundance of free ribosome
across growth conditions.

The space of translation efficiencies allows B. subtilis cells to
adjust single protein abundances across growth conditions

Our combined statistical and model-based data analyses of
genome-wide transcript and protein abundances uncovered a large
range (several orders of magnitude) of K,; aggregated constants
and revealed that the drop in free ribosome abundance altered

© 2016 The Authors
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genome-wide the translation efficiency’s growth-rate dependencies.
According to the model, the translation efficiency can be constant at
any growth rates if the K5; value is very small as compared to that of
Ryree. If such is the case, the gene-specific translation efficiencies
simplify into the Kj; values and the current model of Hwa and
colleagues (Scott et al, 2010) perfectly describes the process of
protein production. Our results showed that it was indeed the case
for about one-fourth of the transcripts (i.e. 223 genes) for which we
have characterized the {Kj; K,;} pairs. In addition, several other
transcripts (about 100 among the 698 transcripts from Fig 5A) are
only barely affected by the drop in free ribosome abundance, so that
the resulting dilution-corrected protein abundances may also be
perceived as invariant. Remarkably, the 1,002 transcript-related
translation efficiencies fully filled in the space predicted by the
three-step translation initiation model between K;; and %;"]
(Fig 5B vs. Fig 4C). Till now, translation initiation regions were
believed to be shaped by evolution in order to optimize the trade-off
between the level of expression and the resulting gene expression
noise. The gene expression noise is indeed important for the highly
translated transcripts (Ozbudak et al, 2002; Ferguson et al, 2012).
However and in view of our results, TIRs must also be regarded as
targets for selective evolution towards optimized cellular networks,
in particular by efficient adjustment of the growth-rate

Low growth rate
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dependencies. An open issue is whether evolutionary constraints
provided more incentives to set protein abundances across growth
conditions (see Appendix section 3.5) or the resulting noise, and
whether independently modulating the Kj; and Kj; variables for a
given protein abundance will generate different levels of noise.

Transcriptional and translational growth rate-dependent
global regulations optimize cellular fitness without
dedicated regulators

The growth rate-dependent regulation (also referred to as global
regulation) of bacterial translation provides cells with a remarkable
toolbox to tweak protein production. However, translation effi-
ciency is either a constant or a decreasing function of growth rate.
By contrast, the global regulation of transcription via the transcrip-
tion efficiency is an increasing function of growth rate (Klumpp &
Hwa, 2008; Gerosa et al, 2013). When combined, the global regu-
lations of transcription and translation may provide cells with a
much larger range of protein expression in the absence of dedi-
cated regulators and may allow prokaryotes to fine-tune the abun-
dance of each protein as a function of the growth rate even in the
absence of dedicated regulators (Figs 8, EV4 and EVS). We can
therefore question why do cells need dedicated regulators? By

High growth rate

Transcriptome K K
K, reorganization (K,) K, < 2
LE G B Rfree K, + e
AN
\ é ~
+
E) \KZ
K > TN

[Rireel

¥

[+ ‘ 4] [+ 4 9 4]

4

| Translation efficiency decreases

| Quasi-invariant translation efficiency

9 3

@f’ —

7
s 8

Genome-wide differential production of proteins

Iz
- ="

Figure 8. Schematic representation of the interdependence of free ribosome abundance and both mRNA and ribosome abundances.

The K;-related global reorganization of mRNA expression leads to a drop in Ry With increasing growth rate, which in turn promotes differential protein production. From low
to high growth rates, the total mRNA and total ribosomal abundances as well as the protein elongation aggregated parameter (k;, Table 2; Bremer & Dennis, 2008) increase,
while the free ribosome abundance drops. Titration of Ry, is weaker at low than at fast growth because transcripts exhibiting strong Ky; and low K; (green TIR) are relatively
upregulated and those exhibiting converse properties (orange TIR) downregulated with increasing growth rate. The ribosome density along the mRNA is the combined
outcome of the translation efficiency and the elongation rate. The “red” and “green” proteins are differentially produced with increasing growth rate due to the growth rate-
dependent translation efficiency. See also a more detailed representation in Fig EV5.
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responding to specific signals, regulators allow bringing discontinu-
ity in protein expression across growth conditions, as opposed to
the nonlinear but continuous transcription and translation efficien-
cies functions. Evolutionary theories suggest that protein expres-
sion levels maximize fitness (Dekel & Alon, 2005; Molenaar et al,
2009; Goelzer et al, 2011; Goelzer & Fromion, 2011). In particular,
the growth rate-dependent regulations may contribute to cost mini-
mization by providing reasonable solutions to the cost-benefit opti-
mization of the cellular and metabolic processes that must be active
under all growth conditions and consequently to fitness increase
across growth conditions (Goelzer et al, 2015).

We revealed that the variations in the free ribosome abundance can
globally contribute to proper cellular (re)programming and have
evidenced a unique, hard-coded, growth rate-dependent mode of trans-
lation regulation, which manages genome-wide gene expression in
addition to specific post-transcriptional and translational regulations.
Our findings on the global regulation of translation, together with
previous findings on the global regulation of transcription (Klumpp &
Hwa, 2008; Gerosa et al, 2013), will open pioneering opportunities for
the differential modulation of complex synthetic circuits. By coupling
high-throughput, precise genome editing technologies, we can now
envision a rational, in silico design and experimental (re)programming
of a high performing cell factory genomically streamlined to optimize
growth and production properties at a given growth rate.

Materials and Methods

Biological materials

Escherichia coli TG1 was used for plasmid constructions and trans-
formations using standard techniques (Sambrook et al, 1989). A
tryptophan prototrophic B. subtilis 168 (BSB168) strain (Botella
et al, 2010) was transformed using standard procedures (Anagnos-
topoulos & Spizizen, 1961). The reference OB1 strain, containing the
Pys (IPTG-inducible hyperspank promoter), derived from BSB168 by
double crossover insertion in the amyE locus of the pOB1 plasmid.
To generate the Cm" pOB1 plasmid, the pDR111 plasmid (kind gift
of David Rudner), which carries the Py and lacl gene between two
arms of the amyE gene, was digested by Sacll/EcoRI and the 3,083-bp
fragment was sub-cloned into the Sacll/EcoRI sites of pDG1661
(Guerout-Fleury et al, 1996). To generate vectors that contained
the gfpmut3 gene downstream of a given translation initiation
region (TIR), we amplified by inverse PCR the entire pBaSysBioll
plasmid (Botella et al, 2010) using primers introducing point muta-
tions in the original TIR but conserving the ligation-independent
cloning site (LIC). For LIC, the vector-related PCR products were gel-
purified, treated with T4 DNA polymerase and 2.5 mM dATP, and
resulting fragments phosphorylated with T4 polynucleotide kinase.
Promoter regions (400 bp) of fbaA (Ppqa) and hyperspank (Pp,) were
generated by PCR from OB1 genomic DNA using the appropriate
primers listed in Appendix Table S2. Then, 0.2 pmol of each PCR
amplification was incubated with 2.5 mM dTTP and T4 DNA poly-
merase. A mix of 5 ng of prepared vector-related fragment and 15 ng
of promoter-related PCR amplification was used to transform E. coli.
The resulting plasmids were extracted from E. coli, used to transform
OB strain by single crossover either at the fbaA locus or at the hyper-
spank locus (within amyE), leading to the strains listed in Table 1.
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Growth conditions

LB was used to grow E. coli and B. subtilis. The eight growth media
used for B. subtilis strain to reach various growth rates were modi-
fied from previously described growth media (Harwood & Cutting,
1990; Partridge & Errington, 1993; Sharpe et al, 1998; Kleijn et al,
2010; Chubukov et al, 2013). The composition of the different
media is described in Appendix (section 1.1). When required, media
were supplemented with antibiotics at the following abundances for
B. subtilis/E.coli: 100 pg ml~" of ampicillin (only for E. coli), 200/
100 pg ml~* of spectinomycin or 20/5 pug ml~* of chloramphenicol.
The related bacterial growth rates were 0.25 h™" in M9P (M9 pyru-
vate), 0.40 h™! in M9SE (M9 succinate/glutamate), 0.60 h™'in S,
0.75h™' in M9G (M9 glucose), 0.80 h™! in MOM (M9 malate),
0.90 h™'in TS, 1.20 h™' in CH and 1.70 h™! in CHG. To alter ribo-
some abundance, the M9P, M9SE, S, TS, CH and CHG media were
supplemented with 0.5 or 1 mg 17" of tetracycline.

Quantification of RNA molecular species

RNA modified from Nicolas etal (2012)
(Appendix section 1.4). Total RNA quantification was performed
using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific).
RNA quality and rRNA quantification were assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies). In order to scale the
gene-level intensities from each microarray and to determine the
total mRNA fraction out of the total RNA pool, an equal amount of
in vitro-synthesized transcripts (One Color RNA Spike-In Kit, Agilent
Technologies) was added to 10 pg of each total RNA sample.
Synthesis, one-colour hybridization of fluorescently labelled cDNA
to Agilent custom microarrays and data processing are described in
Appendix (section 1.4). Experimental procedure for real-time
quantitative PCR is depicted in Appendix (section 1.5).

extraction was

Protein abundance determination by Live Cell Array

For live cell array experiments, a single colony of B. subtilis was
grown in a well of a 96-well microtitre plates (Cellstar®, Greiner bio-
one) with Luria-Bertani (LB) medium until an ODgy of 0.4-0.5. For
precultures in the medium of interest, LB-grown cells were diluted
400-fold into 96-well microtitre plates and incubated overnight under
constant shaking at 37°C until ODgo reached 0.3. The cultures, with
a dilution that yielded exponentially growing cultures next morning,
were diluted in 100 pl of the same medium to an ODgy, of 0.001 into
96-well microtitre plates and incubated at 37°C with constant shak-
ing in a Synergy™ 2 multimode microplate reader (BioTek) for at
least 20 hours. ODgo and fluorescence (excitation: 485/20 nm,
emission: 528/20 nm) were measured at an interval of 7 minutes.
ODygg and ODy;, were measured once at the beginning of the experi-
ment in order to correct the optical path length to 1 cm using the
following equation: (ODy;7-ODggo)/0.18. Data were extracted and
processed as previously described (Aichaoui et al, 2012; Botella
et al, 2010; Buescher et al, 2012; see Appendix sections 1.6 and 1.7).

Data availability

Data generated in this work are provided in Dataset EV files. The
microarray data have been made publically available in Gene

© 2016 The Authors
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Expression Omnibus (GEO) database with the accession number
GSE78108. Proteomic datasets used in this study are available in
Goelzer et al (2015).

Expanded View for this article is available online.
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