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Résumé: modélisation de la régulation

transcriptionnele des gènes par le surenroulement

de l’ADN chez les bactéries
Au cours de leur vie, les bactéries font face à des changements environ-
nementaux, auxquels elles répondent en modifiant rapidement et globale-
ment l’expression de leurs gènes. Pour ce faire, elles ont développé une var-
iété de mécanismes de régulation intervenant à différents niveaux, en partic-
ulier durant l’étape d’initiation de la transcription. Les modèles de régulation
classiques sont centrés sur les facteurs de transcription, qui reconnaissent des
séquences spécifiques dans le promoteur des gènes. A plus grande échelle,
cette régulation passe par des variations du surenroulement, qui est le pro-
duit du stress torsionnel subi par la double-hélice durant les transactions
d’ADN ayant pour conséquence un changement d’hélicité et de vrillage. Le
niveau de surenroulement est finement contrôlé par les toposiomérases, des
enzymes essentielles et hautement conservées. Chez les bactéries, l’ADN est
maintenu dans un état sous-enroulé (surenroulement négatif) par l’activité
forte de l’ADN gyrase, tandis que la topoisomerase I (et IV dans une moin-
dre mesure) relâchent l’ADN, c’est-à-dire enlèvent le surenroulement. Ce
niveau varie néanmoins en réponse à une variété de facteurs, notamment
aux stress environnementaux. En retour, ces variations sont associées à une
réponse transcriptionnelle globale et complexe des gènes, comme le démon-
trent un nombre croissant d’études transcriptomiques utilisant des inhibi-
teurs de l’ADN gyrase pour induire une relaxation du chromosome. Ceci
est observé non seulement chez la bactérie modèle E. coli, mais également
dans d’autres bactéries très différentes en termes de phylogénie et mode de
vie. Ainsi, des variations de surenroulement permettraient une reprogram-
mation rapide et globale de l’expression des gènes, par exemple en réponse
à un stress environnemental. Et pourtant, la régulation transcriptionnelle
des gènes par le surenroulement ne fait l’objet d’aucun modèle de régulation
quantitatif à l’échelle d’un génome entier. Cela peut s’expliquer par le fait
que le surenroulement affecte la transcription à plusieurs étapes du procédé
via différents mécanismes, en particulier durant l’initation, en modulant non
seulement la fixation des facteurs de transcription sur l’ADN, mais égale-
ment l’interaction ARN Polymérase-promoteur.

L’objectif de ma thèse est de caractériser quantitativement les mécanismes
de réponse des gènes aux variations de surenroulement, et en particulier
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d’identifier les éléments promoteur déterminants dans la sensibilité des gènes
au surenroulement, en se focalisant sur l’interaction ARN Polymerase-ADN.
Et ce, en combinant (i) l’obtention et l’analyse des données transcriptomiques
disponibles fournissant la réponse des gènes à une relaxation du chromo-
some dans des bactéries phylogénétiquement distantes (ii) des études ciné-
tiques de transcription sur promoteurs mutés, et (iii) une approche de mod-
élisation thermodynamique de la transcription à l’échelle du génome entier.

Dans un premier temps, une base de données est construite dans l’objectif de
rassembler les données nécessaires à la validation des modèles dans le plus
grand nombre de bactéries possible, les mécanismes étudiés ayant une portée
potentiellement large. Il s’agit notamment de la réponse transcriptomique à
une relaxation globale du chromosome induite avec des inhibiteurs de gy-
rase, et la cartographie des débuts de transcription et des promoteurs as-
sociés. Des outils de programmation Python sont ensuite implémentés pour
effectuer les analyses, permettant également la contribution à des projets sec-
ondaires.

Dans un second temps, une analyse statistique des données transcriptomiques
disponibles est conduite dans la bactérie pathogène des plantes D. dadantii.
Le but étant de caractériser ses unités de transcription ainsi que ses promo-
teurs, (i) pour la validation des modèles de régulation par le surenroulement,
et (ii) pour contribuer à des progrès dans le domaine de la phytopathogénéc-
ité, en cartographiant le transcriptome de ce modèle bactérien largement util-
isé. En effet, D. dadantii est avantageuse car une quantité significative de
données a été accumulée sur l’effet du surenroulement, en particulier du-
rant le processus infectieux où il joue un rôle régulateur central en servant de
senseur aux changements environnementaux rencontrés dans la plante.

Enfin, nous implémentons à l’échelle du génome entier deux modèles de
régulation indépendants décrivant l’effet du surenroulement sur l’interaction
ARN Polymerase-promoteur durant l’étape d’initiation de la transcription,
indépendemment de la présence éventuelle d’autres régulateurs. En mod-
ifiant drastiquement l’énergie libre d’ouverture de la double-hélice, le pre-
mier modèle démontre en quoi des variations globales du niveau de suren-
roulement permettent d’activer sélectivement les promoteurs en fonction du
contenu en G/C de leur discriminateur. En modifiant l’orientation des élé-
ments -35 et -10 pour la fixation de l’ARN Polymerase, le deuxième mod-
èle quantifie la contribution de la taille du spacer des promoteurs dans leur
réponse au surenroulement. Ces modèles thermodynamiques sont basés sur
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les propriétés physicochimiques connues de l’ADN et ne nécessitent pra-
tiquement aucun paramètre ajustable. Les prédictions sont validées dans un
premier temps en mesurant la réponse de promoteurs mutants à des varia-
tions de surenroulement. En étendant la validation des modèles à l’échelle du
génome entier de bactéries différentes en termes de phylogénie et mode de
vie sur la base des données transcriptomiques disponibles, nos résultats sug-
gèrent que les mécanismes sous-jacents sont utilisés de manière universelle
dans le royaume procaryote, en particulier en réponse à des changements
environnementaux. Au-delà, ces travaux démontrent le caractère basal et
ubiquitaire de la régulation par le surenroulement basée sur les propriétés
fondamentales de l’ADN, et fournissent les premiers modèles permettant
d’expliquer et de prédire quantitativement la réponse des gènes à des varia-
tions de surenroulement à l’échelle du génome entier, contribuant de manière
significative à des progrès dans le domaine.

Mots-clés: Régulation transcriptionnelle, surenroulement de l’ADN, modéli-
sation thermodynamique quantitative, discriminateur, spacer, phytopathogène,
unité de transcription
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Abstract: modelling transcriptional regulation by

DNA supercoiling in bacteria
Bacteria are exposed to environmental fluctuations, to which they respond
by quick and global changes in gene expression. Usual models of transcrip-
tional regulation are centred on transcription factors which recognise specific
sequences in genes’ promoters, but disregard the important role of DNA su-
percoiling (SC), an ubiquitous property of the double-helix resulting from
torsional stress. SC acts as a global and ubiquitous regulator in response to
environmental changes, as suggested by many recent transcriptomics stud-
ies. The objective of the present thesis is to develop quantitative models of
this regulation mode, by identifying the promoter-sequence determinants of
gene SC-sensitivity, based on RNA Polymerase-DNA interaction and inde-
pendently from additional regulatory proteins. To this end, we combine (i)
the analysis of available transcriptomic data under conditions of SC varia-
tions, (ii) transcription assays on mutant promoters, and (iii) a thermody-
namic modelling of transcription at the genome-scale. We first characterise
the transcriptome of D. dadantii, a phytopathogen in which extensive data
have been accumulated regarding the role of SC during plant infection, defin-
ing its transcription units and promoters. We then present two models ex-
plaining how global SC variations can selectively activate/repress promot-
ers, depending on (i) the G/C-content of their discriminator for SC-assisted
promoter opening, and (ii) their spacer length for the SC-dependent orienta-
tion between -35 and -10 elements affecting RNA Polymerase binding. Tran-
scription assays are conducted on mutant promoters, and quantitatively con-
firm the predictions of the models. The universality of these mechanisms is
demonstrated by analysing transcriptomes of distant bacteria under condi-
tions of SC variations. Altogether, these results show that SC, based on the
fundamental properties of DNA, constitutes an ubiquitous regulation mode
in the prokaryotic kingdom.

Keywords: Transcriptional regulation, DNA supercoiling, quantitative ther-
modynamic modeling, discriminator, spacer, phytopathogen, transcription
unit
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1

Chapter 1

Introduction and literature review

1.1 Bacterial adaptation to environmental changes

1.1.1 Environmental changes

Bacteria are unicellular, microscopic organisms, found among the earliest life
forms on Earth [1], that played key roles in the history of its life. Billion years
ago, during the the Great Oxygenation Event, a group of bacteria referred
to as cyanobacteria, contributed to creating current Earth’s atmosphere by
performing photosynthesis, i.e. the production of nutrients and oxygen from
carbon dioxide, water and sunlight [2]. Later on, at planetary time scales of
billion years, the integration of bacteria into host cells led to the emergence of
new intracellular components or organelles such as chloroplasts, which pro-
vided plants’ photosynthetic capacity, or mitochondria, which brought the
ability to generate the energy currency of animal and plant cells. Accord-
ing to this so-called endosymbiotic theory, all living plants and animals thus
evolved from the inclusion of a bacterial cell inside another one [3]. Nowa-
days, bacterial activities are essential to the cycling of elements and conse-
quently to life on Earth, e.g. by providing nutrients like nitrogen and phos-
phorus to plants, or by decomposing organic matter in soil and in oceans.
They are also crucial for maintaining homeostasis in the human body (and
in many other organisms), by living on and inside us by trillions, and con-
tributing, e.g. to digestion and defence functions of the gastrointestinal tract,
to repairing our skin, or tuning our immune system. Conversely, some bac-
teria are very destructive by causing severe infections, e.g. (in human) pneu-
monia, wound and bloodstream (sepsis) infections, sexually transmitted dis-
eases, or (in plants) soft rot and ravages of crop fields. Despite their micro-
scopic size imperceptible to human eyes, and apparent simplicity, bacteria
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2 Chapter 1. Introduction and literature review

survive, thrive, fight with molecular spears and chemical weapons, swim
with nanoscopic motors, but also sense, communicate, and remember.

Bacteria occupy a wide variety of habitats on Earth, including harsh environ-
ments, from deep-sea hydrothermal vents, to volcanic chimneys, including
soil, Earth’s crust, water, arctic ice and glaciers, interior or surface of plants,
insects and animals. Their long evolutionary history exposed them to re-
markably different environments, and developed their faculty to cope with
many changing physicochemical conditions. The latter are of various types,
including fluctuations in environmental factors such as temperature, oxygen,
pressure, salt concentration, pH, light, and nutrient abundance or source.
These are also of various timescales, including daily, weekly, monthly, sea-
sonally variations and more. Some of them occur at a predictable frequency,
whereas some others occur sporadically. Finally, environmental fluctuations
can be gradual, or drastic. These characteristics are described in more detail
elsewhere [4]. For the present thesis, environmental stresses deserve spe-
cial attention. Although it has proven to be an elusive concept [5], here, in-
spired by Hoffmann and Parsons [6], we consider an environmental stress as
an environmental factor (or stressor), causing sudden and potentially injuri-
ous changes in a biological system. In nature, many bacteria are exposed
to constantly changing conditions, including stresses, and, for pathogens,
switches from external environments to host-specific niches. For example,
plant pathogenic bacteria of the Dickeya genus alternate between habitats
such as soil or ground water, and surface/interior of plants [7]. In their
host, these bacteria are exposed to many environmental stresses resulting
partly from plant defences, such as exposition to antimicrobial agents, or
abrupt changes in pH, osmotic pressure, oxygen availability, and nutrient
sources [7]. In order to maintain cellular functions, but also for optimal en-
ergy management, i.e. to avoid wasteful consumption of resources and en-
ergy, bacteria must sense environmental changes, and adjust their physiol-
ogy and metabolism to the new conditions. To this end, they have evolved
a variety of responses, involving regulation of gene expression at different
levels.
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1.1. Bacterial adaptation to environmental changes 3

1.1.2 Bacterial genomes

A genome can be defined as the entire set of genetic information that pro-
duces and maintains an organism, and which manifests as DNA (Deoxyri-
bonucleic Acid) composed of four different nucleotides - adenine (A), gua-
nine (G), cytosine (C) and thymine (T) [8]. It consists of genes, plus non-
coding sequences. Genes are segments of DNA directing the synthesis of
RNA (Ribonucleic acid) composed of A, G, C and uracil (U) instead of T, that
can be directly functional, or be the intermediate template for protein synthe-
sis. The transcriptome is the set of all RNAs expressed by a genome, whereas
the proteome refers to the full range of proteins produced by a genome. In
contrast to eukaryotes wherein each cell’s genome is stored within a nucleus,
bacterial cells contain no inner membranes, and their genome is consequently
located in a region of the cytoplasm called the nucleoid (see next section on
nucleoid-associated proteins). The genome of bacteria usually consists of one
circular DNA molecule (and, in some cases, more than one and/or linear
DNA molecules, Tab. 1.1), even if they often harbour extragenomic DNA
such as plasmids carrying accessory genes encoding, e.g. toxin-antitoxin sys-
tems, virulence factors, or peptides involved in antimicrobial resistance [9].
Bacterial genomes are small in length, typically under 10 megabases (Mb)
(Tab. 1.1), and exhibit a high gene density, i.e. proportion of the genome that
is composed of genes, with an average of 88% [10] (Fig. 1.1B). Base compo-
sition is highly variable across species, ranging from 13 to 75 G/C%, and
genetic maps, i.e. gene order and content, remain fairly stable among related
species [11]. These features contrast those of eukaryotic genomes, which are
generally partitioned into multiple linear DNA molecules, and are of much
larger size and complexity, from 125 Mb in the plant Arabidopsis thaliana, to
2.9 billion bases in human [12]. Unlike eukaryotes in which there is little
association between genome size and gene density due to the abundance of
non-coding DNA, in bacteria, gene number is tightly linked to genome size,
and most genomic sequences correspond to protein-coding regions, with lit-
tle non-coding DNA [13]. Finally, bacterial genomes are configured into do-
mains related to replication and packaging (Fig. 1.1A).
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4 Chapter 1. Introduction and literature review

Bacterium Genome
Escherichia coli One circular DNA molecule (4.6 Mb)
Salmonella typhimurium One circular DNA molecule (4.7 Mb)
Dickeya dadantii One circular DNA molecule (4.9 Mb)
Mycoplasma pneumoniae One circular DNA molecule (0.8 Mb)
Synechococcus sp. PCC7002 One circular DNA molecule (2.7 Mb)
Vibrio cholerae Two circular DNA molecules (2.9 Mb

and 1,1 Mb)
Agrobacterium tumefaciens One circular (3 Mb) and one linear

DNA molecules (2.1 Mb)
Borrelia burgdorferi One linear DNA molecule (0.9 Mb)

TABLE 1.1: Bacterial genomes: number, geometry and size (extragenomic
DNA such as plasmids not shown). More genomes are described in [14].

A B

G/C-content

rRNA operons

tRNA genes

protein-coding genes

protein-coding density

50.8 %

7

86

4306

85.7 %

FIGURE 1.1: General features of bacterial genomes: example of the model
bacterium E. coli K-12 MG1655. (A) Copied from [15]: the bi-directional
DNA replication of bacterial genomes (arrows) initiates from a single origin
of replication (oriC) until the converging replication forks meet in the
replication termination region (Ter) at the site of chromosome decatenation
of newly replicated DNA (dif ). Colours represent regions of DNA that
organise into spatially distinct macrodomains (see next section). NS:
non-structured. (B) Adapted from [16]: rRNA operons refer to the operons
encoding ribosomes, tRNA genes to the genes encoding transfer RNAs (see
next subsection).

Gene expression occurs in two steps, transcription and translation, which are
tightly coupled in space and time in bacteria [17], in contrast to eukaryotes,
wherein the ribosomes, the key actors of translation, are separated from the
genetic material (DNA and RNA) by the nucleus.
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1.1. Bacterial adaptation to environmental changes 5

1.1.3 Bacterial transcription

During transcription, one strand of a DNA template is used to synthesise
a complementary RNA molecule that serves either in translation (riboso-
mal and transfer RNAs), protein synthesis (messenger RNAs), or regulation
(small RNAs). It is divided into three steps: initiation, subdivided itself into
three stages, plus elongation and termination (Fig. 1.2).

In bacteria, transcription is carried out by a single RNA polymerase (RNAP),
composed of a catalytic core with five sub-units (α2ββ′ω) able to perform
all steps of transcription except promoter-specific recognition, the region up-
stream of genes where initiation occurs [18]. The latter requires the associa-
tion of RNAP to a sigma (σ) factor, to form the holoenzyme (Eσ) (Fig. 1.2A).
The sub-units of the core enzyme are highly conserved among bacteria [19],
while σ factors are more variable [20]. For transcription to initiate its first
stage, i.e. closed-complex formation, the σ factor recognises two well-conserved
sequence elements, the -35 and -10 hexamers, separated by the spacer, which
exhibits no consensus sequence but a consensus length of 17 nucleotides (nt)
[21] (Fig. 1.2A-B). Some promoters may also contain an extended -10 element,
generally in concert with a highly degenerated (or no) -35 box, and/or an UP
element upstream of the -35 hexamer [22]. Once bound to the gene promoter,
the holoenzyme undergoes a series of conformational changes, for DNA to
be bent, wrapped and eventually get into the active site cleft of RNAP [18].
This ultimately leads to the open-complex formation, involving DNA melt-
ing over a distance of 13 base pairs (bp), from position -11 to +3, with re-
spect to the transcription start site (TSS, +1) [18] (Fig. 1.2B). This includes
the -10 hexamer, and an element located between the latter and the TSS, re-
ferred to as the discriminator, which exhibits no consensus sequence, and a
length of typically six to eight nucleotides [21]. In a third and last stage, the
transcription machinery has to escape promoter for productive RNA elonga-
tion, through DNA scrunching mechanism [23], generally involving a num-
ber of abortive initiation cycles whereby short RNA products are released
(Fig. 1.2B). Importantly, depending on its sequence, every promoter has its
own kinetic properties and activity, referred to as promoter strength, and the
latter is usually (but not always) proportional to the proximity of promoter
elements to consensus sequences [22].

During transcription elongation, the σ factor dissociates from RNAP, and one
strand of the DNA template is used to synthesise a complementary RNA
molecule as RNAP moves along DNA, until transcription termination occurs
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6 Chapter 1. Introduction and literature review

(Fig. 1.2B). Two main mechanisms of transcription termination have been
described in bacteria [24]. Rho-dependent termination requires a hexameric
helicase, Rho (and its co factor NusG), which binds nascent RNA at specific
termination (rut) sites, and translocates along the RNA in the 5’ to 3’ direction
until it reaches the transcription complex, causing the release of the transcript
and dissociation of RNA from DNA [24, 25]. Rho-independent or intrinsic
termination involve short self-complementary G/C-rich sequences inducing
stem-loop structures, followed by a poly(U)-tract in the RNA, causing a paus-
ing of RNAP due to backtracking, and the formation of a hairpin-like RNA
structure [24]. This eventually releases the nascent RNA from its complex
with transcription machinery and gene template.

Finally, for messenger RNAs (mRNAs) encoding proteins, translation con-
sists of three phases, namely initiation, elongation, and termination, similarly
to transcription [26]. It is performed by ribosomes, that bind a short A/G-rich
sequence referred to as Shine-Dalgarno (SD) sequence or ribosome-binding
site (RBS), preceding the initiation codon (generally AUG). Amino acids are
then added to the growing chain by aminoacyl-transfer RNAs (tRNAs), until
ribosomes reach a stop codon. In bacteria, genes are generally grouped in
operons that are coordinately expressed from a common promoter, resulting
in a polycistronic transcript encoding multiple proteins [27].
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A

B

FIGURE 1.2: Adapted in part from [18, 21, 27]: schematic representation of
transcription in bacteria. (A) Bacterial RNAP core enzyme (E) is composed
of five sub-units (α2ββ′ω), while σ factors (σ70-related shown, see next
section) comprise four domains (σ1 to 4). Bacterial promoters are
constituted of the following elements: (optional) upstream promoter (UP),
-35, spacer, (optional) extended -10 (EXT), -10, discriminator (DISCR), and
transcription start site (TSS, denoted +1). Promoter consensus sequences
and lengths (in nucleotides/nt) as well as interactions with transcription
machinery are shown: αC refers to the carboxy-terminal domain of the α
sub-unit of RNAP, αN to its amino-terminal domain, σ1 to 4 to the four
domains of σ factor. (B) For transcription to initiate, RNAP associates with a
σ factor to form the holoenzyme Eσ. In a first step, the latter binds gene
promoter along -35 and -10 boxes separated by the spacer, to form a
closed-complex. Then, it has to melt DNA over a distance of 13 base pairs,
including -10 hexamer, discriminator element, and TSS, forming an
open-complex. A scrunch complex is held at the promoter, resulting in
possible cycles of abortive initiation whereby short RNA products are
released, before the transcription machinery escapes from the promoter,
dissociates from the σ factor and enters the elongation step. Finally,
termination occurs when RNAP reaches a termination signal
(Rho-dependent or intrinsic, see text), releasing gene DNA template and
nascent RNA.
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8 Chapter 1. Introduction and literature review

1.2 Regulation of transcription initiation

In response to environmental changes, bacterial gene expression can be reg-
ulated at the transcriptional level, but also at the post-transcriptional level,
by regulating mRNA stability and translational efficiency, and at the post-
translational level, by modulating protein degradation and activity. Exten-
sive regulation occurs during transcription initiation [21, 22, 27], as it af-
fects the very first step of the process and is thus presumably most inter-
esting in terms of energy saving. However, accumulating studies suggest
that a large part of regulation may also occur at the post-transcriptional and
post-translational levels, which present the advantage of having an immedi-
ate impact on protein synthesis, quantity or activity, respectively [22]. Post-
transcriptional regulation includes the modulation of RNA stability [28], which
sets the number of both mRNA molecules that may be translated into func-
tional proteins, and small RNAs that may exert a regulatory function. It
also comprises variations in the accessibility of RBS to ribosomes by RNA-
binding proteins [29], or by regulatory RNAs through double-stranded RNA
structures [28]. Finally, post-translational regulation includes the modulation
of protein degradation, sequestration [22], and post-translational modifica-
tions, i.e. the covalent modification of proteins by small chemical changes to
the addition of entire functional groups or polypeptides, which impact pro-
tein function [30].

Transcription initiation is regulated by a variety of factors, that either modu-
late RNAP affinity for promoters, or RNAP activity itself. Some of them act
at specific promoters, while some others have a global regulatory activity.

1.2.1 Role of transcription factors

As first discovered by Jacob and Monod [31], the most studied regulators
are known as transcription factors (TFs), that either increase (activators) or
decrease (repressors) transcription initiation frequency of certain promoters.
TFs contain structural motifs (helix-turn-helix or, to a lower extent, ribbon-
helix-helix) that bind to promoters containing specific sequences of more or
less 4 bp referred to as operators. Since any given 4-bp sequence will arise
once every 44 bp on average, to ensure binding of specific promoters, most
TFs dimerise or multimerise, and bind direct or inverted repeats of operators,
e.g. of 15- to 20-bp for dimers [22]. Generally, TFs bind near to, or overlap-
ping RNAP binding sites. Repressors decrease promoter activity through
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1.2. Regulation of transcription initiation 9

different mechanisms, including steric hindrance of RNAP, by binding oper-
ators overlapping -35 and -10 sites and thus blocking its access to promoter
(Fig. 1.3A). This is the case of E. coli arginine repressor ArgR [32]. Some
repressors operate through local DNA structure alterations, such as GalR,
which induces DNA looping in the promoter region, preventing RNAP bind-
ing [33] (Fig. 1.3A). Inhibition of subsequent steps of transcription initiation
by repressor binding to either or both RNAP and promoter is another pos-
sible regulatory mechanism. For instance, the protein p4 of phi29 bacterio-
phage binds upstream of RNAP, interacts with its C-terminal domain and
inhibits promoter escape [34], while the Rv1222 protein of Mycobacterium tu-
berculosis binds to both RNAP and DNA, slowing down or preventing RNA
elongation [35] (Fig. 1.3A). Finally, some repressors act by anti-activation
mechanisms, such as occurs with CytR, the repressor of genes involved in
uptake and catabolism of nucleosides, which simultaneously interacts with
its operator and the adjacent activator CRP/CAP, to prevent RNAP binding
on promoter favoured by the latter [36].

Activators increase promoter activity through three main mechanisms, namely
class I or II activation, or activation by conformational changes. In class I
activation, the activator binds to an operator located upstream of the pro-
moter, and then recruits RNAP through interactions between the activating
region of the activator and the αC carboxy-terminal domain of the α sub-
unit of RNAP, as occurs with E. coli CRP activator, e.g. at lac and gal oper-
ons [37] (Fig. 1.3B). In class II activation, the activator binds to an operator
overlapping -35 promoter element to form direct interactions with the do-
main 4 of σ factor, and/or components of the RNAP, notably the αN amino-
terminal domain of its α sub-unit. This eventually facilitates RNAP recruit-
ment for closed-complex formation, or promotes transition to open-complex
formation (Fig. 1.3B). It is worth noting that class II activators may oper-
ate in combination with class I activators on the same promoter, and that
some activators may act as both class I and class II activators, such as the
global regulator CRP [38]. Finally, the third type of activation consists of
promoter remodelling. For instance, the TFs of the MerR family which are
described in more detail in Chapter 4, bind to a region between -35 and -
10 elements of promoters with a sub-optimal spacer length, distort DNA,
resulting in a better alignment of RNAP binding sites and thus facilitating
its recruitment (Fig. 1.3B). Finally, similarly to indirect anti-activation mecha-
nisms previously described, there are also some anti-repression mechanisms.
For instance, at the nir promoter of E. coli encoding a nitrite reductase, class II
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FIGURE 1.3: Adapted from [22]: regulation of promoters by transcription
factors. (A) Mechanisms of repression (red), which include repression by
steric hindrance, wherein a repressor binds operators overlapping -35 and
-10 sites, preventing RNAP binding on promoter. But also alterations in
DNA structure induced by a repressor (in the present case, looping) which
may prevent RNAP binding. Finally, some mechanisms of repression
consist of the inhibition of subsequent steps of transcription initiation, e.g.
RNA elongation (present case), or promoter escape. (B) Mechanisms of
activation (blue), which include class I activation, wherein an activator
binds an operator located upstream of the promoter, facilitating RNAP
binding through interactions with the carboxy-terminal domain of the α
sub-unit of RNAP. But also class II activation, wherein an activator binds an
operator overlapping -35 element through interactions with domain 4 of the
σ factor, and/or components of the RNAP, notably the αN amino-terminal
domain of its α sub-unit. Finally, some mechanisms induce conformational
changes, in the present case, realigning -35 and -10 elements to promote
RNAP binding on promoter.

activation, repression and indirect activation through anti-repression all con-
tribute to regulate its activity [39]. The above regulation mechanisms facili-
tate RNAP recruitment at target promoter, rather than promoting transition
from closed to open-complex, which usually does not require any activator.
In contrast, promoters bound by RNAP associated to σ54 factor (see next
subsection on the variability of σ factors) require a special class of activators,
referred to as enhancer-binding proteins, which provide the energy required
for promoter opening through ATP hydrolysis, since σ54 closed-complex is
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1.2. Regulation of transcription initiation 11

unable to spontaneously isomerise to an open-complex [40].

Importantly, the affinity of TFs for operator sequences can be modulated by
chemical modifications, e.g. phosphorylation-dephosphorylation [41], oxidation-
reduction [42], or by reversible interaction with small molecules [22], in which
case TFs act as allosteric proteins undergoing conformational changes once
bound to inducers and/or co-repressors. Indeed, the activity of TFs is gen-
erally modulated by environmental changes, which, in turn, control the ex-
pression of specific genes required for the adaptation to the new physiolog-
ical conditions. The most paradigmatic example is the lac operon, encoding
the structural genes necessary to acquire and process lactose from the en-
vironment. In E. coli, in absence of the latter, lac operon is turned off by a
repressor, LacI, which inhibits RNAP binding both by steric hindrance, and
by forming a DNA loop through tetramerisation [43, 44]. In presence of lac-
tose, LacI is bound by allolactose inducer, preventing its binding to the op-
erator through conformational changes. To avoid wasteful consumption of
resources and energy, since glucose is the preferred substrate, the lac operon
then requires an additional activator, the cAMP-CRP complex. Activation by
CRP requires the inducer cAMP, whose concentration is increased in absence
of glucose [45].

Finally, it is important to note that (i) most TFs regulate several promoters,
(ii) most promoters are regulated by more than one TF, (iii) most TFs are
regulated by other TFs (auto-regulation in some cases), resulting in complex
regulatory networks within the cell [46]. However, more than half of E. coli
promoters are not targeted by any known TF [46], and entire organisms are
almost devoid of them [47, 48] but exhibit nonetheless a complex regula-
tion, indicating that other modes of regulation must exist. Beyond such reg-
ulators which usually bind to the promoters of a specific and limited set of
functionally-related genes (except global TFs such as CRP), gene expression
is regulated at a larger scale by nucleoid-associated proteins (NAPs). The lat-
ter act as global TFs by simultaneously controlling the transcription of many
operons belonging to diverse functional categories, while shaping chromo-
some architecture.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés
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1.2.2 Role of nucleoid-associated proteins

NAPs are architectural proteins of small size that ensure proper compaction
of DNA inside bacterial cells, together with DNA supercoiling (see next sec-
tion) [15]. Indeed, bacterial chromosomes would be longer than 1 mm in
length if stretched out (Fig. 1.4A), while bacterial cells range from less that
one to over ten micrometers in length [49]. As a consequence, the chromo-
some must be compacted more than 1000 fold to fit inside the cell (Fig. 1.4B).

NAP

DNA bending DNA stiffening

DNA bridging

DNA wrapping

DNA bunching

A B

DC

FIGURE 1.4: Chromosome organisation by nucleoid-associated proteins.
(A) Copied from [49]: a gently lysed E. coli nucleoid visualised by
transmission electron microscopy, of approximately 20 micrometers in
length which is many times longer than the length of the cell (2-5
micrometers). (B) Copied from [49]: schematic representation of the
compacted chromosome inside bacterial cell. (C) Adapted from [15]: once
bound to more or less specific sites, NAPs shape DNA by bending it,
stiffening it, bridging adjacent sites into parallel DNA segments, bunching
several parallel DNA fragments together, or wrapping it by coherent
bending. (D) Copied from [49]: schematic representation of the folded
chromosome organised into looped domains by the binding of NAPs and
SMC condensin complexes.
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1.2. Regulation of transcription initiation 13

This compaction is hierarchically organised at multiple scales [15, 49]. At the
kilobase (kb) scale, NAPs shape chromosome structure by bending, bridging,
wrapping, looping and twisting DNA, frequently through dimerisation/-
multimerisation (Fig. 1.4C-D and Fig. 1.5). At a larger scale (10 kb), plectone-
mic loops arise from the presence of supercoiling, forming multiple topologically-
constrained domains by the key action of NAPs (see next section and Fig. 1.4D).
At the Mb scale, these loops organise into six spatially distinct macrodomains
(Fig. 1.1A, Ori, Ter, Left, Right, NS-L, NS-R) wherein physical interactions
among DNA sites are more frequent than between different macrodomains.
Structural maintenance of chromosome (SMC) condensin complexes also play
key roles in chromosome organisation and segregation, at multiple scales [50]
(Fig. 1.1D). Eventually, bacterial chromosomes resemble rosettes with super-
coiled loops of DNA (Fig. 1.1B and 1.1D).

All bacteria possess NAPs, some of which are unique for a given genus
and/or species [51]. The main NAPs of E. coli include H-NS (histone-like nu-
cleoid structuring protein), HU (heat-unstable protein), IHF (integration host
factor), Fis (factor for inversion stimulation), Lrp (leucine-responsive regula-
tory protein), and Dps (DNA-binding protein from starved cells) which differ
by their DNA-binding mode (Tab. 1.2 and Fig. 1.5). Most NAPs display low
sequence specificity for binding, with a preference for A/T-rich sequences,
and use indirect readout mechanisms, i.e. recognise and bind DNA with a
specific structure and flexibility [52–54], although some of them have more
sequence requirements (Tab. 1.2). There is a variety of NAPs, and their cellu-
lar abundance can vary in response to growth conditions, growth phase, and
environmental changes in general [55] (Fig. 1.6).
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NAP DNA
bend-
ing

DNA
stiff-
ening

DNA
bridg-
ing

DNA
bunch-
ing

DNA
wrap-
ping

Binding
motif

Mass Oligomer

H-NS ND yes yes ND ND AT-rich
DNA/
TCGATAAATT

15
kDa

Homodimer/
Heterodimer

HU yes yes no yes ND AT-rich/
curved DNA

9 kDa Heterodimer

IHF yes ND ND ND ND (A/T)ATCAAN
NNNTT(A/G)

11
kDa

Heterodimer

Fis yes ND yes ND yes A tracts/AT
tracts

11
kDa

Homodimer

Lrp ND ND yes ND yes (T/C)AG(A/T/C)
A(A/T)ATT(A/T)
T(A/T/G)(A/G)

18
kDa

Homodimer/
Octamer

Dps yes ND ND ND ND [56] 19
kDa

Monomer /
Dodecamer

TABLE 1.2: Adapted from [15, 51]: main nucleoid-associated proteins
(NAPs) of E. coli. H-NS: histone-like nucleoid structuring protein, HU:
heat-unstable protein, IHF: integration host factor, Fis: factor for inversion
stimulation, Lrp: leucine-responsive regulatory protein, Dps: DNA-binding
protein from starved cells, ND: not determined, N: A, T, C or G nucleotide.
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1.2. Regulation of transcription initiation 15

FIGURE 1.5: Copied from [57]: structural and architectural properties of the
main nucleoid-associated proteins. Panels from left to right for each NAP:
Protein Data Bank (PDB) structures (first two panels), microscopy images,
schematic model for the mechanism of action. Dimeric H-NS from E. coli is
depicted (followed by its monomeric components), which induces DNA
loops as a consequence of DNA duplex bridging, as shown in the scanning
force microscopy (SFM) image. Octameric LRP from Pyrococcus furiosus is
depicted (followed by a monomeric Lrp sub-unit), which wraps and bridges
duplex DNA, as shown in the electron microscopy (EM) image.
Dodecameric Dps from E. coli is depicted (followed by a monmeric Dps
sub-unit), which induces three-dimensional hexagonal Dps-DNA arrays, as
shown in the SFM image. IHF-DNA complex is depicted (followed by a
monomeric IHF sub-unit), which induces strong DNA bending (up to 140°),
as shown in the SFM image. HU-DNA complex is depicted (followed by a
monomeric HU sub-unit), which induces weaker DNA bending than IHF, as
shown in the SFM image, wherein HU bends DNA at low concentrations
(top), and induces the formation of rigid DNA filaments (bottom) at high
concentrations. Fis-DNA complex is depicted (followed by a monomeric Fis
sub-unit), which induces weaker DNA bending than IHF yet stronger than
HU (up to 90°). Fis-Fis interactions lead to node formation, as shown in the
SFM image.
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Beyond their role in genome organisation and various other cellular pro-
cesses such as DNA replication, recombination, and repair [55], NAPs share
regulatory features with TFs [58], by inducing topological and/or structural
changes at promoters that may modulate the binding of RNAP or TFs (Fig. 1.3) [51].
For instance, H-NS induces the formation of DNA-protein-DNA bridges (Fig. 1.4C
and Fig. 1.5), trapping RNAP in a loop and preventing its binding on pro-
moter (Fig. 1.3A), similarly to the LacI repressor [44]. Depending on their
cellular abundance and number of target DNA sequences, NAPs can thus af-
fect the transcription of many genes simultaneously, and ensure a quick and
global response to various stimuli, as reviewed in the following: [51, 55]. Be-
sides NAPs, the use of alternative σ factors provides another mechanism for
bacterial cells to change their global gene expression program in response to
environmental changes.

FIGURE 1.6: Copied from [51]: expression patterns of four
nucleoid-associated proteins during the growth of E. coli. A typical bacterial
growth curve is depicted, together with the different protein concentrations,
and the growth phase transitions are indicated. H-NS concentration is
found to be more or less constant throughout bacterial growth. IHF and Dps
protein concentrations increase in stationary phase, whereas Fis is more
abundant in exponential phase (such as HU which is not depicted).
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1.2. Regulation of transcription initiation 17

1.2.3 Role of alternative σ factors and small ligands

The role of σ factors, once associated to RNAP, is to ensure specific pro-
moter binding of -35 and -10 hexamers, and orchestrate open-complex for-
mation. Besides their housekeeping σ factor (σ70 in E. coli, σA in B. subtilis
and cyanobacteria) recruiting RNAP at the majority of promoters, nearly all
bacteria possess a variable number of alternative σ factors that recognise dif-
ferent classes of promoters. For instance, there are seven σ factors in E. coli
(Tab. 1.3), and up to 109 in the myxobacterium Sorangium cellulosum [59]. The
latter compete for binding to the limited pool of RNAP core enzymes, esti-
mated about 2000 in E. coli cells, 700 of which are free [60]. In most conditions,
the housekeeping σ factor is more abundant and out-competes alternative
ones. However, when the concentration of an alternative σ factor increases
through regulation of their transcription and translation, proteolysis, subcel-
lular localisation, and sequestration by anti-σ factors under specific condi-
tions, it can then compete with and displace the housekeeping σ factor [22].
This provides a simple mechanism for reprogramming transcription to a dif-
ferent set of genes involved in specific cellular programs. For instance, in E.
coli, while housekeeping σ70 factor is required for most transcription during
growth, σ32 and σ38 activate the transcription of genes involved in heat shock
stress response and upon entry to stationary phase, respectively (Tab. 1.3).

σ factor Function
σ70/σD Growth-related (housekeeping) genes
σ54/σN Nitrogen metabolism
σ38/σS Stationary phase and starvation
σ32/σH Heat shock response
σ28/σF Motility genes
σ24/σE Extracytoplasmic stress response
σ19/σ f ecI Ferric citrate transport

TABLE 1.3: Adapted from [22]: the seven σ factors of E. coli.

RNAP can also interact with small ligands modulating its global activity
at numerous promoters. The best studied example is the alarmone ppGpp
(guanosine 3’ diphosphate, 5’ diphosphate), which binds directly to the β

and β′ sub-units of RNAP, near its active site [61]. It exerts a global regula-
tory effect in cooperation with DksA, a small RNAP-binding protein reduc-
ing open-complex stability [62]. In E. coli, ppGpp production is directed by
two different pathways, involving SpoT, or RelA, wherein pppGpp is first
produced and then converted to ppGpp by GppA [63]. It is synthesised in
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18 Chapter 1. Introduction and literature review

response to starvation for a variety of nutrients, and environmental changes
that cause growth arrest in general. As a result, once bound to RNAP, ppGpp
redirects transcription from growth-related genes, including mostly those in-
volved in translation (e.g., rRNA/tRNA) and DNA replication, to genes in-
volved in starvation survival and stress resistance, including rpoS, the gene
encoding the alternative σ38 factor binding promoters required in stationary
phase and starvation (Tab. 1.3) [64]. Generally, its repressive effect occurs at
promoters referred to as stringent promoters, characterised by a high-energy
barrier for open-complex formation, due to a G/C-rich discriminator up-
stream the TSS, and a C nucleotide at position -1 [65]. In addition, ppGpp
may act indirectly by redistributing available RNAP from stringent promot-
ers to non-stringent ones [64], and by modulating σ factor competition, due
to the induction of rpoS.

Promoter activity can also be regulated by reversible chemical modifications
of bases of the DNA sequence, also referred to as epigenetic regulation [66],
including mostly DNA methylation of adenines, modulating promoter affin-
ity for RNAP or TFs. Finally, transcription initiation is affected at a global
scale by a variety of environmental variables including nucleotide concen-
tration, temperature, pressure and salt [67].
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1.2.4 Existing models of transcriptional regulation

Gene regulation is essential to every biological process, determining every-
thing from how cells sense and respond to environmental changes, to how
they perform optimal energy management in general. Unravelling gene reg-
ulation requires the knowledge of which genes are expressed at which level,
when and where, and how they interact with each other. Indeed, biologi-
cal processes typically involve the interactions of a number of genes acting
on each other in gene regulatory networks (GRNs). Due to their complex na-
ture structured by positive and negative interactions between many different
components, including DNA, RNA, proteins, small molecules and more, an
intuitive understanding of their dynamics requires computational and mod-
elling tools. The latter are also of crucial importance to provide mechanistic
insights into how the components of a GRN are interrelated.

Generally, modelling of gene regulation involves the construction of an ini-
tial model based on available data and knowledge, with the purpose of sim-
ulating a given regulatory system for a variety of conditions experimentally
reproducible. The resulting predictions are then confronted to expression
data derived from experiments, providing an indication of model adequacy.
The model is revised whenever predictions and experimental data do not
match, and model adjustment is repeated until an optimal adequacy is ob-
tained (Fig. 1.7). Eventually, this leads to new biological insights into the
components of the regulatory system, and how they are interrelated, while
allowing to simulate the influence of perturbations, e.g. knockdown or over-
expression of specific genes [68].

model
simulation

predictions

regulatory system

expression data

experiments

confrontation

model construction 
and revision

biological 
knowledge

FIGURE 1.7: Adapted from [68]: modelling of gene regulatory systems. The
latter are generally modelled based on biological knowledge, and
simulations are then performed to obtain predictions, which are confronted
to expression data derived from experiments. The model is repeatedly
revised to increase its adequacy regarding experimental data. Biological
knowledge is required and generated throughout the process.
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20 Chapter 1. Introduction and literature review

Models of gene regulation are roughly divided into statistical and analyti-
cal models [69]. The first type emerged from the huge amounts of genome-
scale data that have been made available with the advent of transcriptomic
technologies, including the expression levels for all genes of an organism,
or genome-wide occupancy of TFs and other DNA-binding proteins such as
NAPs. Statistical models aim to identify GRNs underlying these genome-
wide data, and the regulatory influences between its components, without
providing biophysical explanations for the regulatory effects that come into
play [70]. They are thus particularly used in systems biology, where the phys-
iology of living systems is modelled as a whole rather than as a collection of
single biological components. In such an approach, a GRN is generally com-
posed of nodes representing genes and/or proteins, and edges representing
regulatory influences between components, that can be either direct or indi-
rect, and either positive or negative (Fig. 1.8). To infer a GRN, diverse and
various GRN architectures exist which differ in their statistical approach, in-
cluding system of equations, Boolean and Bayesian networks, information
theory models and more, which are reviewed extensively elsewhere [68, 70].
The main drawbacks of these models are (i) the large data-sets on which they
are based provide only an average picture of many cell states, at a given time
point, and (ii) they usually fail to explain mechanistically the regulatory re-
lations between the components of the GRN.

Transcriptomic data

gene A ...

gene B
gene C

...

...

...

...

...

expr 1 expr 2

B

A

C

Gene regulatory network 
inference

Graph representation

activation

repression
Systems of equations

Boolean networks
Bayesian networks

Information Theory Models
...

FIGURE 1.8: Adapted from [70]: statistical models of gene regulatory
systems.
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In contrast, analytical or mechanistic models generally focus on a small num-
ber of components, and aim to provide biophysical explanations to the regu-
latory effects linking them, requiring more knowledge and hypotheses about
the system than statistical approaches [69]. They are based on a variety of
mathematical methods, which include terms relating to the binding of regu-
lators and RNAP to DNA, transcription rate, mRNA translation rate, mRNA
and protein degradation, allowing to dissect GRNs and decipher regulation
mechanisms. There are three main classes of mathematical approaches for
analytical modelling: (i) differential equations models, (ii) Boolean models,
and (iii) thermodynamic models [69]. They can be deterministic, i.e. produce
the same exact outputs from a set of inputs, or stochastic, i.e. account for the
inherent noise of biological systems, resulting in variable outputs from the
same exact set of inputs. They can be discrete, such as Boolean models, i.e.
represent time state or space as a discrete set of values, or continuous, such
as differential equations-based models, i.e. use continuous values of time to
represent dynamical changes occurring in the modelled system.

Differential equations are particularly suited to model temporally-evolving,
dynamic systems. In such an approach, the concentration of RNAs, proteins,
and other molecules is specified by differential equations as a function of
the other components of the GRN, as the system evolves. These models use
either Ordinary Differential Equations (ODE) which contain only one vari-
able (time in most cases), or Partial Differential Equations (PDE) which in-
volve multiple time and/or space-dependent variables [68, 69]. In the ex-
ample below (Fig. 1.9), the transcription rate k of a gene is function of no-
tably the proximity of promoter elements to consensus and the binding of
regulatory elements. The resulting mRNAs are then translated into one or
multiple copies of corresponding proteins with a rate t, that depends notably
on the proximity of the RBS to consensus, and on the binding of regulatory
molecules such as small RNAs. They then decay with a rate λm, which is
also affected by a variety of factors. The proteins can further modulate the
transcription of other genes, before decaying with a rate λp. The quantity of
each mRNA and protein can then be modelled over time as a function of all
those factors, with respect to the other components of the GRN. Differential
equations models have a wide range of applications which are reviewed ex-
tensively elsewhere [68, 69], including the study of operons dynamics such
as lac / trp operons [71]. The main drawbacks of these models are (i) the ex-
tensive knowledge of the system required, and (ii) the usually large number
of parameters to be determined or arbitrarily set, although computational
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methods have been developed to overcome this limitation [72, 73].
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FIGURE 1.9: Adapted from [69]: differential equations-based models.

Concerning Boolean networks, they are used to study biological processes
that exhibit on/off switch-like behaviours, such as bacterial competence, i.e.
the ability to take up exogenous DNA, and gene transcription. In such mod-
els, at each discrete time step, each component of the GRN has one of only
two states (on/off), the latter being determined by a Boolean function of the
states of the other components of the GRN (Fig. 1.10). Despite their simplic-
ity, Boolean networks share some features with biological systems, and may
provide insights into their behaviour and dynamics, such as properties of
self-organisation, stability, redundancy and periodicity, while not requiring
extensive knowledge about the system and its components, e.g. nature of
molecular interactions, values of mRNA/protein diffusion and decay. As a
drawback of their simplicity, Boolean networks fail to provide a relevant de-
scription of biological systems that rely on fine details and kinetics, and are
rather used for exploratory purposes [68, 69].
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FIGURE 1.10: Boolean network-based models.
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Finally, thermodynamic models rely on biophysical descriptions of DNA-
protein interactions originating from statistical mechanics [69]. They have
been selected for the present thesis for unravelling transcriptional regulation
mechanisms. Thermodynamic models consider all possible states of a sys-
tem, each of them being assigned a Boltzmann weight ω = Ω× e−βε, where
Ω is the multiplicity, i.e. the number of microstates corresponding to a par-
ticular macrostate (for simplicity, "state" will refer to a macrostate hereafter),
ε is the energy of that particular state, which depends on a variety of fac-
tors such as the concentration of regulatory elements and their binding site
affinity, β = 1

kBT , where kB is the Boltzmann’s constant, and T is the system
temperature [74]. According to the Boltzmann distribution, the probability
of each state can then be calculated by dividing the Boltzmann weight of the
state by the sum of the weights of all possible states. The probabilities of
all transcriptionally active states in which promoter is bound by RNAP are
summed, and the overall level of gene expression is assumed to be propor-
tional to this probability [75]. As an illustration, in the case of a simple repres-
sion where RNAP and the repressor cannot bind promoter simultaneously,
there are three possibles states in the regulatory system: (i) the promoter is
empty, (ii) the promoter is bound by RNAP, or (iii) the promoter is bound by
the repressor (Fig. 1.11). The probability of promoter occupancy by RNAP
Pbound is then given by the following equation [76]:

Pbound =
P

NNS
e−β∆εP

1 + P
NNS

e−β∆εP + R
NNS

e−β∆εR
(1.1)

where P and R are the number of RNAP and repressors in the cell, respec-
tively, NNS is the number of non-specific binding sites for both RNAP and
repressor, usually given by the size of the genome, ∆εP and ∆εR are the differ-
ence between the specific and non-specific binding energies (∆εR = εS

R− εNS
R ,

and ∆εP = εS
P − εNS

P ) of P RNAP and R repressors. More regulatory sys-
tems together with their thermodynamic analysis are provided in the follow-
ing [75], including more complex configurations such as dual and/or coop-
erative activation/repression. Thermodynamic models have a wide range
of applications which are reviewed extensively elsewhere [77], including the
study of the combinatorial control of the lac promoter by LacI and CRP [78],
or the characterisation of the transcriptional regulation occurring at PR and
PRM promoters of the lambda phage [79, 80].
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FIGURE 1.11: Copied from [76]: thermodynamic modelling of a simple
repression. (A) The regulatory system is composed of P RNAP (in blue) and
R repressors (in red) per cell, that either bind non-specifically to the
genomic background on potential binding sites NNS usually given by
genome length, or compete for binding to the promoter of interest. (B) The
different states of the system are depicted together with their Boltzmann
weight (Stat. mech.) translated into thermodynamic formulations
(Thermo.). The binding energies of the R repressors and P RNAP to their
binding sites on the promoter are given by εR and εP, while ∆εR and ∆εP
correspond to the difference between the specific and non-specific binding
energies (∆εR = εS

R − εNS
R , and ∆εP = εS

P − εNS
P ). More negative values of ∆ε

indicate stronger binding. In thermodynamic formulation, [P] and [R]
correspond to the cellular concentrations of RNAP and repressor,
respectively, while KP and KR correspond to their dissociation constants,
respectively, which correspond to the concentrations at which the promoter
has a probability of being occupied of 0.5, reflecting their binding affinity.
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In such models, gene expression is proportional to the equilibrium probabil-
ity that promoter is bound by RNAP. The first key and questionable assump-
tion is that of equilibrium itself, since transcription is multi-step, inherently
out-of-equilibrium process [18] with irreversible stages, such as promoter es-
cape and transcription elongation leading to mRNA production [22]. How-
ever, using a simplified model of the kinetics of transcription initiation, we
can make the assumption that RNAP binding and unbinding occur at faster
timescale that the rate of open-complex formation, promoter escape and tran-
scription elongation. Due to the separation of time scales, the probability of
RNAP binding on promoter can thus be obtained from its equilibrium value.
This is the same for the concentration of a given regulator, which may change
overtime, preventing the assumption of system equilibrium, although the
rate at which it changes is slow compared to its rates of binding/unbind-
ing, allowing the system to be considered nearly in equilibrium at any mo-
ment.The relevant separation of time scales thus renders the equilibrium as-
sumption of statistical mechanics close to correct [74–77, 81].

The second key assumption concerns the proportionality between gene ex-
pression and promoter occupancy by RNAP (Pbound) which is questionable,
since there is a variety of mechanisms and factors intervening between RNAP
binding and the synthesis of a functional gene product [22]. This includes
open-complex formation, promoter escape, transcription elongation and ter-
mination (Fig. 1.2), but also mRNA/protein degradation and translation. If
one of these steps may be rate-limiting rather than RNAP binding on pro-
moter, these models would thus fail to explain experimental data. In spite of
these caveats, thermodynamic models provide an instructive and predictive
mechanistic framework to unravel regulation mechanisms, and are particu-
larly useful for predicting gene expression variations (fold-changes) in tran-
scriptional activity. Indeed, in the presence of unknown parameters, e.g. the
rate of open complex formation, promoter escape or mRNA/protein degra-
dation, as long as the latter do not depend upon the investigated regulation
mechanisms, they are eliminated when fold-changes are computed. As an il-
lustration, in the example above (Fig. 1.11), fold-changes will depend only on
the ratio of Pbound in the presence of the repressor to Pbound in its absence [81]
(see applications in Chapters 4 and 5).

Finally, there is one particular transcriptional regulator which was soon dis-
covered to have a global and complex regulatory effect, and deserves special
attention for the present thesis: DNA supercoiling.
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1.3 Transcriptional regulation by DNA supercoil-

ing during environmental changes

1.3.1 DNA supercoiling

DNA structure consists of two complementary strands held together by hy-
drogen bonding between complementary base pairs (two hydrogen bonds
between A and T, three between C and G), and intertwined to form a right-
handed helix. Soon after the discovery of this double-helix model of DNA [82],
Watson and Crick pointed out themselves the topological problems associ-
ated with the intertwining of the two strands of DNA around each other [83].
Untangling these two strands is required for virtually every DNA trans-
action, notably for strands separation occurring during DNA replication,
repair, recombination, and transcription. However, if this is possible for
a linear DNA molecule in solution due to the free rotation of its ends, it
is not the case for natural DNA. Indeed, bacterial chromosomes are circu-
lar DNA molecules which are covalently closed, preventing free-end rota-
tion. Whereas eukaryotic chromosomes, although linear, consist of large
DNA loops wrapped around histones, forming topological domains, i.e. con-
strained DNA regions equivalent to circular, topologically-closed DNA, due
to the free-end rotation impossibility (Fig. 1.12) [84]. As a result of those
topological constraints, virtually every DNA transaction generates an ubiq-
uitous torsional stress referred to as DNA supercoiling (SC). Numerically, SC
can be described with the linking number (Lk), i.e. the number of crosses a
single strand makes across the other in a closed DNA molecule. The linking
number equals the sum of twist (Tw), i.e. the total number of helical turns
in the DNA molecule (Fig. 1.12), and writhe (Wr), i.e. the total number of
times the double-helix crosses itself, forming either plectonemes or solenoids
(Fig. 1.12) [85]. For a topologically-closed DNA molecule, the linking num-
ber remains invariable, i.e. cannot be changed by any deformation of the
DNA strands, even if complementary changes in Tw and Wr may still occur,
as long as no break is introduced in one or both DNA strands (Fig. 1.12). For
a given DNA molecule at rest, i.e. that is not supercoiled, its linking number
Lk0 is defined by Lk0 = N

γ where γ is the number of base pairs per heli-
cal turn (10.5 bp in average). The DNA molecule is supercoiled whenever
its actual linking number differs from Lk0. If Lk > Lk0 (twisting in a right-
handed fashion, Fig. 1.12), DNA is over-wound (> 10.5 bp per helical turn),
i.e. positively supercoiled, whereas if Lk < Lk0 (twisting in a left-handed
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fashion, Fig. 1.12), DNA is under-wound (< 10.5 bp per helical turn), i.e. neg-
atively supercoiled. The most common measurement for SC is the SC density
σ which is normalised by DNA length, defined as σ = Lk−Lk0

Lk0
. Importantly,

in vivo, the twist/writhe partition in a supercoiled DNA is locally governed
by many factors, including DNA sequence and protein-binding pattern, pre-
cluding the establishment of general predictive rules for its determination.
To avoid confusion, it is noteworthy to mention that, by convention, micro-
biologists indicate an increase in absolute SC level (DNA relaxation) by a "-"
sign, whereas a decrease (DNA overtwisting) is indicated by a "+" sign. This
convention is used in Chapter 4, whereas in the upcoming subsection (re-
view) and elsewhere in the thesis, we rather indicate an increase in absolute
SC level (DNA relaxation) by a "+" sign, and a decrease in absolute SC level
(DNA overtwisting) by a "-" sign.

FIGURE 1.12: Copied from Wikipedia: twist and writhe in a supercoiled
linear DNA molecule with constrained ends.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



28 Chapter 1. Introduction and literature review

SC can induce structural transitions in DNA [86]. In vivo, DNA exists primar-
ily in the standard right-handed B-form helix, although it can assume many
other conformations characterised by different structural parameters [87].
Most of these alternative DNA structures are formed by specific DNA se-
quences (usually of repeated/symmetry nature), and are induced by vari-
ous factors, including changes of temperature, ionic conditions, hydration,
and SC [87]. Indeed, negative SC imposes DNA unwinding (Tw decrease),
and as a consequence, to relieve the torsional stress, local changes in DNA
structure with less twist than B-DNA may become energetically favourable.
These alternate structures are reviewed elsewhere [85, 87, 88], and include
the A-form, Z-form, H-form, cruciform, S-form, and G-quadriplex structure
(Fig. 1.13). More details are provided in the next sections.
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FIGURE 1.13: Adapted from [89]: different types of non-B DNA structures.
(A) A-, B-, and Z-DNA. (B) G-quadruplex DNA formed by stretches of
guanines, that assemble into a quartet structure (purple squares) connected
by a loop DNA. (C) Hairpin structure formed by inverted repeats on a
single-stranded DNA. (D) Cruciform structure formed by inverted repeats
on a double-stranded DNA. (E) Triplex DNA formed by hydrogen bonding
between a third strand with the duplex DNA. (F) Copied from Brainkart:
properties of A-, B-, and Z-DNA.
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1.3.2 DNA topoisomerases

SC is thus a fundamental property of DNA, and as a consequence, cells
have developed a variety of enzymes, referred to as DNA topoisomerases,
to solve the topological problems associated with DNA transactions. Topoi-
somerases (abbreviated "Topo" hereafter) are present in all domains of life
and are highly conserved [90]. They modulate DNA linking number by
catalysing the cleavage and the re-ligation of one (class I) or two (class II)
DNA strand(s) [91]. Based on studies conducted in the model bacterium E.
coli, the main bacterial topoisomerases include two class I topoisomerases
(TopoI and III), and two class II topoisomerases (DNA gyrase and TopoIV)
(Tab. 1.4) [92]. TopoI and TopoIII are closely related monomers (Fig. 1.14),
that both relax negative supercoils, and decatenate single-stranded DNA (ss-
DNA) rings formed during recombination and replication. TopoIII is Mg2+-
dependent, while TopoI is activated by the latter, even though it does not
require it [90]. Due to their slight structural differences (Fig. 1.14), TopoI
is more efficient than TopoIII at relaxing negative supercoils, while TopoIII is
more efficient at decatening ssDNA rings [93]. As a consequence, TopoI is es-
sentially involved in the regulation of SC homeostasis, while TopoIII ensures
DNA decatenation. In contrast to TopoI, TopoIV, and DNA gyrase, TopoIII
is present in a limited number in the cell and is not essential for bacterial
viability [92].

Topoisomerase Class Gene Sub-units Function
Topoisomerase I I topA α Relaxation of (-) supercoils

DNA decatenation
Topoisomerase III I topB α DNA decatenation

Relaxation of (-) supercoils
DNA gyrase II gyrA (α)

gyrB (β)
α2β2 Introduction of (-) supercoils

DNA decatenation
Relaxation of (+/-) supercoils

Topoisomerase IV II parC (α)
parE (β)

α2β2 DNA decatenation
Relaxation of (+/-) supercoils

TABLE 1.4: Features of main bacterial topoisomerases, which catalyse the
cleavage and the re-ligation of one (class I) or two (class II) DNA strand(s).
Their main function in vivo is highlighted in bold.
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Among the class II Topos, DNA gyrase is a heterotetramer with two GyrA
and two GyrB sub-units (Tab. 1.4 and Fig. 1.14), essential for bacterial via-
bility, present in some archaea and in the organelles (chloroplasts and mi-
tochondria) of some plants (more detail in Chapter 6), but absent from hu-
mans [91]. Its primary role is to introduce negative supercoils in DNA in a
Mg2+/ATP-dependent manner. It is also able, to a lower extent, and with less
efficiency than TopoIV, to decatenate DNA, relax positive supercoils (also in a
Mg2+/ATP-dependent manner), and relax negative supercoils (in a Mg2+/ATP-
independent manner) [91]. TopoIV is also a heterotetramer with two ParC
and two ParE sub-units (Fig. 1.14), which both relax positive/negative su-
percoils (with more efficiency on positive ones) and decatenate DNA, in a
Mg2+/ATP-dependent manner [91]. Its main role is to remove precatenane
linkages after DNA replication, to allow DNA segregation [94]. The mecha-
nisms of action of class I and II topoisomerases are presented in Fig. 1.15.

Class  I topoisomerases

Class  II topoisomerases

FIGURE 1.14: Adapted from [92]: X-ray structures of the main bacterial
topoisomerases depending on their class (I or II), and for which a general
schematic is provided. TopoI and III are monomers, while DNA gyrase and
TopoIV are heterotetramers.
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A. Class I topoisomerases B. Class II topoisomerases

FIGURE 1.15: Adapted from [91]: strand-passage mechanisms of class I and
II topoisomerases. (A) Class I topoisomerases: (1) bind a single DNA strand
of the underwound duplex, known as the G (gate)-segment, (2) cleave it, (3)
open their DNA-gate, (4) transfer the other strand, the T
(transported)-segment, through the cleaved G-segment, (5) close their DNA
gate, (6) re-ligate the G-segment. This induces a change in Lk by one.
(B) Class II topoisomerases: (1) bind the G-segment at the DNA-gate and
capture the T-segment, (2) cleave the G-segment while the T-segment is
passed through the break, by dimerisation of the N-gate through
ATP-binding, (3) re-ligate the G-segment while the T-segment exits through
the C-gate, (4) open their N-gate through dissociation of ADP and Pi, and
either capture a consecutive T-segment (1) by remaining bound to the
G-segment, or (5) dissociate from the G-segment. In the case of DNA gyrase,
the passage of the T-segment through the G-segment induces a decrease in
Lk by two.

In bacterial cells, the level of SC is finely controlled mainly by the oppo-
site activities of relaxing TopoI (and IV, to a lower extent), and negative
supercoil-inducing DNA gyrase. Bacterial chromosomes are generally main-
tained in an underwound (negatively supercoiled) state by the extensive ac-
tion of DNA gyrase, with an average of σ = −0.06 for exponentially-growing
Escherichia coli cells [88]. This both facilitates DNA melting required for tran-
scription and replication, and contributes to genome compaction, with the
combined action of NAPs [15]. Indeed, negative SC of bacterial chromo-
somes leads to the formation of plectonemes and solenoids through writhe
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changes, that can be either in a free form, or constrained in topological do-
mains with variable size (average of 10 kb) [95, 96] by interaction with pro-
teins such as NAPs (Fig. 1.16) [97]. In E. coli, the effective (unconstrained)
superhelicity was estimated about a half of the total as an average value [88,
98]. Beyond this direct regulation of SC, NAPs exert an indirect regulatory
effect, by modulating the transcription of the genes encoding Topos, or by
modulating their activity [15].

Plectoneme

Topological domain

Free (unconstrained) DNA

NAP

FIGURE 1.16: Adapted from [15]: division of bacterial chromosomes into
supercoiled topological domains. Negative SC gives rise to plectonemes,
half of which are present in a free, unconstrained form [98], whereas
proteins such as NAPs (nucleoid-associated proteins) restrain the remaining
half in independent topological domains. Only a fraction of the
chromosome is shown for simplicity.
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1.3.3 DNA supercoiling measurement

The level of SC can be measured using a variety of approaches. Historically,
one of the first methods used was the titration of SC density by sedimentation
in ethidium bromide sucrose density gradients, based on the faster sedimen-
tation of supercoiled DNA molecules than relaxed ones due to their higher
compaction (Fig. 1.17A). This allows to separate topoisomers, i.e. DNA molecules
that are chemically identical but differ by their Lk [85]. However, such ap-
proaches are precise yet laborious, and were consequently replaced by elec-
trophoretic methods, based on the faster migration of supercoiled DNA molecules
than relaxed ones through an agarose gel. Due to the low resolution of stan-
dard agarose gels preventing the separation of highly supercoiled topoiso-
mers, electrophoresis is performed in the presence of an intercalating agent,
usually chloroquine, which decreases the migration rates of highly super-
coiled DNA molecules (Fig. 1.17B-C). This allows to observe distinct DNA
bands that correspond to topoisomers differing in their Lk [99]. An exam-
ple is provided in Chapter 3 (Fig. 3.1). Nevertheless, one-dimensional elec-
trophoresis does not allow the separation of complex mixtures including
both positively and negatively supercoiled topoisomers, and the latter are
generally analysed using two-dimensional agarose gel electrophoresis (Fig. 1.17D).
In such an approach, a first separation is performed is a standard agarose gel,
and co-migrating topoisomers of the same yet opposite Lk are further sepa-
rated by a second migration in a direction perpendicular to the first one, in
presence of chloroquine [85]. It is important to note that with such methods,
the SC level of the chromosome is difficult to measure, and thus, its SC den-
sity is generally obtained from a plasmid population reflecting the average
chromosomal SC level, which may introduce bias in some cases [88]. It is
noteworthy to mention recently developed methods such as recombination
assays [100], or fluorescent evaluation of DNA supercoiling (FEDS) [101],
which relies on a reporter gene exclusively regulated by SC.
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C

B

FIGURE 1.17: Titration of SC density by sedimentation in ethidium bromide
sucrose density gradients, and by one- or two-dimensional agarose gel
electrophoresis. (A) Copied from [102]: sedimentation in ethidium bromide
sucrose density gradients, wherein supercoiled DNA molecules sediment
faster than relaxed ones. (B) Copied from [103]: one-dimensional agarose
gel electrophoresis. Relaxed plasmids are converted to negatively
supercoiled molecules over time by S. aureus DNA gyrase. DNA bands were
visualised by ultraviolet light after staining with ethidium bromide.
(C) Copied from [103]: principle of the two-dimensional agarose gel
electrophoresis in presence of chloroquine. Gray bands represent DNA
topoisomers of intermediate SC level.

While the above methods are useful to determine the average SC level of
circular DNA, they do not provide information (i) on the shape of the su-
percoiled molecules, and (ii) on the local SC levels. Electron microscopic
techniques have thus been developed to address the first point, even if in
such approaches, DNA conformation may change during sample prepara-
tion, and the sign of the crossing remains difficult to determine [85]. For the
second point, in vivo, the local SC levels can be measured based on the rate
of psoralen photobinding, which intercalates into DNA and preferentially
binds underwound regions of the double-helix [85, 102]. This approach has
been widely used in eukaryotes [102], and also in E. coli, in which the extent
of psoralen crosslinking along its chromosome was measured by fragment-
ing DNA and hybridising DNA fragments to microarrays covering its entire
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genome [104].

Beyond its role in genome compaction, SC level was soon discovered to vary
in response to environmental changes, and to affect the expression of many
promoters [105]. More recently, through the advent of transcriptomic tech-
nologies allowing genome-wide expression profiling, SC was shown to act as
a global transcriptional regulator in many bacteria. Fast changes in SC levels
may then contribute to adapting gene expression program of bacteria to envi-
ronmental changes [106, 107]. In the following review published in the Com-
putational and Structural Biotechnology Journal (CSBJ) [108], we compile (i)
available evidence regarding the modulation of the SC level in response to
environmental changes, (ii) available transcriptomic studies demonstrating
the global regulatory effect of SC variations in distant bacteria, (iii) available
mechanisms and computational models of transcriptional regulation by SC.
We finally discuss the applications to pathogenic bacteria facing many envi-
ronmental changes during their infection process, where SC may play a key
role.

1.3.4 Review
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1. Introduction

DNA supercoiling (SC) has received considerable attention in recent
years as a global and ancestral actor in genetic regulation. This is espe-
cially conspicuous in bacteria [1–3], where the chromosome is main-
tained at an out-of-equilibrium level of negative SC by a finely
controlled balance of topoisomerase activity. And yet, in contrast to
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classical regulation based on transcription factors, quantitative models
of the regulatory mechanisms by SC are essentially lacking. A possible
explanation for this shortcoming is that SC affects transcription at sev-
eral stages of the process, and can also be involved in various and com-
plex interactions with regulatory proteins. As a result, virtually every
investigated promoter exhibits a distinct SC response,making it difficult
to dissect and model the underlying mechanisms. In this review, we
wish to summarise existing evidence and models suggesting a wide-
spread role of SC in bacterial genetic regulation, and more specifically
in bacterial virulence. This topic has already been addressed in previous
extensive reviews focused either on its role in bacterial growth [4] or on
specific promoters that were analysed in detail [5]. Here, we propose a
complementary focus on proposed mechanistic and computational
models of transcriptional regulation by SC aswell as accumulating infor-
mation obtained from transcriptomic data, which together underline
the broad relevance of the investigated phenomenon in bacterial viru-
lence and call for a combined experimental-theoretical research effort.

2. DNA Supercoiling: A Global Regulator of Bacterial Gene Expression

2.1. DNA Supercoiling: A Relay of Environmental Signals to the Bacterial
Chromosome

As observed immediately following the discovery of the double-
helical structure of DNA, virtually all DNA transactions face substantial
topological constraints [6]. In mechanical terms, the latter give rise to
a ubiquitous torsional stress, which in turn results in DNA supercoiling
(SC), i.e., the deformation of the molecule either by rotation around its
helical axis (over- or under-twisting) or by the winding of this helical
axis itself (writhing), as illustrated in Fig. 1 [4,7].

Topoisomerases are the global regulators of SC and more generally,
the solvers of topological problems associated with DNA transactions
[8]. In bacteria, the two main topoisomerases are topoisomerase I
(topo I) and DNA gyrase. The latter maintains the chromosomal DNA
in an underwound state by introducing negative supercoils in an ATP-
dependent manner, while conversely, topo I relaxes the DNA (i.e.
removes negative supercoils) without any ATP requirement. The global
negative SC level of the chromosome is thus primarily determined by
the dynamic equilibrium between these two enzymes (Fig. 1). Addi-
tional actors play a more specific role: the ATP-consuming topoisomer-
ase IV is primarily involved in solving topological problems associated
with DNA replication and cell division [9], and abundant nucleoid-
associated proteins (NAPs) contribute in distributing SC along the bac-
terial chromosome [4,10].

The negative SC level of the chromosome is finely controlled by the
cell in response to environmental conditions, since almost all types of
environmental challenges have been associated with SC variations,
and in particular those most commonly encountered by pathogens

during infection (Table 1). Depending on the applied stress, the chro-
mosomal DNA experiences either a partial relaxation (+) or an increase
in negative SC (−), which is usually rapid and transient. Importantly, in
spite of strong differences in terms of phylogeny or lifestyle, the re-
sponse to each specific stress is qualitatively similar in all investigated
species, although these exhibit quantitatively different SC levels in stan-
dard growth conditions [3]. This observation suggests that SC is used in
a wide range of bacteria to quickly transduce environmental signals to-
ward the chromosome, with ancestral control mechanisms. Interest-
ingly, environmental stresses have also been correlated with SC
changes in archaeal species [11], suggesting that this notion could be ex-
tended to an even wider range of microorganisms.

What are the underlying mechanisms? The most clearly de-
scribed pathway involves the modulation of gyrase activity by the
energy charge of the cell through the [ATP]/[ADP] ratio [21,27,29].
When the latter is increased, gyrase introduces supercoils in the
chromosomal DNAmore actively and its negative SC level increases.
Environmental stresses usually alter cellular metabolic fluxes and
the energy charge in various ways [30], and this relatively simple,
quick and general mechanism is indeed involved in the chromo-
somal response to a variety of conditions (Table 1). Other invoked
mechanisms include (1) the action of NAPs (e.g. HU, FIS) either by
direct interaction with DNA or as modulators of topoisomerase
activity; (2) the regulation of topoisomerase expression (topA,
gyrA and gyrB genes encoding topoI and gyrase subunits respec-
tively); (3) the modulation of topoisomerase activity through
post-translational modifications [31].

It should be underlined that most bacteria from Table 1 are path-
ogenic or have pathogenic serotypes. Since the infection process can
be assimilated to successive environmental changes to which the
pathogen needs to adapt quickly, SC appears as a general candidate
for the efficient transmission of stage-specific environmental
signals toward the bacterial chromosome and thus also for its

Fig. 1. DNA supercoiling acts as a sensor of environmental stress in the bacterial
chromosome. Environmental cues are transduced by different mechanisms into global,
stress-specific variations of the SC level. At a smaller scale, SC is distributed as twist and
writhe deformations, which directly affect the transcriptional activity.

Table 1
Chromosomal supercoiling response to environmental stress conditions is conserved in
distant bacterial species. Phyla: P: Proteobacteria, F: Firmicutes, A: Actinobacteria. SC var-
iations: Rel (+): relaxation, Hyp (−): hyper-supercoiling.

Shock Phylum Species SC
change

Mechanism Ref

Heat P Escherichia coli Rel
(+)

Gyrase and topoI
activities

[12]

Yersinia
enterocolitica

Gyrase activity
decrease

[13]

Dickeya dadantii [14]
F Bacillus subtilis [15]

Cold P Escherichia coli Hyp
(−)

Gyrase activity
increase / HU

[16]

F Bacillus subtilis [15]

Acidic P Escherichia coli Rel
(+)

[17,18]
Salmonella
typhimurium

Gyrase activity
decrease

[18,19]

Dickeya dadantii [20]

Osmotic P Escherichia coli Hyp
(−)

[ATP]/[ADP] increase [21]
Salmonella
typhimurium

[22]

Dickeya dadantii [23]
F Bacillus subtilis [15]

Staphylococcus
aureus

[24]

A Streptomyces
lividans

[25]

Oxidative P Escherichia coli Rel
(+)

TopA activation by Fis [26]
Dickeya dadantii [23]

Anaerobic P Escherichia coli Rel
(+)

[ATP]/[ADP] decrease [27]
Salmonella
typhimurium

[28]

F Bacillus subtilis [15]
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transcriptional response, which in turn is critical for the subsequent
steps of the infection.

2.2. Global Transcriptional Response to Variations in DNA Supercoiling

The transcriptional response to various stress conditions can be
readily analysed from transcriptomic data, but it is then difficult to dis-
entangle (1) the generic effect of the stress-induced SC variation on
transcription and (2) the transcriptional effect of stress-specific path-
ways. The former contribution can however be analysed separately in
transcriptomes obtainedwith gyrase inhibiting antibiotics. These are ei-
ther aminocoumarins (novobiocin, coumermycin) which block the
ATPase activity of class-II topoisomerases (gyrase and topoisomerase
IV), or quinolones (ciprofloxacin, norfloxacin, nalidixic acid, oxolinic
acid) which block their ligase activity, the latter resulting in many
double-strand breaks and triggering a SOS response of the cell with
pleiotropic effects [32]. When applied at a sublethal dosage, these
drugs induce a sudden global relaxation of the chromosomal DNA, and
the transcriptional response is thenmeasured after a short time (usually
5–30min), assuming that the latter thenmostly reflects the direct effect
of SC, rather than indirect effects influenced by the cell's response. Such
datawere obtained inmany organisms (Table 2). Note that the reported
number of affected genes is strongly variable; this variability might
partly reflect actual differences between organisms, but is strongly af-
fected by the experimental conditions and methods (relaxation level,
transcriptomics technology, statistical analysis). Altogether, these data
consistently demonstrate a very broad response to chromosomal relax-
ation, with a significant effect on more than one quarter of the genes.
This response is complex, with some genes being upregulated and
others downregulated. These affected genes are functionally diverse, in-
cluding genes involved in essential functions (e.g. DNA replication, cell
division), stress responses and metabolic pathways (e.g. stringent re-
sponse, DNA repair pathway), as well as virulence. They are also usually
scattered throughout the chromosome, highlighting that SC-mediated
regulation acts in a globalway, but follows a spatial organisation pattern
involving large-scale responsive domains related to structural proper-
ties of DNA [20,33].

Since this global transcriptional response is observed in awide range
of species from different phyla (Table 2), SC might be considered as an
ancestral and widespread mode of regulation in bacteria. This notion
can be related to the fundamental and highly conserved character of
topoisomerase enzymes themselves [8], and may even be extended to
eukaryotes, albeit with different rules [7,34]. It does not mean however
that themechanism is identical in all bacteria. The longest-running evo-
lution experiment [35] emphasized that mutations affecting SC

constitutes a “quick and efficient” way to modify the global expression
pattern and gain substantial fitness, in this case by a mutation reducing
topo I efficiency in less than 2000 generations [36]. It is therefore no sur-
prise that fluctuations in topoisomerase structure and SC level were
pointed in the close relatives E. coli and S. typhimurium [3] which have
different lifestyles, and this is probably also frequent in different strains
of the same species [19]. Changing the chromosomal SC level is thus a
fundamental and generic way by which bacteria adapt to new environ-
mental challenges, according to common ancestral rules. This extends in
particular to genome-reduced bacteria almost devoid of TFs such asMy-
coplasma or Buchnera [37–39],where transcriptional regulation remains
poorly understood.

3. Mechanisms and Models of Transcriptional Regulation by DNA
Supercoiling

The abovementioned transcriptional responses induced by SC varia-
tions differ qualitatively from those induced by classical transcriptional
factors (TFs). The latter recognize, bind and regulate a specific subset of
the genome defined by a well-defined (although often degenerate) tar-
get sequence motif, and their action can be modelled using classical
thermodynamic models of activation or repression [55]. In contrast, as
noted above, SC affects the transcriptome of all investigated species
globally, without any identified promoter sequence determinant. And
yet strikingly, regulatory models comparable to those involving TFs
are essentially lacking. There are two reasons for this: first, experimen-
tally, SC regulates gene activity in a continuous “more or less”manner as
opposed to the stronger “on or off”mode of regulation by TFs [56]; sec-
ond, SC can modulate transcription in a variety of ways, making them
difficult to decipher. In the following, we discuss such mechanisms,
most of which will be illustrated on the promoter of pelE, one of the
major virulence genes of the phytopathogen Dickeya dadantii where
SC-mediated regulation was studied extensively.

3.1. Basal Regulation of the RNA Polymerase-DNA Interaction

The ancestral and globalmode of regulation by SC results, in the first
instance, from it affecting the interaction between DNA and RNA Poly-
merase (RNAP) itself, independently from any additional regulatory
protein. But this basal regulation already involves distinct mechanisms
occurring at successive steps of the complex process of bacterial tran-
scription: closed-complex formation, open-complex formation, pro-
moter clearance, and elongation [57].

The most clearly identified – and possibly strongest - effect of SC on
transcription initiation results from the requirement for RNAP to open

Table 2
Transcriptomic response to variations of DNA supercoiling in bacteria. Phyla: P: Proteobacteria, F: Firmicutes, A: Actinobacteria, T: Tenericutes, C: Cyanobacteria. SC variations: Rel (+):
relaxation, Hyp (−): hypersupercoiling. Transcriptomics technology: M: DNA Microarray, S: RNA Sequencing

Phylum Species SC change Method Genes significantly affected (% genome) Technology Ref

P Escherichia coli Rel (+) Norfloxacin 613 (15%) M [40]
Rel (+) Novobiocin / pefloxacin 1957 (48%) M [41]
Rel (+) Genetic engineering 740 (18%) M [42]
Rel (+) Genetic engineering / norfloxacin / novobiocin 306 (7%) M [43]

Salmonella typhimurium Rel (+) Genetic engineering 499 (10%) M [44]
Dickeya dadantii Rel (+) Novobiocin 1461 (32%) M [20]

Rel (+) 1212 (27%) S [45]
Haemophilus influenzae Rel (+) Novobiocin / ciprofloxacin 640 (37%) M [46]

F Streptococcus pneumoniae Rel (+) Novobiocin 290 (14.2%) M [47]
Hyp (−) Seconeolitsin 545 (27%) S [48]

Staphylococcus aureus Rel (+) Novobiocin 280 (11%) M [49]
Bacillus subtilis Rel (+) 1075 (24%) M [50]

A Streptomyces coelicolor Rel (+) Novobiocin 121 (1.5%) S [51]
Mycobacterium tuberculosis Rel (+) Not provided M [52]

T Mycoplasma pneumoniae Rel (+) Novobiocin 469 (43%) S [37]
C Synechocystis Rel (+) Novobiocin Several genes M [53]

Synechococcus elongatus Rel (+) Not provided M [54]
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the DNA strands and stabilize a “transcription bubble”, in order to gain
access to the DNA bases in the template strand. In torsionally uncon-
strained DNA, this melting transition represents a substantial free en-
ergy cost of around 10 kBT (6 kcal/mol), which in eukaryotes is
provided through ATP hydrolysis by the basal transcription factor
TFIIH [34]. Crucially, this cost reduces drastically when the double
helix is destabilised by negative torsion at SC levels physiologically rel-
evant in bacteria (Fig. 2A, upper panel), thus providing the physical
basis for the bacterial transcription process that does not require any ex-
ternal energy consumption [57]. Interestingly, the same can become
true of eukaryotic RNA Polymerase II when operating on a comparably
negatively supercoiled template [34], whereas temperature may re-
place SC as the source ofmelting energy in thermophilic archaea relying
on reverse gyrase [58,59]. This strong regulatory effect of SC can be ob-
served in well-controlled in vitro transcription assays (Fig. 2A, lower
panel), where plasmids carrying a model promoter are prepared at
different supercoiling levels, resulting in a drastic variation of expres-
sion strength without any modification of the DNA sequence or regula-
tor concentration. This activation curve is quantitatively reproduced
[45] using thermodynamic models of DNA opening [60–62] relying on
knowledge-based enthalpic and entropic parameters for base-pairing
and stacking interactions of all base sequences.

Howmay this mechanism lead to transcriptional regulation, i.e., the
selective activation of a subset of promoters by global SC variations? The
opening curve is strongly dependent on the promoter base sequence
(mostly though its GC content) in the−10 region and that immediately
downstream referred to as the “discriminator” [4,63–65]. Remarkably,
although the latter region does not harbour any consensus binding sig-
nal for RNAP, mutation studies showed that it plays a predominant role
in the SC-sensitivity of promoters: GC-rich discriminators are typically
more activated by negative SC than AT-rich ones, the canonical example
being those of stable RNAs strongly induced during exponential growth
[4,64,65]. And yet, a systematic model of this regulation mechanism is
still lacking. A possible obstacle is that the thermodynamic description
used above might be insufficient, if the expression level of investigated
promoters is limited not by the rate of promoter opening but of pro-
moter escape. As an example, some promoters might attract RNAP
and easily form an open-complex, but still exhibit low expression levels

if the latter is too stable, resulting in abortive rather than processive
transcription [4,66,67]. Since the influence of SC on these subtle kinetic
steps was not dissected in detail, little can be predicted from such a sce-
nario that may explain why promoters respond differently to SC varia-
tions [68], and some even in opposite ways [69–71]. Yet we still note
that many in vitro investigated promoters do follow the behaviour ex-
pected from thermodynamic modelling (Fig. 2A, lower panel), which
might thus account for at least a significant fraction of transcriptomic re-
sponses to SC variations.

A regulatory action of SC was proposed at least at two other tran-
scription steps. RNAP binds promoters by recognising the −10 and
−35 elements, which are separated by a spacer of variable size (15–
20 nt, with an optimum at 17 nt). Because of the helical structure of
DNA, these variations are associated to different relative angular posi-
tions of the recognition sites around the helical axis, possibly placing
them out-of-phase for RNAP binding and closed-complex formation. A
suitable (spacer length-dependent) level of torsional stress could then
modulate this binding rate by untwisting the spacer DNA toward a
favourable orientation [73,74]. This scenario was invoked to explain
the response of several promoters to SC variations, including ribosomal
RNAs which usually exhibit a suboptimal spacer length of 16 nt [73].

SC may also affect transcription at the elongation stage, where posi-
tive torsion hinders the progress of RNAP, as demonstrated from single-
molecule experiments [75]. Such positive SC levels are not observed
in vivo by usual techniques involving plasmids, butmight be transiently
generated locally downstream of transcribed genes (see paragraph 3.3
below). However, most E. coli genes were found to be transcribed at a
comparable speed [76], suggesting that positive supercoils are readily
eliminated by topoisomerases and do not play any regulatory role dur-
ing elongation of these moderately expressed genes, whereas mechan-
ical stalling of RNAP might occur at the most strongly expressed genes
such as those of ribosomal RNAs [77].

3.2. Specific Regulation Involving DNA Regulatory Proteins

SC affects transcription via RNAP itself, but also via promoter-
specific regulatory proteins (TFs). In classical thermodynamic regula-
tion models [55], the latter act (as activators or repressors, depending

Fig. 2.Mechanisms of transcriptional regulation by DNA supercoiling. (A) Opening free energy of the pelE promoter of D. dadantii (upper panel) and expression level of three promoters
fromdifferent species (lower panel, solid line for themodel prediction) [23,45]; (B) Variousmechanisms involving SC andNAPs/TFs at the pelE promoter [14,23,72]; (C) Local SC-mediated
regulatory interaction: transcription from a given gene (left) can activate (top) or repress (bottom) its neighbour depending on their relative orientation [45].
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on their action on RNAP activity) at distinct binding sites characterised
by their affinity, the latter being inscribed in the genomic sequence
and usually described by sequence motifs. In this simplistic view, the
cell has limited regulatory freedom, since the only tunable parameter
is the TF concentration. In the classical example of the global regulator
CRP which binds (and usually activates) hundreds of promoters in
E. coli, increasing its concentration (or rather that of its cofactor cAMP)
may activate many of these target promoters, but in this model, the rel-
ative amount of CRP bound at these promoters, and thus also their rela-
tive activities, is out of the control of the cell. This view is increasingly
challenged since additional layers of complexitywere identified, includ-
ing epigenetic modifications of the regulators or promoter DNA and
post-transcriptional regulation. However, we note thatmany regulatory
proteins recognize not only the base sequence, but also the DNA shape,
a mechanism often referred to as indirect readout [78]. In that case, the
activity of classical regulators is intrinsically modulated, not only by
chemical (epigenetic) modifications requiring dedicated enzymes, but
also by the ubiquitous mechanical deformations. A computational esti-
mation of this recognitionmode suggests that, in the case of CRP, the lat-
ter may in fact be the strongest determinant of its loose sequence
selectivity [79]. Crucially, in contrast to the classical “static” sequence-
motif model, this selectivity is now dependent on the mechanical state
of chromosomal DNA, and thus subjected to cellular control through
SC. Considering that the SC distribution itself is non-uniform and locally
affected by NAPs, this additional mechanical dimension is probably a
key contributor in the complexity of the binding selectivity of regulatory
proteins.

This mechanism has not been investigated experimentally in many
systems. One example is the thermoregulation of pelE by the repressor
PecT, which is achieved not by a change in regulator concentration but
rather by an increase of its binding affinity for the promoter resulting
(at least partly) from temperature-induced chromosomal DNA relaxa-
tion (Fig. 2B, top) [14,80]. PecT belongs to the LysR-like family of TFs re-
lying on indirect sequence readout, which is the largest TF family in
enterobacteria [81], and similar mechanisms are used by other families
[81–83]. Altogether, the role of DNAmechanics in TF binding selectivity
is thus likelymuchmore important than generally considered, although
the precise mechanisms remain to be identified and modelled. Because
most dimeric TFs are smaller than RNAP, they are probably less sensitive
to the untwisting of bound DNA than the latter [79], but this sensitivity
might be augmented substantially in the case of several binding sites ar-
ranged in helical phase. For example, H-NSwas found to repress pelE on
relaxed DNA (as most of its targets), but it is not the case on negatively
supercoiled DNA [23]. A proposed explanation is that H-NS traps RNAP
in a small loop at this promoter by bridging its two binding sites, which
in the latter condition is prevented by their unfavourable helical phasing
(Fig. 2B, middle). On the other hand, regulatory proteins also exert twist
deformations themselves; a spectacular example is MerR, which in the
presence of Hg2+ binds and untwists the 19-bp spacer of the mercury
resistance operon of Tn501 (a transposable element isolated from Pseu-
domonas aeruginosa), thus enabling RNAP binding [84].

In our opinion, the interplay between regulatory proteins and local
SC may mostly rely on 3Dmodifications of the promoter conformation,
i.e., writhe rather than twist. On the onehand,writhe could facilitate the
formation of loops required for many regulatory interactions. These
loops are favoured by the distinct mechanical properties of promoter
DNA sequences [85], and were already included in regulatory models
based on the transfer matrix formalism [86]. SC-dependent reduction
of looping free energies can thus strongly modify the binding landscape
of regulatory proteins, as already described [87,88]. Conversely, many
regulatory proteins induce strong bends in DNA [83], e.g., CRP (~90°),
LexA (~35°), as well as the NAPs FIS (~45°) and IHF (~180°). Since
such deformations drastically reduce the energetic cost of DNA loops
[89,90], they are expected to displace the twist-writhe equilibrium
within the bound region in favour of the latter, and may thus induce
local topological changes similar to those induced by SC [91]. In

summary, just like the NAPs are involved in a complex double-sided in-
teraction with SC that shapes the global structure of the chromosome, a
comparable effect probably occurs withmanymore regulatory proteins
at the more local scale of gene promoters, with direct consequences for
local transcription.

A final important ingredient is the widespread occurrence of struc-
tural transitions in genomic DNA. The latter can switch from double-
stranded B-DNA to, among others, denaturated, Z-DNA, G-quadruplex
or cruciform states. The rates of these different transitions can be com-
puted by thermodynamic modelling [92], and depend not only on the
DNA sequence, but also on torsional stress that destabilises B-DNA
and can be accommodated more favourably in alternate states. It was
also shown that these transitions occur predominantly at bacterial
gene promoters [60] which they regulate according to various mecha-
nisms, some involving TFs. Denaturated AT-rich regions located 50–
200 bp upstream of the TSS can act as “sinks” for negative SC and im-
pede the proper opening of the promoter by thermodynamic competi-
tion. This was shown to occur for pelE, which in vitro is not expressed
in absence of CRP due to such upstream strand opening; when present,
CRP not only favours the correct binding of RNAP, but also “closes” the
upstream AT-rich tract, possibly by bending DNA (Fig. 2B, bottom)
[23]. Since denaturation bubbles are extremely flexible, they may also
strongly facilitate the formation of loops [89] required by TFs [86]. Addi-
tionally, some regulatory proteins may selectively bind non B-DNA re-
gions, as occurs at the mammalian oncogene cMYC where negative SC
triggering DNAmelting is provided by adjacent transcription [60,93]. Fi-
nally, since rho-independent termination of transcription involves RNA
hairpin structures, SC might also favour structural transitions in the
DNA template itself at the transcription termination site, which could
then modulate the termination rate, as already observed for the B-Z
transition [94]. Since transcriptional read-through was highlighted as
a widespread feature in bacterial genomes in recent years [95], an addi-
tional underestimated layer of regulation might thus also occur at this
later stage of the transcription process.

3.3. Spatial Heterogeneities of DNA Supercoiling: The Transcription-
Supercoiling Coupling

The intimate relationship between SC and transcription is not single-
sided. In the elongation step, the helical structure of DNA imposes a fast
rotation of the bulky RNAP relative to it (around two turns per second),
but this movement is strongly hindered by the viscosity and crowding
of the surrounding medium, resulting in an asymmetric accumulation
of torsional stress from back to front, as recognised more than 30
years ago [96]. This phenomenon thus leads to an intrinsic dynamical
coupling between SC and transcription highly dependent on geneorien-
tations (Fig. 2C). This coupling regained significant interest in recent
years since itwas shown to underpin transcriptional bursting in bacteria
[97], i.e., the nonlinear auto-induction of a promoter that can typically
give rise to phenotypical heterogeneities among isogenic populations of
cells [98]. Several theoretical models were proposed [45,77,99–101],
most of them focusing on biophysical properties of transcription. A
strong obstacle for their application in genomic regulation is the lack
of experimental knowledge of the distribution of SC along a bacterial
chromosome. A promising method involving the intercalating agent
psoralen was developed in eukaryotes [7,102] but did not yet provide
high-resolution data in bacteria [1]. Recently, indirect information was
provided from binding distributions of topoisomerases obtained by
ChIP-Seq at different resolutions [2,103]. These data, together with a
systematic analysis of bacterial transcriptomes, confirmed that the dis-
tribution of SC along the chromosome is highly heterogeneous and
strongly affected by gene orientations [104], leading to a fine-tuned
and ancestral regulation of promoters depending on their genomic con-
text [45]. In summary, the local level of SC experienced by a given pro-
moter can strongly differ from the global (average) level of the
chromosome, and depends on the orientation and activity of adjacent
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genes, providing a strong mechanistic basis for the co-regulation of co-
localised operons [105]. Direct evidence for these effects was obtained
from experiments involving supercoiling-sensitive promoters inserted
on the chromosome in different artificial configurations [70,104]. Com-
parable evidence is more difficult to establish for native promoters, but
was highlighted in at least two examples of divergently organised op-
erons: the ilv promoters of E. coli [106] and the leu-500 promoter of S.
typhimurium [107]. Interestingly, in these two examples, the local na-
ture of SC (generated by the divergent genes) is combined with a com-
plex regulatory mechanism involving DNA binding proteins. In the first
example, the activation of ilvPG is prevented by the denaturation of an
upstream AT-rich tract, except when the NAP IHF closes that region
and favours the opening of the promoter (like CRP at the pelE promoter,
Fig. 2B). The pattern is similar for leu-500, although the repression is
here achieved by H-NS binding at an AT-rich tract, and relieved by the
TF LeuO in presence of locally generated negative SC [5,108]. Since di-
vergent genes involved in the same function and simultaneously
expressed are commonly found in bacteria, including among those in-
volved in pathogenicity (see below), these examples may only be the
first of a large unexplored class.

The high density of bacterial genomes implies that the interaction
betweenneighbouring genes could in fact give rise to a collective behav-
iour along larger distances, forming “topological domains”. Indeed,
when promoterswere displaced over the chromosome, their expression
and supercoiling sensitivity were found to change depending on their
location and neighbouring activity [109–112]. These domains, shaped
by transcription and architectural proteins, remain a poorly defined no-
tion in bacteria. Proposed lengthscales vary from 10 to 20 kb [109], to
50 kb [112] and up to hundreds of kilobases [20]; while the former
mayunderpin an extension of thenotion of operons [105,113], the latter
probably reflect a higher order folding of bacterial chromatin involving
different actors, and this hierarchical organisation remains to be
characterised.

4. DNA Supercoiling and the Coordination of Virulence Programs

4.1. An Argument for DNA Supercoiling Being an Important Actor in Viru-
lence Genetic Regulation

Most pathogenic bacteria exhibit close genomic proximity to non-
pathogenic strains, with differences located atwell-defined genomic re-
gions (of a few up to hundreds of kilobases in size) called pathogenicity
islands (PAIs), which contain the virulence genes involved in pathogen-
esis. These regions are harboured either on the chromosome or on
plasmids, and are usually acquired by horizontal gene transfer (trans-
formation, conjugation or phage-mediated transduction). As a result,
different strains of a single species can present a remarkable diversity
of pathogenic phenotypes (more than 10 for Escherichia coli), whereas
a given virulence factor can be shared between different species [114].
This mechanism explains the rapid evolution of bacterial pathogens,

but also raises the question as to how the transferred genes are properly
expressed after their integration into the distinct transcriptional regula-
tory network of the recipient cell. This problem is particularly acute for
the bacterium, since any error in the expression time or strength of vir-
ulence factors immediately leads to the recognition and, ultimately, to
the destruction of the invader by the host defence system [115,116].

At first glance, such drastic regulation of a few specific promoters
seems to deviate from the global and non-specific regulation mode
characteristic of SC. However, it appears equally incompatible with the
sole action of strongly sequence-specific TFs, which would then be
highly unstable during horizontal transfers between species, where
these TFs are often evolutionarily distant [117]. As a matter of fact,
many TFs involved in virulence indeed exhibit a weak sequence-
specificity and are sensitive to the mechanical state of DNA [78],
owing to an original regulatory mechanism affecting PAIs. Like other
horizontally transferred regions, these usually exhibit a lower GC-
content than the chromosomal average, and are therefore normally
repressed by extensive binding of the NAP H-NS. Regulators can then
activate the genes without any specific contact with RNAP, by compet-
ing with H-NS for promoter binding [114,118], which can be strongly
dependent on the topological state of the region.

In most investigated species, the key signals triggering a quick acti-
vation or repression of virulence genes are precisely those environmen-
tal stress conditions that were shown to modulate the chromosome
topology in various species (Table 3), e.g., a sharp acidity variation
when S. enterica is transferred from the stomach to the intestine, or ox-
idative stress when D. dadantii leaves the plant apoplast. It is therefore
no surprise that virulence genes from an increasing number of
zoopathogenic or phytopathogenic species were shown to be directly
regulated by SC, as summarized in Table 3. Does this mechanism play
a role during the infection process, as these data suggest? In our opinion,
based on the complex regulatory mechanisms illustrated above, SC is a
good candidate to play the role of a basal and robust coordinator
of virulence gene expression, by (1) modulating the simultaneous ac-
tion of many (more specific) regulators at virulence promoters,
such complexity being a characteristic feature of the latter, (2) co-
regulating the adjacent genes of a PAI through the evolutionarily
conserved transcription-supercoiling coupling. We present below
some examples supporting this hypothesis, keeping in mind that
existing results mostly concern individual genes, whereas the topologi-
cal organisation of entire PAIs and its effect on their expression remain
poorly understood [129].

4.2. Widespread Evidence for a Regulatory Role of DNA Supercoiling in
Virulence

Salmonella enterica is one of the most studied pathogens, and this is
also true of the regulation of its virulence system by SC (mostly in C.
Dorman's laboratory). Several key virulence geneswithin its two largest
PAIs (SPI-1 and SPI-2) are supercoiling-sensitive, as well as those of the

Table 3
Virulence genes are regulated by DNA supercoiling in various pathogenic species. Phyla: Proteobacteria (P), firmicutes (F), actinobacteria (A). Lifestyles: F = facultative, I = intracellular,
E = extracellular, P = pathogen. Response to chromosomal DNA Relaxation by antibiotics: repressed (−) or activated (+), with corresponding reference(s).

Phylum Family Species Tissue Lifestyle Stress encountered Gene involved in virulence Relax response Ref

P Enterobacteriaceae Salmonella enterica gastrointestinal tracts FIP acid hilD, hilC,ssrAB + [91]
Enterobacteriaceae Shigella flexneri intestinal epithelium FIP temperature virF + [119]
Enterobacteriaceae E. coli (EHEC) intestinal epithelium FIP temperature espADB − [120]
Pectobacteriaceae Dickeya dadantii plant apoplast EP acid,oxidative pelE − [23]
Pseudomanadaceae Pseudomonas syringae plant apoplast EP oxidative avrPphB + [121]
Vibrionaceae Vibrio cholerae small intestine EP acid acfA, acfD − [122,123]
Alcaligenaceae Bordetella pertussis lung epithelial cells. IP temperature ptx − [124]
Campylobactericeae Campylobacter jejuni digestive tract IP temperature, pH momp − [125]

F Staphylococcaceae Staphylococcus aureus respiratory tract, skin EP osmolarity spa, eta + [126,49]
Streptococcaceae Streptococcus pneumoniae respiratory tract, skin EP oxidative fatD − [127]

A Mycobacteriaceae Mycobacterium tuberculosis respiratory tract, skin IP oxidative virR, sodC − [128]
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central virulence regulators OmpR and LeuO located in the core genome
(Fig. 3A). In this representative example, key virulence functions were
thus integrated into the pre-existing transcription regulatory network,
wherebyOmpR and LeuO, primarily devoted to other functions (the for-
mer is an abundant NAP-like protein), are specifically recruited at viru-
lence promoters in a SC-dependent manner [5,91]. Interestingly, these
regulators mostly target divergently oriented operons, and the same
pattern is observed in Vibrio cholerae (tcpPH) [78] and Shigella flexneri
(icsA, icsB) [117].While gene orientations are indifferent to classical reg-
ulatory models, divergent promoters are the ones most sensitive to the
transcription-supercoiling coupling [45], which is also involved in LeuO
recruitment at its own (divergent) promoter [108]. Gene orientations
within the PAIs are thus likely not accidental, but rather reflect the
evolved infrastructure of a local coordinated and SC-coupled gene
expression.

The virulence of E. coli EHEC (causing severe diarrhoea) depends on
a secretion systemencoded in the LEE operons (Fig. 3B), includingmany
genes sharedwith other E. coli pathogenic strains, e.g. EPEC [114]. These
operons are globally repressed by H-NS, whose binding is antagonised
by the activator Ler encoded in LEE1 [118]. Ler itself belongs to the H-
NS family and this competition may very well be affected by the topo-
logical state of the domain. Although such an effectwas not investigated
in detail, the expression of LEE4 was indeed found to be SC-sensitive
[120], and the same could be true of the other operons.

In the phytopathogen D. dadantii, pectinolytic enzymes are themain
virulence factors, responsible for the soft rot symptoms [115]. These are
encoded by pel genes scattered in several PAIs along the chromosome
[20]. pelE and pelD, the two major members of this family, are paralo-
gous genes that evolved from a unique ancestor but exhibit different ex-
pression patterns [130]. They are regulated by several NAPs (H-NS, FIS,
IHF, Lrp) as well as many TFs (e.g., CRP, KdgR, PecT, PecS) but are also
among the most SC-sensitive genes in the chromosome. We illustrated
above how different regulatory proteins act in a complex combination,
with SC modulating their relative affinities (Fig. 2B). Although no effect
of locally generated SCwas directly shown here, a divergent non-coding
transcript (div) was recently identified upstream of the pelD promoter,
which “feeds” the latter with RNAP with a strong dependence on the
3D conformation of the promoter [130], possibly involving a local trans-
mission of SC (Fig. 3C).

Finally, since topoisomerases are conserved among all bacteria, we
may expect SC to play a role in the virulence of widely distant species.
This was indeed recently demonstrated in the actinobacterium Myco-
bacterium tuberculosis, where the gene of a new NAP (NapA) was iden-
tified in the same operon as major virulence factors/regulators (SodC,
VirR) [128]. Interestingly, NapA autoregulates its (divergently oriented)
promoter in a SC-dependent manner (Fig. 3D): in this case, global SC
variations induced by environmental conditions may act as a switch,
turning the operon on or off with high specificity.

5. Conclusion

The discussed examples show that SC plays a direct role in the regu-
lation of virulence in many species, albeit with a remarkable variety of
mechanisms involving a combination of additional regulatory actors,
and these mostly remain to be characterised. A final and striking exam-
ple is the remarkably small and poorly characterised tenericute Myco-
plasma pneumoniae, which is able to infect the human respiratory
tract despite being almost devoid of TFs; the ancestral regulatory action
of SC is thought to play an even more cardinal role in this case [37]. The
increasing interest in SC in the genetic regulation community already
results in new experimental techniques facilitating the mapping
of supercoil distributions at higher resolution [1,2] as well as the
development of computational models at various scales of detail
[45,77,101,131],which togetherwill help elucidating the pivotal regula-
tory action of SC in bacterial genetic regulation advocated here.
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1.4 Thesis motivations and objectives

The above review highlights the ubiquitous role of SC both as a relay of en-
vironmental signals to the chromosome, and as a global regulator of gene
expression in bacteria, by affecting transcription at multiple steps through
RNAP itself and regulatory proteins. However, systematic models of tran-
scriptional regulation by SC comparable to those involving, e.g. TFs, remain
essentially lacking. The main purpose of the present thesis is to decipher the
underlying regulatory mechanisms, by developing quantitative models able
to explain and predict gene response to SC variations. In particular, we focus
our modelling on promoter-sequence determinants of gene SC-sensitivity,
based on RNAP-DNA interaction, and independently from additional reg-
ulatory protein. Global-scale regulatory models are developed using a ther-
modynamic framework, and further validated at the genome level using a
combination of (i) available transcriptomic responses under SC variations,
and (ii) transcription assays on mutant promoters conducted specifically for
the present thesis. Since the investigated mechanisms rely on the fundamen-
tal properties of DNA and highly conserved molecular actors (RNAP and
topoisomerases), models are further validated in distant bacteria in terms of
phylogeny and lifestyle.

To achieve genome-wide model validation, in Chapter 2, we first gather from
different sources and for several bacteria (i) transcriptomic responses un-
der SC variations, and (ii) promoter structures and locations, into an uni-
fied database. Programming tools are then implemented, in order to access
the database and to perform various tasks, e.g. statistical analyses from the
appropriate input datasets, and model construction and simulation. A sub-
section is then dedicated to side-projects to which I contributed through the
present database and programming tools.

In Chapter 3, we characterise the transcriptome of D. dadantii, a phytopathogen
in which SC plays a key role during plant infection. We therefore wished to
extend model validation to this bacterium, which required the mapping of
its transcription units, transcription start sites and promoters, based on avail-
able data. It was also a great opportunity to significantly contribute to further
progress in the field of phytopathogenicity, by providing the first transcrip-
tomic map of this model species of the Dickeya genus.

In Chapter 4, we present a quantitative mechanistic model of transcriptional
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regulation by SC, relying on the step of promoter opening during open-
complex formation. Based on transcription assays on mutant promoters, and
genome-wide statistical analyses of transcriptomic responses under SC vari-
ations, it provides the predictive rules by which the sequence of the discrim-
inator element, and notably its G/C-content, modulates the SC response of
promoters.

Since SC affects transcription at multiple steps of the process beyond open-
complex formation, in Chapter 5, we propose another model of transcrip-
tional regulation by SC, relying on the orientation between -35 and -10 el-
ements recognised by RNAP to form the closed-complex. It quantifies the
contribution of the promoter spacer length in the SC response of promoters,
based on a geometric effect and without any specific sequence requirement,
in contrast to most existing models of transcriptional regulation. As a key
advantage, the presented thermodynamic models of transcription depend
essentially on DNA’s measured physicochemical properties, and require al-
most no adjustable parameter.

Finally, in the Chapter 6, we present a summary of the results obtained, and
propose some perspectives for future work.
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Chapter 2

Development of an integrated
database, implementation of
programming tools and
contribution to side projects

To achieve the thesis objectives, the first step was to collect and combine
available data required for both the characterisation of D. dadantii transcrip-
tome and the validation of the models of transcriptional regulation by SC,
into an unified database. I then implemented Python programming tools, in
order to access the database, and perform various tasks from the appropriate
input datasets.

2.1 Development of an integrated database

A database can be defined as a logically coherent and organised collection
of data, that can be easily accessed and managed. The results presented in
this thesis involved many genome-scale analyses, which required to gather
various data for several bacteria, including (Fig. 2.1):

• Genome sequence

• Annotation files (list of genes with coordinates, strand, possible protein
product etc.)

• Gene expression data

• Promoter data (TSS locations, strand, genes controlled, σ factors and
promoter elements)
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These data were extracted from multiple sources (Fig. 2.1), mainly from liter-
ature and public databases, but also from team work and collaborations, and
then uniformly formatted and integrated into a database.

database organisms files sources

- literature
- public databases
- team work
- collaborations
           ...

genome sequence

...

genes

promoters

expression data

D. dadantii

E. coli

...

FIGURE 2.1: Schematic representation of the database. The latter is stored
on a physical server, and contains one folder per organism, consisting of
successive sub-folders containing informative files about the organism
gathered from multiple sources, mainly from literature and public
databases.

For instance, in order to analyse the statistical relation between promoter
structure and gene response to topological changes for validating the mod-
els of transcriptional regulation by SC, I collected all available transcriptomic
datasets from species where a TSS map was also available. Statistical pro-
cedures such as differential expression analysis were adjusted for each col-
lected dataset due to strong differences in the experimental protocols (treat-
ment with gyrase inhibitors vs mutation studies) and employed transcrip-
tomic technologies (microarray vs RNA-seq). I also gathered gene responses
to (i) environmental changes, where SC variations are induced naturally, and
(ii) mutations in several NAPs, which modulate SC level. On the other hand,
accurate and curated promoter maps are available only for E. coli [46], and
remain incomplete or even lacking for other organisms, but were however
required for the analysis. Consequently, genome-wide TSS maps were col-
lected from the literature, and a prediction of promoter motifs was performed
(see next section). The following table (Tab. 2.1) summarises most of the data
collected for this specific purpose, whereas the additional datasets used for
the characterisation of D. dadantii transcriptome are described in the corre-
sponding chapter (Chapter 3).
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2.2 Implementation of programming tools

In order to access the database and perform automatised genome-scale anal-
yses in various organisms, the next step was to implement programming
tools. While all species have their own ways of communicating, as human
beings, we use different languages to communicate with each other. Simi-
larly, as developers, we use programming languages to interact with com-
puters, to which we transmit a code or program, i.e. a set of instructions
to perform a specific task that may be time-consuming and inaccurate by
hand. Like human languages, there are many different programming lan-
guages (estimated about 9000 by the Free-online Dictionary of Computing),
that differ from their syntax, i.e. structure of the code, and semantics, i.e.
meaning of the words. Among them, I chose a high-level programming lan-
guage, i.e. more similar to human languages, Python, by which programs
are easier to write, read, and maintain, although requiring a compiler or in-
terpreter to translate the code into machine language. In contrast, low-level
programming languages are faster and more memory efficient since they do
not require any compiler to execute programs, although writing, reading,
maintaining and debugging codes becomes more difficult. Beyond its ad-
vantages as a high level-programming language, Python is widely used in
bioinformatics since it is open-source, and comes with a lot of modular and
reusable sets of tools such as Biopython. Among the various existing ap-
proaches, I used an Object-Oriented Programming paradigm, which is a way
of designing and structuring programs. It relies on the concept of classes and
objects: an object is an instance of a class, representing a real-world entity,
and having its own attributes, i.e. a set of properties, and methods, i.e. a set
of functions which perform some useful action, which are both defined in-
side the class. For example (Fig. 2.2), the object corresponding to the E. coli
genome is an instance of the genome class, inside which a method allows
to load its genome sequence from the appropriate input file. In this frame-
work, programs are divided into small parts (classes, objects and methods),
easy to use and reuse, simplifying code development and maintenance. Al-
together, using Python object-oriented programming, programs were devel-
oped to access the database, define classes and methods, allowing to create
objects corresponding to the investigated biological entities, e.g. organisms,
genes, promoters, integrate data from different sources, and eventually per-
form various genome-scale analyses required to achieve the thesis objectives
(Fig. 2.2).
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Organism
- name
- sequence
- genes
     ...
* loadGenes
* loadTSSs
     ...

- name
- coordinates
- strand
     ...
* loadExpression
     ...

TSS
- position
- strand
- genes
     ...
* computePromoters
     ...

Class

Promoter

- TSSPosition
- sigmaFactors
   ...
* getHexamers
   ...

Gene

- attribute
* method
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FIGURE 2.2: Schematic representation of the object oriented programming
framework. Each class (in blue) contains methods (preceded by *) to create
objects and load their attributes (preceded by -) from the appropriate files
stored in the database.

As an example, to predict promoter elements from TSS maps (Tab. 2.1), a tool
was implemented by Antoine Heurtel, a student working in the team, based
on bTSSfinder software [125]. The latter relies on position weight matrices,
and predicts σ factor binding and promoter elements for a given sequence,
for both enterobacteria and cyanobacteria. The developed tool requires a
genome object, and an input TSS map. It then extracts sequences upstream of
experimentally determined TSS positions, and predicts the presence of pro-
moter elements, in which case it becomes a TSS attribute. Then, to investigate
the link between promoter spacer length and gene response to a condition, I
implemented a tool which takes as inputs (i) a genome object, (ii) a promoter
map, and (iii) an expression dataset. Genes are first classified as significantly
activated/repressed based on an user-defined threshold on the adjusted P-
value, and on the log-fold-change (expression variation) value. Then, for
each gene controlled by a TSS with promoter elements, the spacer length is
computed from -35 and -10 coordinates, allowing to test the statistical rela-
tion between gene response to a given condition, and spacer length. Other
examples are provided in the next subsection.
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Once the database was developed and the programming tools implemented,
this allowed us to (i) characterise the D. dadantii transcriptome, and (ii) vali-
date the models of transcriptional regulation by SC, as developed in the up-
coming chapters. Beyond these main thesis objectives, due to the practical
aspect of this database and tools to integrate diverse datasets and perform
various statistical analyses, I also contributed to side projects, which are sum-
marised in the following subsection.

2.3 Side projects

As discovered early in the twin supercoiling domain model [126], transcrip-
tion is an important source of SC. As RNAP cannot rotate freely around DNA
template due to large viscosity, and because the same constraint applies for
DNA rotation, it generates torsional stress during RNA elongation, nega-
tive (underwound) upstream and positive (overwound) downstream [127].
Those supercoils are able to diffuse along double-helix at distances of several
kb, and reach nearby promoters, due to the high gene density of bacterial
genomes [128, 129] (Fig. 2.3). Since SC in turn affects transcription [108], it
was thus hypothesised that the relative distances and orientations between
adjacent genes (convergent, divergent or tandem arrangements, Fig. 2.3) was
a strong determinant of their response to SC variations, by modulating the
distribution of SC at promoters. Due to the complex nature of this so-called
transcription-supercoiling coupling (TSC), a stochastic regulatory model was
developed by Bilal El Houdaigui and Sam Meyer, with the aim of predict-
ing gene responses to SC variations, depending on their relative orientation.
To validate model predictions at the genome-scale, the developed database
and tools were particularly useful. Indeed, gene orientations can be deduced
from genome annotation files present in the database, whereas promoter re-
sponses to SC variations can be inferred from the collected transcriptomic
datasets (Tab. 2.1). By creating an automated tool, this allowed to validate
the statistical relation between gene orientation and promoter response to
SC variations in several organisms and experimental conditions, validating
the TSC-mediated regulation, and leading to the contribution to an article
published in Nucleic Acids Research [115].

Another side project concerns the investigation of the phenotypic and tran-
scriptional effects of IHF mutation on D. dadantii virulence, a plant pathogenic
bacterium which is presented in more detail in the next chapter (Chapter 3).
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Gene on + strand Gene on - strand

Tandem gene pairs Convergent gene pairs Divergent gene pairs

+++ --- +++ +++--- --- --- ---+++ +++
Negative SC Positive SC

FIGURE 2.3: Impact of gene orientation on the distribution of SC generated
by transcription. Elongating RNAP generate negative SC upstream, and
positive downstream [126].

IHF is one of the major bacterial NAPs found in Proteobacteria [55]. It is
a heterodimer formed by IHFα and IHFβ sub-units encoded by ihfA and
ihfB genes, respectively, which induces sharp bends in DNA in a sequence-
dependent manner (Tab. 1.2). In E. coli and S. typhimurium, IHF contributes to
genome organisation, DNA replication and rearrangements, but also exerts a
global transcriptional effect, by facilitating contacts between regulatory pro-
teins and RNAP [51]. Its concentration within the cell varies during bacterial
growth, increasing during the transition to stationary phase [51]. Since IHF
has an important role in the infection process of S. typhimurium [130], its con-
tribution to D. dadantii virulence and global gene expression was thus inves-
tigated based on a combination of phenotypic and RNA-seq approaches, and
using bacteria carrying a mutation in ihfA, precluding the IHF heterodimer
formation. The tools implemented allowed (i) to process RNA-seq data and
define a list of genes significantly activated/repressed by IHF, (ii) to perform
functional enrichment analyses to identify the biological functions regulated
by IHF, and (iii) to integrate IHF predicted binding sites and the transcrip-
tomic response of genes, to identify putative direct vs indirect regulatory ef-
fects. Besides, in D. dadantii, changes in NAP binding, SC, physicochemical
sequence properties and other factors were shown to organise coherent do-
mains of gene expression (CODOs) ranging from several to hundred kb, and
emerging transiently in particular conditions [119]. These CODOs have been
the subject of a review published in Microorganisms to which I contributed
[131]. The role of IHF in the organisation of CODOs was also investigated,
involving many statistical analyses described in the corresponding article,
and performed with the present database and tools. Altogether, this led to
the contribution to an article published in Nucleic Acids Research [122].
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Finally, I contributed to an article which is currently under revision for pub-
lication in Nucleic Acids Research [121], which characterises the transcrip-
tomic effect of the non-marketed antibiotic seconeolitsine in D. dadantii, pro-
viding the first insights into topoisomerase I inhibition in Gram-negative bac-
teria, and reassessing the genes’ intrinsic property of "supercoiling-sensitivity"
(more details in Chapter 5).
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Species NCBI reference
genome

Expression condition
and reference

Transcription
start sites
map reference

Escherichia coli NC000913.2 norfloxacin (SC +) [109] [46] [110]

cold shock (SC -) [111]
[112]

oxidative shock (SC +)
[112]
heat shock (SC +) [113]
[112]

osmotic shock (SC -) [113]

acidic shock (SC +) [114]

CP000819.1 experimental evolution
(SC -) [115]

Salmonella
typhimurium

NC016856.1 novobiocin (SC +) [116] [117]

FQ312003.1 mutation study (SC +)
[118]

Dickeya dadantii NC014500.1 novobiocin (SC +) [115]
[119]

[120]

seconeolitsin (SC -) [121]

NAP mutants (Fis, H-NS
and IHF) [119] [122]

oxidative shock (SC +)
[119]
acidic shock (SC +) [119]

osmotic shock (SC -) [119]

Synechococcus
elongatus

SYNPCC7942 correlation SC wave-
form [123]

[124]

Mycoplasma
pneumoniae

NC000912.1 novobiocin (SC +) [48] [48]

TABLE 2.1: Summary of the data used to investigate the link between
promoter structure and transcriptomic response under SC variations. A
blank cell indicates a value identical to previous row. SC + refers to an
increase in absolute SC level (DNA relaxation), SC - to a decrease (DNA
overtwisting), as stated in Chapter 1. Several references are indicated when
multiple datasets were available.
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Chapter 3

Mapping the complex
transcriptional landscape of the
phytopathogenic bacterium
Dickeya dadantii

In order to validate the models of transcriptional regulation by SC, we wished
to extend our analyses to the phytopathogen D. dadantii in which SC plays a
key role during plant infection, and for which extensive transcriptomic data
have been accumulated in the team, including the genome-wide response of
genes to SC variations. Yet the map of its transcriptome, including transcrip-
tion units, transcription start sites and promoters, is lacking, but however
required to validate the models. A part of my thesis was consequently ded-
icated to the characterisation of its transcriptome, which was also a great
opportunity to significantly contribute to further progress in the field of phy-
topathogenicity, by providing the first transcriptomic map of this widely
used model species of the Dickeya genus.

3.1 Role of DNA supercoiling in D. dadantii

Bacteria of the Dickeya genus are Gram-negative, necrotrophic phytopathogens,
i.e. that kill their host and then feed on the dead tissues, causing soft rot in
a wide range of plant hosts worldwide, including agriculturally important
crops [132]. This severe disease leads to tissue maceration and eventually
plant death [133]. Besides, the ability of Dickeya species to colonise various
ecological niches such as soil, ground water, surfaces and interior of plant
hosts and insects [7, 134], makes them remarkably versatile models for the
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scientific community. Dickeya dadantii strain 3937 is the main model used for
studying the regulation of gene expression during the plant pathogenic pro-
cess, since its genome was the first to be sequenced and curated in the Dickeya
genus [135].

As introduced in the review from Chapter 1 [108], pathogenic bacteria must
cope with numerous environmental variations during infection, including
changing sources or scarcity of nutrients and oligoelements, and various

Infection 
process

penetration colonisation maceration disease generalisation

Supercoiling 
change relaxation relaxation overtwisting relaxation

acidic 
stress

pH 5-6 pH ↗

oxidative 
stress

pH > 8

osmotic 
stress

pH > 8

oxidative 
stress

Dickeya 
dadantii

asymptomatic phase symptomatic phase

A

B

M
ig

ra
ti

o
n

FIGURE 3.1: Schematic representation of Dickeya dadantii infection process,
and changes in chromosomal SC level in response to stress. (A) During the
asymptomatic phase comprising plant penetration and colonisation,
bacteria experience acidic and oxidative stresses, respectively. During the
symptomatic phase comprising plant tissue maceration and disease
generalisation, bacteria experience osmotic and oxidative stresses,
respectively. (B) Adapted from [136]: these various stresses distinctly affect
SC level, as shown by the analysis of plasmid pUC18 topoisomers separated
on agarose gels containing 2.5 µg/ml chloroquine.
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types of stress and host defence reactions. The infection process of D. dadan-
tii is summarised in the upcoming article, and is described in detail else-
where [133]. Briefly, its pathogenesis comprises an asymptomatic phase,
where bacteria penetrate and colonise plant tissues, and a symptomatic phase
where enzymatic maceration of plant tissues is induced until soft rot general-
isation occurs (Fig. 3.1). At each stage of the process, bacteria are exposed to
changing conditions, including (i) an acidic stress resulting from the low pH
of plant apoplasts, i.e. the invaded free diffusional space outside the plasma
membrane [137], (ii) an oxidative stress resulting from plant defences reduc-
ing oxygen availability [138], (iii) an osmotic stress resulting from the release
of plant cell components induced by degrading enzymes [133] (Fig. 3.1).
For successful infection, bacteria must sense and respond to each of these
stresses, requiring a subtle coordination of gene expression in time and space,
including genes involved in the core metabolism, in the general response to
stresses but also specifically in the encountered stress, and in the virulence
program and acquisition of adaptive traits [7]. SC thus appears as an ex-
cellent candidate for both relaying the infection stage-specific environmental
signals to the bacterial chromosome, and adapting its global transcriptional
program [108]. Indeed, all those environmental stresses have been associ-
ated with rapid and transient SC variations, and in particular in D. dadan-
tii [136] (Fig. 3.1). In turn, novobiocin-induced DNA relaxation triggers a
global and complex response of genes in this phytopathogen [115, 119], in-
cluding those encoding the main virulence factors, namely pectinolytic en-
zymes (pel genes) [108]. Thus, it is likely that SC contributes to global gene
expression reprogramming in response to environmental changes during D.
dadantii infection process, highlighting the relevance of including this species
in the validation of the models of transcriptional regulation by SC. To that
end, the first step was to obtain a map of its transcriptome, which is the fo-
cus of the following article currently under a second round of revision for
publication in the mBio journal [120].

3.2 Article

N.B. Supplementary figures and tables can be found online on bioRxiv [120].
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ABSTRACT Dickeya dadantii is a phytopathogenic bacterium that causes soft rot in7

a wide range of plant hosts worldwide, and a model organism for studying virulence8

gene regulation. The present study provides a comprehensive and annotated tran-9

scriptomic map of D. dadantii obtained by a computational method combining five10

independent transcriptomic datasets: (i) paired-end RNA-seq data for a precise re-11

construction of the RNA landscape; (ii) DNA microarray data providing transcriptional12

responses to a broad variety of environmental conditions; (iii) long-read Nanopore13

native RNA-seq data for isoform-level transcriptome validation and determination of14

transcription termination sites; (iv) dRNA-seqdata for the precisemapping of transcrip-15

tion start sites; (v) in planta DNAmicroarray data for a comparison of gene expression16

profiles between in vitro experiments and the early stages of plant infection. Our re-17

sults show that transcription units sometimes coincide with predicted operons but are18

generally longer, most of them comprising internal promoters and terminators that19

generate alternative transcripts of variable gene composition. We characterise the20

occurrence of transcriptional read-through at terminators, which might play a basal21

regulation role and explain the extent of transcription beyond the scale of operons.22

We finally highlight the presence of noncontiguous operons and excludons in the D.23

dadantii genome, novel genomic arrangements that might contribute to the basal co-24

ordination of transcription. The highlighted transcriptional organisation may allow D.25

dadantii to finely adjust its gene expression programme for a rapid adaptation to fast26

changing environments.27

IMPORTANCE This is the first transcriptomic map of a Dickeya species. It may there-28

fore significantly contribute to further progress in the field of phytopathogenicity. It29

is also one of the first reported applications of long-read Nanopore native RNA-seq in30

prokaryotes. Our findings yield insights into basal rules of coordination of transcrip-31

tion that might be valid for other bacteria, and may raise interest in the field of micro-32

biology in general. In particular, we demonstrate that gene expression is coordinated33

at the scale of transcription units rather than operons, which are larger functional ge-34

nomic units capable of generating transcripts with variable gene composition for a35

fine-tuning of gene expression in response to environmental changes. In line with re-36

cent studies, our findings indicate that the canonical operon model is insufficient to37

explain the complexity of bacterial transcriptomes.38

KEYWORDS: phytopathogen, transcriptional regulation, transcription unit,39

transcriptional read-through, transcription start and termination sites40
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INTRODUCTION41

Classically, bacterial transcription is described with the model of Jacob and Monod42

based on operons, defined as sets of contiguous and functionally-related genes co-43

transcribed from a single promoter up to a single terminator (1). In recent years how-44

ever, accumulating studies demonstrated that most operons actually comprise inter-45

nal promoters and terminators, generating transcripts of variable gene composition,46

generally in a condition-dependent manner (2, 3, 4, 5). This phenomenon, also known47

as suboperonic regulation (6), might be compared to alternative splicing in eukary-48

otes (7) and demonstrates a higher complexity of bacterial transcriptional landscapes49

than previously thought. Besides, transcription has been shown to extend beyond50

operons (3, 8), the latter being actually part of larger functional genomic units, referred51

to as transcription units (TUs) throughout the manuscript.52

While transcriptomic maps have been established for various bacteria including53

Escherichia coli (9), Salmonella enterica (10), Bacillus subtilis (2), Streptococcus pneumo-54

niae (4), Campylobacter jejuni (11), Clostridium beijerinckii (12),Mycobacterium tuberculo-55

sis (13),Mycoplasmapneumoniae (14), and thephytopathogen Xanthomonas campestris (15,56

16), they are still lacking for Dickeya species. This study aims to provide the first com-57

prehensive and annotated transcriptomic map of Dickeya dadantii, a Gram-negative58

phytopathogenic bacterium representative of the Dickeya genus that causes soft rot,59

a severe disease leading to tissuemaceration and eventually plant death (17) in a wide60

range of plant hosts worldwide, including agriculturally important crops (18, 19, 20, 21,61

22).62

The infection process involves an asymptomatic phase, where bacteria remain63

latent, penetrate and colonise plant tissues, consuming simple sugars and small solu-64

ble oligosaccharides available in the plant apoplast to grow exponentially (23). In this65

compartment, bacteria are exposed to acidic conditions (24) and oxidative stress (25)66

resulting from plant defences. When all nutrients are consumed in the apoplast, the67

symptomatic phase initiates. Bacteria produceplant cell wall degrading enzymes (mainly68

pectinases) leading to the soft rot symptoms, and start cleaving pectin, which is used69

as a secondary carbon source for a new round of growth (26). By causing a total de-70

struction of plant cells, the maceration of plant tissues releases both vacuolar and71

cytoplasmic components in the apoplast, exposing the bacteria to osmotic stress (23).72

In order to characterise the D. dadantii transcriptional landscape, we used a com-73

bination of transcriptomic data generated in vitro in a broad range of growth and74

stress conditions reflecting some of the key environmental signals encountered dur-75

ing the plant infection process, and ensuring optimal reproducibility and quality of76

analysed RNAs (27, 28). Different techniques were used, providing complementary77

knowledge: high-resolution Illumina paired-end RNA-seq; DNAmicroarray; Nanopore78

native RNA-seq; dRNA-seq. These data were combined using an integrative computa-79

tional method developed for this study, allowing the inference of the RNA landscape80

and a validation of co-expression occurring among genes of the same TU. This anal-81

ysis provides a detailed and annotated map of the TUs defining the D. dadantii tran-82

scriptome, i.e., the sets of contiguous co-expressed genes. We then quantitativelymap83

transcription start and termination sites in the investigated conditions, and analyse the84

associated predicted promoter and terminator motifs. We show that TUs sometimes85

coincide with predicted operons but are generally longer, most of them exhibiting in-86

ternal promoters and terminators. We characterise the occurrence of transcriptional87

read-through at terminators, a mechanism proposed as a basal coordinator and reg-88

ulator of gene expression yet never explored in phytopathogens and still poorly un-89

derstood across genomes in general. We finally detect putative noncontiguous oper-90
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Mapping of Dickeya dadantii transcriptional landscape

ons and excludons in the D. dadantii genome. In order to validate the obtained tran-91

scriptional map, we analyse available in planta expression data, and show that TUs92

inferred from in vitro cultures are also co-expressed during the early stages of plant93

infection (29), suggesting that many of the analysed features are used by D. dadantii94

in the pathogenic context. This transcriptomic map might serve as a community re-95

source to help elucidating the regulation of D. dadantii gene expression, including its96

virulence programme. It also provides insights into basal rules of coordination of tran-97

scription that might be valid for other bacteria, specifically for other Dickeya species98

for which a core genome of 1300 genes was identified by comparative genomics (30).99

RESULTS AND DISCUSSION100

Characterisation of Dickeya dadantii transcription units. In order to generate101

a biologically relevant transcriptional map of D. dadantii, we combined and integrated102

four sets of transcriptomic data obtained from in vitro cultures subjected to differ-103

ent sugar sources, environmental stress factors (acidic, oxidative, osmotic stress), and104

variations of DNA supercoiling, reflecting a variety of conditions also encountered by105

bacteria in the course of plant infection. A fifth set obtained from bacteria grown in106

planta was used for validation. These data were collected by different experimental107

methods providing complementary information, as follows (a more detailed descrip-108

tion of the datasets is provided in Materials and Methods).109

Dataset 1was generated fromhigh-resolution Illumina paired-end, strand-specific110

RNA-seq covering 6 growth conditions: M63 minimal medium supplemented with111

sucrose, addition of polygalacturonate (PGA), a pectic polymer present in plant cell112

wall (31) , and treatment by novobiocin, which induces a global and transient chro-113

mosomal DNA relaxation (32) in exponential or in early stationary phase. By providing114

short but precise sequencing reads at single base-pair resolution and high sequencing115

depth, this dataset yields precise and quantitative information on the RNA landscape.116

Dataset 2 was generated from DNA microarray data covering 32 growth condi-117

tions, involving the presence of PGA and leaf extracts, and in eachmedium, a separate118

exposure to acidic, oxidative or osmotic stresses (28). This dataset provides a quanti-119

tative catalogue of genes’ responses to a more comprehensive and detailed range of120

conditions than dataset 1, albeit of weaker spatial resolution.121

Dataset 3 was generated from long-read Nanopore native RNA-seq in M63 min-122

imal medium supplemented with glucose and PGA, pooled from samples obtained123

in both exponential and early stationary phases. This method allows native RNAs to124

be sequenced directly as near full-length transcripts from the 3’ to 5’ direction, with a125

weaker depth than the previous datasets. Only a few transcriptomeswere analysed by126

this technique, mostly from viral and eukaryotic organisms (33, 34, 35, 36), and, to our127

knowledge, a single prokaryotic one (37). This dataset provides a direct isoform-level128

validation of the TUs, and an accurate definition of transcription termination sites.129

Dataset 4was generated fromdifferential RNA sequencing (dRNA-seq) experiments130

carried out on four samples obtained by pooling RNAs from the large variety of envi-131

ronmental conditions of dataset 2 followed by treatmentwith Terminator exonuclease132

(TEX) prior to sequencing. TEX enzyme degrades processed 5’-monophosphate RNAs133

and consequently enriches the samples in primary 5’-triphosphate end transcripts (38),134

thus locating transcription start sites at single-nucleotide resolution.135

Finally, dataset 5 was generated from in planta DNA microarray data, 6 and 24136

hours post-inoculation of the model plant Arabidopsis thaliana (29), during the early137

stages of infection. Bacterial RNAs are difficult to isolate from plant tissues, especially138

during the symptomatic phase where phenolic compounds accumulate in decaying139
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tissues, explaining the lack of transcriptomic data during the late stages of infection.140

In spite of a limited variety of conditions, this dataset allows a comparison of gene141

expression profiles between in vitro and in planta experiments, and was used to val-142

idate the level of co-expression of genes within TUs during the early stages of plant143

infection.144

This collection of diverse and complementary transcriptomic datasets provided a145

solid ground for precisely characterising theD. dadantii transcription units, rather than146

basing our analysis on genomic data alone as in most operon predictors (intergenic147

distances between genes, functional links among products). The employed algorithm148

is described in details in Materials and Methods. Shortly, in a first step, we analysed149

the RNA landscape from Illumina paired-end strand-specific RNA-Seq (dataset 1), en-150

suring good resolution and sufficient sequencing depth to obtain a quantitative signal151

for all genes. These data also allowed us to uncover 50 putative coding genes previ-152

ously unannotated, most of which exhibiting sequence homology with proteins from153

the Dickeya genus (Supplementary Tab. S1D). Putative TUs were defined by fusing ad-154

jacent genes as long as RNA fragments were found in their intergenic region, a signa-155

ture of co-transcription. Secondly, if genes within the same putative TU are indeed156

co-transcribed, they should exhibit strong correlation of expression in a wider range157

of conditions than those of dataset 1. This analysis was carried using the diversity of158

samples in our DNA microarray data (dataset 2), based on a customised hierarchical159

clustering framework (39). This second criterion (correlation of expression) provided160

an orthogonal cross-validation compared to the first one (intergenic RNA signal), and161

yielded a total of 2028 putative TUs along the D. dadantii genome. In a third step,162

these TUs were validated based on Nanopore native RNA-seq (dataset 3). We tested163

the presence of long native RNA reads overlapping adjacent genes belonging to the164

same TU, thus yielding a direct evidence of co-transcription. For 16% of adjacent gene165

pairs, no conclusion could be drawn because of insufficient coverage. For the others,166

co-transcription was confirmed in 92% of the cases; for the remaining 8%, the absence167

of a common RNA might be indicative of false positives, but for some of them, may168

also be due to the weak number of culture conditions included in dataset 3. Since169

the large majority of TUs defined from datasets 1 and 2 match the observations of170

Nanopore native RNA-seq, we favoured the latter hypothesis and retained all of them,171

with a confidence level reflecting the presence or absence of overlapping RNA reads172

(Supplementary Tab. S1A).173

With this approach, we mapped the first layer of transcription organisation in D.174

dadantii. According to our findings, the 4211 protein-coding genes are organised into175

2028 transcription units (provided in Supplementary Tab. S1A), among which 1118 are176

monocistronic and 910 are polycistronic, ranging from 2 to 28 genes (Fig. 1A, 1B and177

Supplementary Tab. S5). At the genomic scale, we compared our results with those178

of Rockhopper, a popular operon predictor that uses expression data as well as ge-179

nomic information as input (40). 45% of predicted operons exactly coincide with a TU180

in our analysis (Fig. 1D), including known examples such as smtAmukFEB involved in181

chromosome partitioning (Fig. 2A) (41). Besides, many identified TUs are likely oper-182

ons of unknown functions and features (Fig. 2B), which represent interesting starting183

points to discover new transcriptional functional units. Remarkably, TUs are generally184

longer than predicted operons: the average TU (including monocistronic ones) con-185

tains 2.1 genes and the average polycistronic TU contains 3.4 genes, against 1.6 and186

3.1 respectively for predicted operons (Fig. 1C). Almost three quarters (73.5%) of all187

genes are co-transcribed in TUs, against 56.9% for predicted operons (Fig. 1A, Supple-188

mentary Tab. S5). Our results indicate that TUs are indeed larger functional genomic189
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FIG 1 (A) Repartition of monocistronic and polycistronic TUs identified by our analysis and comparison to predicted operons.
(B) Size distributions. (C) Average number of genes per TU. (D) Fate of predicted operons that are mostly found as or within TUs in
our algorithm.

units, since 45% of predicted operons are extended by at least one gene (Fig. 1D), in190

agreement with recent findings in E. coli based on long-read sequencing (3).191

As an example, the sapABCDF operon encoding a transporter involved in antimicro-192

bial peptide resistance and virulence in numerous bacteria including D. dadantii (42)193

is extended to include the enoyl-acyl carrier protein reductase fabI that catalyses an194

essential step in the biosynthesis of fatty acids of the membrane (43) (Fig. 3B). It might195

be noted that fabI has a different genomic location in E. coli and is consequently not196

co-transcribed with sapABCDF in that species (44) although this synteny is conserved197

in other Dickeya genomes, showing that TUs can merge and/or vary over time at the198

evolutionary scale. Since these genes are functionally unrelated (except for a general199

relation with the membrane), the biological relevance and putative role of this event200

requires further investigation.201

The glg genes involved in glycogen metabolism constitute another instructive ex-202

ample. They were initially classified in two separate operons in E. coli (45), and later203

identified as a single TU involving alternative transcripts of variable gene composition204

depending on growth conditions (46). The latter is also true in D. dadantii according205

to our findings (Fig. 3C), illustrating how transcription extends beyond the scale of the206

operon.207

Genome-wide identification of D. dadantii transcription start and termina-208

tion sites. OnceD. dadantii transcription units were defined, the next step was to elab-209

orate amap of transcription start sites (TSSs) and transcription termination sites (TTSs)210

for each TU along the genome. First, as mentioned above, dRNA-seq experiments211

were carried out to build a large library of 9313 putative TSSs at high-resolution (38)212

covering a wide range of of in vitro cultures under growth and stress conditions also213

encountered during plant infection (dataset 4, Supplementary Tab. S2A). These were214

obtained by treating the RNA samples with TEX prior to sequencing, and the TSSer215

workflow was applied for a precise determination of TSS positions (48), followed by216

visual curation (Materials and Methods). For TTSs, two sets of putative positions were217

generated based on (i) Nanopore native RNA-seq (dataset 3), where transcripts are se-218

quenced from the 3’ ends, allowing the detection of 1165 TTS positions based on the219

enrichment of these ends downstream of gene stops (Supplementary Tab. S2D); (ii)220

genome-wide predictions of termination sites, based on the two main mechanisms of221
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FIG 2 Transcription units identified by our approach, and coinciding with operons. (A) Example of a known operon (smtAmukFEB).
The bottom panel shows the coordinates of the long native RNA reads sequenced by Nanopore. (B) Identification of a new TU
exhibiting uniform read coverage and strong internal cross-correlations (Supplementary Fig. S1A), clearly indicative of an operon.
Its function was unknown but a homology analysis revealed that it corresponds to the cluster of genes znuCBA, a Z n2+ uptake
system (47). Long reads are observed for all adjacent gene pairs in Nanopore native RNA-seq data, and even a fragment carrying
the three genes for znuCBA.

transcription termination in bacteria. 3564 Rho-independent (intrinsic) TTSs and 5851222

Rho-dependent (regulated) TTSs (49)were predictedusingARNold (50) andRhoTermPre-223

dict (51) programmes respectively (Supplementary Tabs. S2B and S2C).224

A quantitative mapping of the transcription landscape was then performed in or-225

der to estimate the contribution of each TSS/TTS to its TU. While most comparable226

maps define TSSs/TTSs by their position only, we exploited the complementarity of227

the input data to also systematically analyse their magnitude (or strength) in the in-228

vestigated conditions. The +TEX libraries, Nanopore reads and TTS predictions are229

not suitable for the latter purpose, which required building a second list of TSSs and230

TTSs of poorer resolution but quantitativemagnitude from thenon-treated paired-end231

RNA-seq data (dataset 1). Briefly, TSSs and TTSs were defined based on the enrich-232

ment in RNA fragment starts and stops upstream of gene starts and downstream of233

gene stops respectively, and the number of fragments associated to these sites across234

all samples was considered as the global strength. The lists obtained with the three235

methods (from datasets 1, 3 and 4) were then merged into a unified list of TSSs/TTSs236

of optimal spatial resolution, quantitative magnitude, and with an estimated level of237

confidence depending on the level of agreement between these datasets (see Mate-238

rials and Methods). These TSSs and TTSs were then assigned to the TUs. In order to239

eliminate many very weak internal TTSs/TTSs (most of which likely have poor biolog-240

ical relevance), the latter were retained only if they yielded at least 15% of the total241

start/stop magnitude of the TU and were thus used at least in some of the investi-242

gated conditions. As a result, we defined a total of 2595 TSSs and 1699 TTSs (including243

internal ones) over all TUs (Supplementary Tab. S1A to S1C). Inevitably, some alternate244

TSSs/TTSs may be absent from these lists if they are specifically used in conditions not245
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included in our datasets. Finally, a scan for promoter motifs, conducted with bTSS-246

finder (52), identified promoters upstream of 1848 (71%) TSSs in total (Supplementary247

Tab. S1B and Fig. 3). The absence of detected promoters for the remaining 29% TSSs248

was expected due to the limitations of such predictors (53). To evaluate the quality249

of our TSS definition, we compiled all experimentally determined TSSs in D. dadantii250

(by primer extension), and compared their positions to our findings (Supplementary251

Tab. S3). 45% displayed exactly the same position, 38% were distant by less than 5 nu-252

cleotides, and only 17%were distant bymore than 6 nucleotides. Manually-annotated253

promoter elements from these studies also match our findings well (Supplementary254

Tab. S3).255

Characterisationof a complex transcriptional landscape. Thequantitativemap-256

ping of TSSs and TTSs allowed us to refine the comparison of TUs and operons pre-257

sented above. According to our findings, only 20% of polycistronic TUs (181) exhibit258

a single promoter and terminator (Fig. 2 and 3A) and thus fit into the classical defi-259

nition of operons, and only 47% of these (85) are predicted as such by Rockhopper.260

The 80% remaining TUs (729) are complex (Fig. 3A). 32% (287) have at least one inter-261

nal TSS without any internal TTS, such as sapABCDFfabI (Fig. 3B). 37% (339) have both262

internal TSS(s) and TTS(s), such as glgBXCAP (Fig. 3C) and pelCZ (Fig. 3D). Finally, 11%263

(103) have at least one internal TTS without any internal TSS such as rhlB-gppA-pehV264

(Fig. 4A), pelD-paeY-pemA (Fig. 4B) and gcvTHP (Fig. 6). Most D. dadantii TUs can conse-265

quently generate alternative transcripts of variable gene composition, resulting in a266

dense and complex transcriptional landscape.267

A notable feature of complex TUs is the heterogeneity of transcription levels along268

the genes due to internal TSSs / TTSs, usually in a condition-dependent manner, re-269

sulting in a moderate correlation in the expression of genes within the TU (9). As270

an example, in the sapABCDFfabI TU (Fig. 3B), fabI is expressed both as part of the271

entire transcript and as an independent transcript generated from a strong internal272

TSS, explaining the lower correlation between fabI and the remaining genes (Supple-273

mentary Fig. S1B). In glgBXCAP (Fig. 3C), alternative transcripts of variable gene com-274

position can be generated depending on TSS and TTS usage. Another example rele-275

vant to plant infection is the pelCZ cluster (Fig. 3D) encoding two endopectate lyases276

secreted by D. dadantii which degrade pectin contained in plant cell walls (56). The277

substrates of Pel enzymes are pectic oligomers, e.g. PGA, that act as inducers of pel278

expression (31). The pelCZ genes were previously shown by Northern blotting to be co-279

transcribed into a single polycistronic transcript under inducing conditions by PGA, in280

addition to the twomonocistronicmRNAs encoded by pelC or pelZ under non-inducing281

conditions (55). Our present findings are in full agreement with these observations,282

as pelCZ is detected as a single TU harbouring one internal TSS and TTS, each giving283

rise to monocistronic transcripts. In our data, pelCZ expression profiles are similar in284

presence or absence of PGA in spite of a drastically different global expression level285

(Supplementary Fig. S1D), suggesting that in absence of inducer, this very low level286

previously prevented a reliable detection of the entire transcript. Altogether, our find-287

ings clearly indicate that the canonical operonmodel is insufficient to explain the com-288

plexity of the D. dadantii transcriptional landscape, in line with results in many other289

organisms (2, 3, 4, 5). The existence of alternative entry and exit points for RNA Poly-290

merase inside TUs allows the cells to adjust the relative expression level of adjacent291

genes within a global coordination of expression of the entire TU (Fig. 3) that may al-292

low, in the case of D. dadantii during plant infection, a rapid adaptation to changing293

environment.294
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FIG 3 (A) Characteristics of TUs. (B) The sapABCDF and fabI genes, predicted by Rockhopper (40) as two separate (red and blue)
operons, were identified as a single TU, with a strong internal TSS expressing fabI alone. The bottom panel indicates the different
isoforms (red) and the long reads sequenced by Nanopore native RNA-seq (black). The latter overlap all adjacent gene pairs, pro-
viding a direct evidence for co-transcription. (C) The glg geneswere identified as a single TU (involving several isoforms) containing
two separate predictedoperons (blue and red genes), as suggestedby theuniformread coverage, long reads fromNanoporenative
RNA-seq (bottom), and in line with results in E. coli (3, 54, 46). (D) Identification of the pelCZ TU with different isoforms depending
on the condition, as previously determined (55). The two genes are split into different operons by Rockhopper. A strong internal
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Mapping of Dickeya dadantii transcriptional landscape

Transcriptional read-through, the root of transcriptionextension ? Weshowed295

that transcription units comprise predicted operons, yet are generally longer. This ex-296

tension of transcription might, in part, result from the ability of RNA Polymerase to297

stochastically override an imperfect terminator by a mechanism referred to as tran-298

scriptional read-through (3, 8). The latter has long been identified in specific oper-299

ons (57, 58, 59) andwas shownmore recently to bewidespread in bacterial genomes (2,300

3, 8), where it may in fact play a basal coordination and regulation role (5). A condition-301

independent rate of stochastic termination might result in the co-expression of the302

genes located before and after the TTS (as in a classical operon), but with a reduced303

transcriptional level of the latter, a mechanism possibly relevant to functionally re-304

lated genes that must be expressed at different strengths while keeping a constant305

ratio (59). The termination efficiency can also be subject to regulation, depending on306

environmental conditions and metabolic needs, resulting in a variable degree of read-307

through and thus of relative expression levels (57, 58). Such conditional read-through308

can involve Rho and other proteins assisting termination (60, 61, 62, 63) as well as309

other conditional premature termination mechanisms such as attenuation (64, 65), T-310

box conditional termination (66, 67) and riboswitches (68, 69).311

An example of condition-independent read-through occurs at the rhlB-gppA-pehV312

TU (Fig. 4A and Supplementary Fig. S1C). The rhlB gene encodes a component of the313

RNAdegradosome (70, 71)whereas gppA encodes guanosine 5’-triphosphate 3’-diphosphate314

(pppGpp) pyrophosphatase involved in bacterial stringent response (72) and the pehV315

gene encodes a polygalacturonase involved in pectin degradation (73). These genes316

are functionally unrelated (except for a distant link to nutritional stress) yet appear317

co-transcribed, which is in fact quite frequent among operons (41, 74). This TU ex-318

hibits a variable expression level (by up to 50%) across the sampled conditions, but319

the internal (relative) expression pattern is condition-independent: rhlB and gppA are320

expressed at a similar level, whereas pehV is systematically less transcribed (Fig. 4A321

and and Supplementary Fig. S1C). This observation is correlated with the presence of322

an intrinsic internal TTS downstream of gppA. By computing the expression ratio of323

pehV compared to rhlB/gppA, we inferred the associated termination probability (or324

terminator strength) and found a constant value P (TT SgppA) = 92 ± 1% (95% confi-325

dence interval) characteristic of a non-conditional transcriptional read-through. Thus,326

the three genes are co-transcribed from a single promoter of condition-dependent ac-327

tivity, with a reduced transcriptional level of pehV exhibiting a constant ratio (8%) com-328

pared to the other genes. The biological relevance of this mechanism remains to be329

clarified. In E. coli, rhlB and gppA were also recently shown to be co-transcribed (3, 54).330

Another example of condition-independent read-through occurs at the gcvTHP TU in-331

volved in glycine cleavage (75) (Fig. 6). We detected an internal TTS downstream of332

gcvH in accordance with studies in E. coli (3, 54) and inferred its termination probabil-333

ity P (TT SgcvH ) = 71 ± 22% (95% confidence interval), based on the expression ratio of334

gcvP compared to gcvT and gcvH across RNA-seq conditions. It is unclear whether this335

variability is due to RNA-seq signal variations or a weak regulation of the termination336

rate. The GcvT, H, and P proteins are part of the glycine cleavage systemwith GcvL (76),337

and GcvP activity might be required at lower concentration in the investigated condi-338

tions.339

Bydefinition, all identified internal TTSs (549) experience transcriptional read-through.340

As a rough estimate, condition-independent read-through was detected for 77 (14%)341

of internal TTSs, based on the constant expression ratio of the genes located down-342

stream vs upstream across RNA-seq conditions (Fig. 4, Materials and Methods). The343

remaining internal TTSs rather experience condition-dependent read-through; how-344
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A. Systematic transcriptional read-through: stochastic termination
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B. Condition-dependent transcriptional read-through: regulated termination
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FIG 4 Quantification of transcriptional read-through. (A) Non-conditional read-through: example of the rhlB-gppA-pehV TU (left
panel). The first two genes are homogeneously transcribed among conditions, resulting in an expression variation ∆(l og2 (RPKM ))close to 0 (right panel, 95% confidence intervals are shown), while the intrinsic TTS downstream of gppA is stochastically over-
stepped in 8 ± 1% of transcripts (P (T SSgppA) = 0.92 ± 0.01), resulting in two different isoforms (red). (B) Condition-dependent read-
through: example of the pelD-paeY-pemA TU. A TTS is identified downstream of pelD in agreement with previous studies (75). Its
termination probability is regulated and depends on growth phase and presence of PGA (0.86 ± 0.03 vs 0), besides a global up- or
down-regulation of the whole TU. All mRNA isoforms are observed in Nanopore native RNA-seq data (Supplementary Fig. S2A and
S2B).
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Mapping of Dickeya dadantii transcriptional landscape

ever, the systematic estimation of stochastic termination rates at internal TTSs is del-345

icate based on our data only, due to the limited number of RNA-seq conditions and346

the presence of nearby TSSs that contribute to the heterogeneous expression levels347

along the TU, as illustrated by pelCZ (Fig. 3D).348

An example of condition-dependent read-through occurs at the pelD-paeY-pemA349

TU (Fig. 4B and Supplementary Fig. S2B), which is identified by our approach but was350

also characterised by Northern blotting (77). It encodes three genes involved in pectin351

degradation. In the initial step of pectinolysis occurring in plants, paeY (acetylesterase)352

and pemA (methylesterase) remove acetyl and methyl groups from pectin, which can353

then be efficiently degraded by the pectate lyase pelD (17). The pelD gene is essen-354

tially transcribed as a monocistronic RNA, although its terminator (predicted as intrin-355

sic) can be overstepped to generate a polycistronic transcript comprising the three356

genes (77). In exponential phase, the three genes are homogeneously (but weakly)357

transcribed as a unique polycistronic RNA, suggesting that the internal TTS is not ef-358

ficient (P (TT Spel D ) = 0%). In stationary phase in presence of PGA, the whole TU is359

up-regulated, and the internal TTS becomesmore efficient (P (TT Spel D ) = 86±3%, 95%360

confidence interval), resulting in the extensive synthesis of the pelDmonocistronic RNA361

and a lower expression level of the two downstream genes. The regulation events oc-362

curring at this TTS remain to be characterised, but may adjust the relative expression363

levels of the genes following metabolic needs, since PelD has a predominant role in364

pectin degradation and virulence (78, 79) and must likely be required at much higher365

concentrations than the two other enzymes. In addition, the fact that pemA is differ-366

entially expressed depending on the degree of pectin methylation (80) highlights the367

relevance of adjusting the relative expression levels of the three genes depending on368

plant cell-wall composition.369

Another example occurs at the cytABCD TU (Supplementary Fig. S2C and S3A). In370

addition to plants, D. dadantii is able to infect insects (81), during which this TU ex-371

presses four insecticidal toxins and was previously shown to produce a polycistronic372

mRNA comprising the four genes, besides the possible existence of alternative iso-373

forms (82). The sequencing coverage together with the putative internal intrinsic TTS374

detected after cytA are clearly indicative of a condition-dependent read-through, with375

termination occurring less efficiently at cytA in stationary phase in presence of PGA376

compared to exponential phase. This variation in termination efficiency at cytA asso-377

ciated to an environmental change may again allow tuning the relative amounts of378

the corresponding toxins, especially if a precise and condition-dependent balance be-379

tween them is required for optimal activity during the insect infection process (82).380

Interestingly, this cluster of four genes was acquired by horizontal transfer. Since381

transcriptional read-through partly relies on basal RNA Polymerase / TTS interactions,382

it might be conserved during horizontal transfer among bacterial species without re-383

quiring an independent acquisition of regulatory signals and their integration in the384

transcriptional regulatory network of the recipient cell.385

Detection of putative excludons and noncontiguous transcriptions units. All386

previous examples involved genes located on the sameDNA strand; yet recent studies387

also describe interactions between overlapping antisense coding transcripts, involved388

in amutual regulation. In particular, noncontiguous operons refer to operons that con-389

tain a gene or group of genes that is transcribed in the opposite direction (83). 83 TUs390

with such features were found in the D. dadantii genome (provided in Supplementary391

Tab. S4A). Among them, an example is the indCvfmAZBCDFG TU encoding a compo-392

nent of the vfm quorum sensing system required for the production of plant cell wall-393

degrading enzymes (Fig. 5 and Supplementary Fig. S2D) (84). The vfmE gene, located394
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FIG 5 Existence of a potential noncontiguous transcription unit in the vfm locus. The vfmE gene is transcribed in the opposite
direction of the indCvfmAZBCDFG TU, generating two overlapping mRNAs (as shown in red/blue for the -/+ strand) that might be
involved in a mutual regulation (see text). All mRNA isoforms are observed in Nanopore native RNA-seq data (Supplementary
Fig. S2D), including a long native RNA read on the negative strand between vfmD and vfmF.

on the opposite strand and within this TU, is also part of this system and known to395

encode a transcriptional activator of the vfm locus (of the AraC family). Since all genes396

of the TU are co-transcribed within a single mRNA, it is likely that these two overlap-397

ping antisense transcripts could negatively regulate each other, e.g. by transcriptional398

interference (RNA Polymerases collision) or RnaseIII-mediated double-stranded RNA399

processing (85). An expression increase of the vfm locuswould then reduce the expres-400

sion of vfmE, and in turn its own expression, forming a genome-embedded negative401

feedback loop controlling the production of quorum sensing signal and plant cell-wall402

degrading enzymes (86).403

Finally, “excludons” refer to genomic regions in which convergent or divergent404

genes display overlapping transcription (87). From the map of transcription start and405

termination sites, we found 160 putative convergent excludons (overlapping 3’ UTRs)406

and 63 putative divergent excludons (overlapping 5’ UTRs) (provided in Supplemen-407

tary Tab. S4B). An example is the divergent excludon between greB and ompRenvZ408

transcription units, encoding a transcript cleavage factor required for effective tran-409

scription elongation (88) and a two-component signal transduction system involved410

in osmotic stress response (89), respectively (Supplementary Fig. S3B). Both TUs com-411

prise long 5’UTRs, forming a region of overlapping transcription that was previously412

identified in E. coli (90) and might underpin a mutual post-transcriptional regulation.413

In planta co-expression validation of the transcription units. While our tran-414

scriptional map was inferred from in vitro cultures, where RNAs could be extracted415

with optimal quality and reproducibility, we wished to test if the identified TUs could416

play a role in conditions of plant infection. We analysed a set of expression data ob-417

tained in planta by DNA microarrays, during the early stages of Arabidopsis thaliana418

infection (dataset 5) (29), 6 hours post-inoculation, during the epiphytic colonisation419

of leaf surface, and 24 hours post-inoculation during leaf invasion, just before the420

onset of visible symptoms. Overall, among the 50% gene pairs most correlated in421

planta, 80% belong to the same TUs, suggesting that co-transcription of these genes422
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Mapping of Dickeya dadantii transcriptional landscape

may indeed likely occur in these conditions (Supplementary Fig S4A). As an example,423

in cytABCD, the four genes are also highly correlated in planta, while this correlation424

immediately drops in surrounding isodirectional TUs (Supplementary Fig. S4B), as we425

expected. However, comparable correlations might also arise between other genes426

that are not transcribed together, but share the same transcriptional regulators, in427

particular those involved in virulence such as KdgR, PecT, PecS (91), thus accounting428

for the 20% strongly correlated gene pairs not located in the same TU. For example,429

in the pelCZ complex TU involved in pectinolysis, both genes are strongly correlated in430

planta (Supplementary Fig. S4C), as expected from the previous in vitro observations431

(especially with PGA, Supplementary Fig. S4C), but the adjacent pelB gene is also cor-432

related, whereas crp and mrcA are not. This is not surprising, since most pel are par-433

alogous genes with similar regulators and are strongly induced by pectin. The same434

pattern is observed for the pelD-paeY-pemA TU (Supplementary Fig. S4D), with respect435

to the pelE and pelA genes located upstream on the same strand. Because of the lim-436

ited spatial resolution of microarrays and the weak number of investigated conditions,437

it is not possible to systematically distinguish the effects of these two mechanisms at438

the genomic scale from these data, but a survey of representative TUs confirmed that439

they usually coincide with correlated blocks of genes (as observed with cytABCD), even440

when the latter do not belong to the same functional pathways.441

As an example, the complex TU sufABCDSE-ldtC is composed of two functionally442

unrelated operons (Supplementary Fig. S4E). sufABCDSE encodes components of the443

iron-sulfur cluster assemblymachinery (92), which is required to synthesise and repair444

damaged iron-sulfur clusters under conditions of oxidative stress or iron limitation,445

and is therefore critical for D. dadantii virulence (91). In contrast, ldtC (previously ycfS),446

encodes a L,D-transpeptidase crucial for bacterial envelope assembly, by catalysing447

the attachment of the major outer-membrane protein Lpp to peptidoglycan (93). Ac-448

cording to our findings above, sufABCDSE and ldtC can be transcribed together, with449

an internal TTS and TSS located between them. In planta, the seven genes are indeed450

strongly co-expressed, with a slight decrease for ldtC, in full agreement with the iden-451

tified transcriptional map (Supplementary Fig S4E). It is conceivable that these genes452

are required under a common set of conditions encountered during plant infection,453

which was favoured by their inclusion in the same transcript, while the presence of al-454

ternative TSS and TTSmight still allow separate expressionwhen required. Indeed, the455

sufABCDSE operon is controlled by three transcriptional regulators, Fur, OxyR and IscR,456

which respectively sense iron limitation, oxidative stress and intracellular iron-sulfur457

cluster status (94). Each of them contributes to the activation of the suf promoter by458

oxidative stress occurring during plant penetration and colonisation (25): the repres-459

sor Fur is inactivated by reactive oxygen species (ROS); the activator OxyR becomes460

active through the oxidation of two cysteine residues and the formation of a disulfide461

bond; IscR becomes an activator of suf promoter after destruction of its iron-sulfur462

cluster by ROS (94). On the other hand, the activity of L,D-transpeptidases involves a463

catalytic cysteine residue that must be reduced (95), which is challenging under oxida-464

tive stress. The expression of ldtC from the suf promoter, which is strongly activated465

in the latter condition, is therefore biologically meaningful. Interestingly, in E. coli, the466

suf operon is also located upstream of a gene encoding a L,D-transpeptidase (ldtA),467

the two operons being also transcribed both together and separately (54).468

Concluding statement In this study, we combined five transcriptomic datasets469

yielding complementary information and designed to provide a catalogue of genes’ re-470

sponses and RNA landscapes to various growth and stress conditions, including one471

of the first applications of Nanopore native RNA-seq to prokaryotic transcriptomes.472
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Their integration through a computational method developed for this study allowed473

us to precisely determine and annotate the transcriptomic map of D. dadantii, the first474

of its kind in the Dickeya genus. The analysis of in plantaDNAmicroarray data suggests475

that the identified TUs are also co-expressed during the early stages of plant infection,476

although a more refined in planta analysis would require higher-resolution transcrip-477

tomic data. Beyond its practical aspect as a community resource to help the scientific478

community to unravel gene regulation, including the virulence programme of this and479

related species, the obtained transcriptional map clearly indicates, after others, that480

the canonical operon model is insufficient to account for the complexity of bacterial481

transcription. The ability of the cell to differentially express genes of the same operon482

depending onmetabolic needs and environmental conditions was first described with483

suboperonic regulation years ago. Later, with the emergence of next-generation se-484

quencing, transcriptomic analyses confirmed at the genomic scale that most operons485

were able to generate alternative transcripts of variable gene composition. Transcrip-486

tional read-through at terminators is another mechanism that might play a basal coor-487

dination and regulation role, and explain the extent of transcription beyond the scale488

of operons. Recent findings include noncontiguous operons and excludons, where489

the expression of an operon transcript can be mutually regulated with that of a gene490

located on the opposite strand at the same locus. For such features, the putative cat-491

alogue provided here may be used as a starting point for further investigation, and in492

particular, might be combined with the D. dadantii non-coding RNA landscape (96) for493

a comprehensive analysis of transcriptional regulation in this bacterium. Altogether,494

our findings provide insights into the mechanisms of basal coordination of transcrip-495

tion and might contribute to the revision of the canonical view of operon structure496

and transcription organisation.497

MATERIALS AND METHODS498

Bacterial strain, genome annotation and genome-wide predictions of oper-499

ons. The genome sequence and annotation files from Dickeya dadantii strain 3937500

were obtained from NCBI under accession NC_014500.1 (97). This work focused on501

coding genes only (CDS, representing 4211 genes over 4411 in total). D. dadantii oper-502

ons were predicted using Rockhopper, a recent computational tool for operon predic-503

tion based on RNA-seq expression data as well as genomic and functional informa-504

tion (40), by providing dataset 1 as input.505

RNA-sequencing data (dataset 1), definition of putative transcription units506

basedon intergenic signals, and identificationof unannotatedgenes. Strand-specific,507

paired-end RNA-seq processed data used in this study are described in (98). Transcrip-508

tomes were obtained in 6 conditions (with two biological replicates each) including var-509

ious growth (M63 medium supplemented with sucrose, in exponential or stationary510

phase, in presence or absence of PGA) and DNA supercoiling conditions (novobiocin511

shock). For each sample, RNA fragments were inferred from paired-end reads infor-512

mation, and genome-wide coverage was computed from resulting RNA fragments co-513

ordinates using a Python home-made script.514

To define putative transcription units, separately for each strand, adjacent genes515

were fused in the same putative TU as long as the coverage was greater than 0 at each516

position of their intergenic region (independently of its size) for at least half of the517

samples (Fig. 6A).518

Unannotated genes were defined as DNA regions outside of known coding se-519

quences, longer than the first centile (1%) of D. dadantii gene lengths (192 bp), with an520

average coverage significantly different from 0 (with 99% confidence, i.e., > 9 at each521
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position) in all samples, and with a coding sequence predicted by Prodigal (99), result-522

ing in 50 unannotated genes. A search for homolog proteins was performed using523

PSI-BLAST based on the non-redundant protein database (Supplementary Tab. S1D).524
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FIG 6 Algorithm for the characterisation of D. dadantii transcription units. (A) Definition of putative TUs based on RNA-seq cov-
erage (dataset 1) in intergenic regions, with isodirectional genes being split when the coverage drops to zero (here before gcvT
and after gcvP). (B) Validation based on correlation of expression across 32 conditions (dataset 2). The genes of identified putative
TUs are correlated, in contrast to surrounding isodirectional genes (budB and Dda3937_02305). (C) Validation based on Nanopore
native RNA-seq, based on the presence of overlapping RNA reads between adjacent gene pairs, yielding a direct evidence for
co-transcription. (D) TSS and TTS mapping based on dRNA-seq (TEX libraries, dataset 4), Nanopore native RNA-seq (dataset 3),
TTS predictions, promoter predictions, and paired-end RNA-seq data (dataset 1). First, putative TSSs and TTSs of high resolu-
tion but qualitative strength were defined from an analysis of TEX libraries and Nanopore native RNA-seq, respectively, and
rho-dependent/intrinsic terminations were predicted. Second, a list of TSSs and TTSs of quantitative strength but poorer resolu-
tion was defined from the enrichment of RNA-seq paired-end fragment starts (start density) and stops (stop density) upstream
of gene starts and downstream of gene stops, respectively. Third, only TSSs and TTSs with sufficient strength were retained, and
compared to the closest TEX TSS / Nanopore TTS / predicted hairpin loop, in order to define their exact position and level of confi-
dence. Finally, promoters were predicted for the retained TSSs. As a result of the analysis, this TU included the gcvTHP genes, the
first two genes being expressed both as part of the entire transcript and as an independent transcript generated from a strong
internal TTS (76% of total magnitude), explaining the lower correlation between gcvP and the remaining genes.
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In vitro DNAmicroarray data (dataset 2) and co-expression validation of the525

putative transcription units using hierarchical clustering. Microarray processed526

data used in this study are described elsewhere (27). They comprise 32 in vitro condi-527

tions (with two biological replicates each) including various growth and stress condi-528

tions encountered by D. dadantii during plant infection: cells were harvested in M63529

(minimal) medium supplemented with sucrose, in exponential or stationary phase, in530

presence or in absence of PGA or leaf extract, and exposed or not to environmental531

perturbations (acidic, osmotic and oxidative stress). Pearson’s correlation coefficients532

were computed among all gene pairs over all conditions on the logarithm of the nor-533

malised expression level (derived from probes intensity). For each putative TU, adja-534

cent genes were grouped into clusters based on this correlation, using a hierarchical535

clustering framework constrained to group adjacent genes only, with a custom Python536

script. At each iteration of the algorithm, the median of cross-correlations among all537

clusters (or genes) was computed, and the adjacent clusters with maximal median538

were fused. The hierarchical clustering ends when a cutoff value C for the correlation539

is reached (Fig. 6B). If the agglomeration of all genes of the TU is achieved without540

reaching C , the TU is validated. Otherwise, the final clusters are considered as sep-541

arate TUs. A high C value results in short highly correlated TUs, whereas a low C542

value yields longer moderately correlated TUs (Supplementary Tab. S5). We defined543

the value C = 0.25 such that 20% of operon predictions were discarded (Supplemen-544

tary Fig. S5), since it is the number of false predictions (i.e. specificity) evaluated for545

Rockhopper in E. coli, a D. dadantii enterobacterium relative. Varying the precise value546

of C did not qualitatively change the main results (Supplementary Tab. S5). The iden-547

tified TUs exhibit a similar length distribution as those reported in E. coli (9, 3).548

Nanopore native RNA sequencing (dataset 3), validation of the mRNA land-549

scape, andgenome-wide identificationof putative transcription termination sites.550

D. dadantii cultures were grown in M63medium supplemented with 0.2% glucose and551

0.2% PGA, until the early exponential phase (A600nm = 0.2, condition 1), or the early552

stationary phase (A600nm = 1.8, condition 2). RNAs were extracted using a frozen acid-553

phenol method, as previously described (100), and treated successively with Roche554

and Biolabs DNases. Two samples were prepared: 50 µg of RNAs from each condi-555

tion were pulled into one sample (sample 1), whereas the other one contained 100556

µg of RNAs from condition 2 (sample 2). Both samples were then supplied to Vertis557

Biotechnologie AG for Nanopore native RNA-seq: total RNA preparations were first558

examined by capillary electrophoresis, and ribosomal RNA molecules were depleted559

for sample 1 only using an in-house developed protocol (recovery rate = 84%). RNA560

3’ends were then poly(A)-tailed using poly(A) polymerase, and the Direct RNA sequenc-561

ing kit (SQK-RNA002) was used to prepare the library for 1D sequencing on the Ox-562

ford Nanopore sequencing device. The direct RNA libraries were sequenced on a Min-563

ION device (MIN-101B) using standard settings. Basecalling of the fast5 files was per-564

formed using Guppy (version 3.6.1) with the following settings: –flowcell FLO-MIN106 –565

kit SQK-RNA002 –cpu_threads_per_caller 12–compress_fastq –reverse_sequence true566

–trim_strategy rna. Reads smaller than 50 nt were removed. 466 393 and 556 850567

reads were generated from sample 1 and 2, respectively. Raw read sequencing data568

are available in the EBI Gene Expression (ArrayExpress) database under accession E-569

MTAB-10482. Quality control was performed on both datasets using Nanopack (101).570

Long-reads from the fastq files were mapped to Dickeya dadantii strain 3937 genome571

(NCBI accession number: NC_014500.1) (97) using minimap2 (release minimap2-2.17572

(r941)) (102). Output alignments in PAF and SAM format were generated with the rec-573

ommended options for noisy Nanopore native RNA-seq, adapted to bacteria (no splic-574
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ing) (-ax map-ont -k14). Secondary alignments were not reported for sample 2 due to575

multiple secondary alignments in ribosomal RNAs regions (–secondary=no). In total,576

382 290 and 392 743 alignments were generated (77 and 67%mappability) from sam-577

ple 1 and 2, respectively. Alignment files were further sorted, indexed and analysed578

with SAMtools. Alignments from both samples were merged into one PAF file, and the579

latter was used for further analyses.580

For each TU previously definedwith datasets 1 and 2 (Fig. 6A and 6B), the presence581

of long overlapping native RNA reads was investigated using a Python home-made582

script for adjacent gene pairs belonging to the same TU (Fig. 6C). If at least one RNA583

read overlapped the two adjacent genes, their co-transcription was validated (quoted584

"validated" in Supplementary Tab. S1A). If the signal was too weak for the investigated585

genes (read counts <9, not significantly different from 0 with 99% confidence), no con-586

clusion could be drawn (quoted "weak signal" in Supplementary Tab. S1A). Otherwise,587

if no overlapping RNA was found, it was not validated (quoted "invalidated" in Supple-588

mentary Tab. S1A), which might also be due to the low number of conditions tested.589

For the determination of TTSs, for each position of the genome, we computed590

the total number of RNA fragments ending at this particular position, using a Python591

home-made script. From this stopdensity, wedefinedputative TTSs as positions down-592

stream of gene stop codons (up to 100 bp, based on 3’UTR lengths in E. coli) enriched593

for RNA fragments stops, respectively. In each of these regions, we started from site i594

with highest stop signal k i on 5-bp centredwindows (due to the low sequencing depth).595

For the position i to be considered as a putative TTS, we imposed k i to be significantly596

different from 0 (with 95% confidence, > 6). TTSs obtained with this approach are pro-597

vided in Supplementary Tab. S2D.598

Differential RNA-sequencing experiments and genome-wide identification599

of putative transcription start sites (dataset 4). RNAs from dataset 2 (27) (in vitro600

DNA microarray data) were pooled into four samples S1 to S4, resulting in a combi-601

nation of stress (pH , N aC l , H2O2) and growth conditions: exponential phase with (S1)602

or without (S2) stress, transition to stationary phase with (S3) or without (S4) stress.603

Those samples were then supplied to Vertis Biotechnologie AG for TEX treatment and604

Illumina sequencing. Briefly, ribosomal RNA molecules were depleted from the to-605

tal RNA samples using the Ribo-Zero rRNA Removal Kit for bacteria (Epicentre), and606

small RNAs (< 200 nt) were discarded using the RNeasy MinElute Cleanup Kit (Qiagen).607

For the generation of TSS cDNA libraries, the samples were first fragmented using608

RNase III, poly(A)-tailed using poly(A) polymerase, split into two halves, with one half609

being treated with Terminator exonuclease (+TEX, Epicentre), while the other one was610

left untreated (-TEX). 5’PPP structures were then converted into 5’P ends using RNA 5’611

Polyphosphatase (5’PP, Epicentre), to which RNA adapters were ligated. First-strand612

cDNAs were synthetised using an oligo(dT)-adapter primer and the M-MLV reverse613

transcriptase, PCR-amplified using a high fidelity DNA polymerase, purified using the614

Agencourt AMPure XP kit (Beckman Coulter Genomics), and sequenced on an Illumina615

NextSeq 500 system (60 bp read length, single-end, strand-specific protocol). Sequenc-616

ing reads were trimmed to remove poly(A) tails and adapters. The fastq sequencing617

files are available in the EBI Gene Expression (ArrayExpress) database under acces-618

sion E-MTAB-9075. Putative TSS positions were then determined based on the enrich-619

ment of sequencing reads in TEX-treated samples (+TEX) compared to non-treated620

ones (-TEX) using TSSer, an automated annotation programme from dRNA-seq data621

with default parameters: TSS positions within 5 bases on the same strand were clus-622

tered together and the position with the highest amount of read increase in the +TEX623

library was retained. TSSs obtained with such approach are provided in Supplemen-624
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tary Tab. S2A.625

In plantaDNAmicroarraydata (dataset 5) and co-expressionvalidationof the626

transcription units inferred from in vitro conditions. Microarray processed data627

used in this study are described in (29). They comprise two conditions: bacteria were628

collected 6 hours post-inoculation of themodel plant Arabidopsis thaliana by wild-type629

D. dadantii during the epiphytic colonisation of the leaf surfaces (5 replicates), and 24630

hours post-inoculation during the leaf invasion (4 replicates). Pearson’s correlation co-631

efficient was computed among all gene pairs over the two conditions on the logarithm632

of the normalised expression level (derived from probes intensity) (Supplementary633

Fig. S4).634

Genome-wide detection of transcription start and termination sites from635

RNA-seq data, mapping to the transcription units. We computed the densities of636

RNA fragments starting and ending at each position of the genome, across all RNA-seq637

samples (dataset 1) (Fig. 6D). In order to retain only TSSs and TTSs relevant to protein-638

coding genes, we focused on regions located upstreamof gene start codons (up to 250639

bp, based on 5’UTR lengths in E. coli), and downstream of gene stop codons (up to 100640

bp, based on 3’UTR lengths in E. coli), respectively. In each of these regions, putative641

TSSs/TTSs were defined as sites i with highest start/stop signal k i . To differentiate a642

TSS/TTS at position i from the noise, we imposed two successive conditions: (i) k i is643

significantly different from 0 (with 99% confidence, k i > 9); (ii) k i is greater or equal644

than a density cutoff value D . The latter was set as ten times the median of the den-645

sity values of the region investigated for TSSs, and five times for TTSs, showing that646

the recorded transcripts indeed start/stop at that precise position, rather than along a647

poorly defined starting/stopping region. In that case, the position i was considered as648

a putative TSS/TTS, of strength k i . Setting a low density cutoff D would tend to include649

false positives resulting from RNA-seq signal variations (noise), whereas a high cutoff650

would exclude weakly expressed TSSs/TTSs. We selected the value of D (i) such that651

TSSs and TTSs were detected for known operons and experimentally characterised652

TUs (described in the manuscript) and (ii) by visually curating the density graphs and653

excluding many positions obviously associated to RNA-Seq signal variations.654

TSSs/TTSs positions were then compared among datasets to evaluate their con-655

fidence level. For each TSS identified with this approach, if a putative TSS obtained656

from dataset 4 (TEX libraries) was close enough (±20bp), its position was retained (as-657

suming a higher precision and resolution). In addition, a scan for promoter motifs658

was conducted with bTSSfinder (52). For TTSs, the same method was applied using659

the position of the closest predicted hairpin loop (±50 bp), or TTS positions obtained660

from Nanopore native RNA-seq data (dataset 3). TSSs and TSSs were then assigned to661

the TUs, and only internal TSSs and TTSs with 15% relative amplitude (i.e. k i
Σ (k i ) ) were662

retained, resulting in a total of 2595 TSSs and 1699 TTSs over all TUs. Setting a low rel-663

ative amplitude cutoff would tend to retain all TSSs / TTSs, including many very weak664

ones mostly due to noise. We selected the relative amplitude cutoff value (i) based on665

a collection of known operons and TUs (shown in the manuscript), and (ii) such that666

the total number of TSSs and TTSs identified was consistent with those reported re-667

cently in E. coli (3, 54). If no TSS/TTS was found from dataset 1, we indicated the closest668

putative one from dataset 3/4 with a lower confidence level. The lists are provided in669

Supplementary Tab. S1A to S1C.670

Detection of transcriptional readthrough at internal TTSs For each internal671

TTS, the expression ratio ∆(l og2 (RPKM )) of the gene located downstream compared672

to the gene located upstreamwas computed across RNA-seq conditions. We imposed673

two successive conditions to consider the transcriptional read-through at this TTS as674
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condition-independent: (1) ∆(l og2 (RPKM )) ≤ −0.5 for at least 8 samples over 12 cor-675

responding at least to a termination probability P (TT S ) = 71%, (2) standard error of676

the mean σ P (TT S ) ≤ 12.5% corresponding to a relatively constant mean expression677

ratio and subsequent termination probability.678

Availability of data and materials.679

• Dickeya dadantii strain 3937 genome sequence and annotation files: NCBI ac-680

cession number NC_014500.1 (97).681

• RNA-seq data (dataset 1): EBI Gene Expression (ArrayExpress) accession num-682

ber E-MTAB-7650 (98).683

• In vitro microarray data (dataset 2): EBI Gene Expression (ArrayExpress) acces-684

sion number E-MTAB-541 (27).685

• Nanopore native RNA sequencing (dataset 3): EBI Gene Expression (ArrayEx-686

press) accession number E-MTAB-10482. Note: not publicly available until the687

manuscript is accepted. Please use login details Username =688

Reviewer_E-MTAB-10482, Password = gdrof3hg.689

• Differential RNA-seq data (dataset 4): EBI Gene Expression (ArrayExpress) acces-690

sion number E-MTAB-9075. Note: not publicly available until the manuscript is691

accepted. Please use login details Username = Reviewer_E-MTAB-9075, Pass-692

word = jenuxmon.693

• In planta microarray data (dataset 5): NCBI Gene Expression Omnibus (GEO)694

accession number GSE94713 (29).695

SUPPLEMENTAL MATERIAL696

SUPPLEMENTARY FIGURE S1. (A) Co-expression validation of znuCBA TU with in vitro697

DNAmicroarray data (dataset 2): the three genes exhibit strong internal cross-correlations698

clearly indicative of an operon. (B) Same for sapABCDFfabI TU: the six genes are co-699

expressed, with a reduced correlation of fabI due to the presence of a strong inter-700

nal TSS (Fig. 3B). (C) Same for rhlb-gppA-pehV TU: the three genes are co-expressed,701

with a reduced transcriptional level of pehV (Fig. 4A) and a reduced correlation due to702

condition-independent read-through at the gppA intrinsic terminator. (D) Effect of PGA703

on pelCZ TU: pelC and pelZ expression profiles are similar in absence (left) or presence704

(right) of PGA in stationary phase, in spite of a drastically different global expression705

level.706

SUPPLEMENTARY FIGURE S2. Co-transcription and mRNA landscape validation707

with Nanopore native RNA-seq for (A) rhlB-gppA-pehV TU with condition-independent708

read-through at the intrinsic TTS downstream of gppA; (B) pelD-paeY-pemA TU with709

condition-dependent read-through downstream of pelD internal TTS; (C) cytABCD TU710

with condition-dependent read-through downstream of cytA internal TTS. Those in-711

ternal TTSs are occasionally overstepped, resulting in different transcripts isoforms712

(as shown in red) which are all detected as long native RNA reads (black). (D) indCvf-713

mAZBCDFG noncontiguous TU (black Nanopore reads on the negative strand), with714

vfmE being transcribed on the opposite strand (blue Nanopore reads on the positive715

strand), resulting in overlapping antisense transcripts.716

SUPPLEMENTARY FIGURE S3. (A) Quantification of condition-dependent tran-717

scriptional read-through: example of the cytABCD TU. A putative Rho-independent TTS718

is identified downstream of cytA although not validated. Its probability of termination719

(inferred from the expression variation ∆(l og2 (RPKM )) of cytA compared to the other720

genes) is regulated and depends both on the growth phase and the presence of PGA721

(P (TT Scy tA) = 0.78± 0.03 vs 0.51± 0.03) besides a global up-regulation of the whole TU.722

(B) The greB and ompRenvZ transcription units form a potential divergent excludon:723
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long 5’UTRs overlapping transcripts are generated by ompR and greB divergent genes724

and might form a dsRNA that could prevent each other transcription. In E. coli, ompR725

and envZ are part of the same operon (red), and greB is transcribed alone (blue). Such726

genomic region forming a dsRNA was also identified in E. coli (90).727

SUPPLEMENTARYFIGURES4. In plantaDNAmicroarray data, 6 hours post-inoculation728

(hpi) of the plant Arabidopsis thaliana (epiphytic colonisation of the leaf surfaces, 5729

replicates), and 24 hpi (leaf invasion, 4 replicates). (A) Distribution of co-expression730

correlation coefficients among (blue) all genes and (red) genes belonging to the same731

TU. Among the 50%most correlated genes in planta, 80% belong to the same TUs, with732

the example TUs from themanuscript (smtA-mukFEB, znuCBA, sapABCDF-fabI, glgBXCAP,733

pelCZ, rhlB-gppA-pehV, pelD-paeY-pemA, cytABCD) displaying a median correlation of 0.9734

in planta. (B) Pearson’s co-expression correlation coefficients of cytABCD TU with sur-735

rounding isodirectional (on the same strand) TUs. (C) Same for pelCZ TU. (D) Same736

for pelD-paeY-pemA TU. (E) Identification of sufABCDSE-ldtC complex TU, composed of737

operons of apparently unrelated functions, exhibiting a strong internal TSS (51% to-738

tal magnitude) upstream of ldtC (previously ycfS) and a strong internal TTS (52% total739

magnitude) downstream sufE, allowing separate transcriptions. The seven genes are740

highly correlated in planta.741

SUPPLEMENTARY FIGURE S5. Co-expression validation of transcription units for742

different correlation thresholds C . TUs obtained with high C values are more highly743

correlated but shorter. Putative TUs are obtained from step 1 of the analysis (inter-744

genic signal), without any requirement on the correlation of expression. With the cho-745

sen value (C = 0.25), TUs group around three times more gene pairs than predicted746

operons by Rockhopper. The value of C was chosen such that 20% of operon predic-747

tions were discarded, since it is the number of false predictions of Rockhopper in E.748

coli, a D. dadantii enterobacterium relative.749

SUPPLEMENTARY TABLE S1. (A) Dickeya dadantii transcription units defined by750

our approach. (B) TSSs across TUs. (C) TTSs across TUs. (D) Unannotated protein-751

coding genes.752

SUPPLEMENTARY TABLE S2. (A) Putative TSSs identified by differential RNA-seq753

(TEX treatment) under a wide range of environmental conditions. (B) Genomic po-754

sition and secondary structure of putative TTSs: intrinsic terminators predicted by755

ARNold (Erpin and RNAmotif algorithms). (C) Genomic position of putative TTSs: Rho-756

dependent terminators predicted by RhoTermPredict. (D) Putative TTSs identified by757

Nanopore native RNA-seq.758

SUPPLEMENTARY TABLE S3. TSS validation, based on all published TSSs to date759

and to our knowledge in D.dadantii.760

SUPPLEMENTARY TABLE S4. (A) Catalogue of putative noncontiguous transcrip-761

tion units. (B) Catalogue of putative excludons.762

SUPPLEMENTARY TABLE S5. Catalogue of transcription unit architecture. Puta-763

tive TUs are obtained from the first step of the approach (analysis of intergenic signal).764

Varying the precise value of the correlation threshold C for co-expression validation765

(step 2) does not change the results qualitatively. A largerC value results in shorter but766

more highly correlated TUs. Final TUs obtainedwithC = 0.25 are longer than predicted767

operons and exhibit a similar length distribution as those reported in E. coli (9, 3).768
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Chapter 4

Role of the discriminator sequence
in the supercoiling-sensitivity of
bacterial promoters

Once D. dadantii transcription units were defined (Chapter 3), and the tran-
scriptomic response of genes to SC variations together with TSS maps and
promoters elements collected for several bacteria (Chapter 2), this allowed
us to develop and validate global-scale, thermodynamic models of transcrip-
tional regulation by SC. Since the latter affects transcription at many steps of
the process, the upcoming chapters present two independent models based
on distinct mechanisms which explain how SC modulates RNAP-promoter
interactions, based on DNA physicochemical properties.

4.1 Inheritable increases of supercoiling during the

long-term evolution experiment

The first model relies on the step of promoter opening during open-complex
formation, and is described extensively in the following article. Here, we
focus rather on the experimental data used in common for the validation of
both models presented in the present Chapter and Chapter 5.

While most available transcriptomic data were obtained by sublethal antibi-
otic shocks with gyrase inhibitors inducing rapid and transient DNA relax-
ation [105, 108] (Tab. 2.1), the response of genes to the opposite SC variation,
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i.e. DNA overtwisting, was derived from the long-term evolution experi-
ment (LTEE) in E. coli. In the latter, inheritable increases of negative SC in-
duce global modifications of the expression programme, and substantial fit-
ness gains [139]. Indeed, at the scale of populations, environmental changes
may result in the rapid emergence and spread of new traits [4]. In the LTEE
which started in 1988 under the direction of Richard Lenski, an ancestral
strain is evolved in a nutrient-poor medium where it alternates between a
lag phase, exponential growth, and stationary phase due to depletion of the
limiting glucose, until it is transferred into a fresh medium the next day [140]
(Fig. 4.1A). Due to an average generation time of 20 minutes for E. coli, and
the 100-fold dilution applied for each daily transfer, 6.7 generations are en-
gendered each day, and thus, the populations studied reached 50K genera-
tions in 2010 [141]. Mutations are accumulated over generations, some of
which are advantageous and increase fitness, i.e. the ability of bacteria to
adjust their metabolism to suit new environmental conditions. In the LTEE,
the gain in population fitness in the new environment is assessed by mixing
the evolved strain with the ancestral strain, and by measuring the relative
abundance of evolved cells compared to ancestral cells after one day of com-
petition [142] (Fig. 4.1B). Gains in population fitness were quickly observed
in the evolved strains, before 2K and 20K generations, due to the acquisi-
tion of 6 and 45 mutations, respectively [140]. Among them, a mutation in
topA before 2K generations, and a second mutation in fis before 20K gener-
ations both led to an increased SC level (DNA overtwisting) in the evolved
cells [140], demonstrating that SC is a key target of selection for adapting
the global expression programme to new conditions, since it affects the ex-
pression of many genes [108]. The LTEE thus provides the transcriptomic re-
sponse of genes to DNA overtwisting by comparing gene expression levels in
the evolved strains compared to the ancestor [115]. Although it is important
to note that in contrast to the rapid and transient DNA relaxation induced by
a shock with gyrase inhibitors, here, the response of genes is rather adaptive,
and the other accumulated mutations may also contribute to the observed
response (see upcoming article).
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FIGURE 4.1: Principle of the long-term evolution experiment (LTEE).
(A) The latter has been running since 1988 under the direction of Richard
Lenski, where serial transfers of E. coli cultures grown in nutrient-poor
medium supplemented with glucose are performed each day. An average of
6.7 generations are engendered each day due to the 100-fold dilution (see
text). Mutations are accumulated over generations, some of which are
beneficial and increase fitness. (B) Adapted from [142]: measurement of
relative fitness of evolved strains compared to ancestors, by competition, in
the same environment used for the LTEE. The competitors are first grown
separately to ensure their acclimation to the conditions, then diluted
100-fold and mixed with a 1:1 ratio, and grown together for 24 hours. Initial
and final densities are estimated by diluting and spreading the cells on agar
plates that distinguish the evolved and ancestral cells by colony colour,
which differs owing to an engineered marker. In the present case, white and
red colonies correspond to Ara + (ancestor) and Ara - (evolved strain)
phenotypes, respectively. This allows to measure growth rates, and relative
fitness, as indicated.
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4.2 Transcription assays on mutant promoters

While only statistical features emerge from the investigation of transcrip-
tomic data, rather than a predictive signal dictating the response of each
promoter, a complementary approach required transcription assays on in-
dividual promoters. To that end, I tested the validity of our models by mea-
suring the regulatory effect of SC variations on mutant promoters of protein-
encoding genes previously shown to be SC-sensitive. A first family was con-
structed based on the pheP promoter of E. coli, which is indeed SC-sensitive [109],
and not regulated by any TF [46]. It was consequently an interesting target
for the investigated regulatory mechanisms based on RNAP-DNA interac-
tion. A second family was constructed based on the pelE and pelD promoters
of D. dadantii, which control the expression of paralogous virulence genes
encoding similar pectinolytic enzymes. Both are also SC-sensitive [119], but
in contrast to pheP promoter, they exhibit a high regulation complexity with
more than 10 identified TFs [7]. The SC response of such promoters may then
include the contribution of regulatory proteins whose binding is sensitive to
DNA topology [108]. They were consequently good candidates to test the
independence between the investigated mechanisms based on RNAP-DNA
interaction, and those relying on regulatory proteins. Further details on pro-
moter sequences are provided in the upcoming section and chapter.

For the quantitative measurement of promoter expression levels, they were
fused on pUcTerLuc plasmids (a pUC18 derivative) in front of a luciferase
reporter gene, encoding firefly luciferase generating luminescence from lu-
ciferin substrate, and whose signal is proportional to promoter transcrip-
tional rate. This luminescent reporter was retained to monitor the dynam-
ics of transcription, in particular in response to rapid and transient SC varia-
tions. Indeed, it has a short lifetime, in contrast to fluorescent reporters which
are generally more stable and less suited to report quick changes in transcrip-
tional rates. I also checked that the expression patterns and SC responses of
two promoters were consistent when inserted either in plasmid-borne or in
chromosomal luciferase fusions (more details provided in the upcoming ar-
ticle).

The plasmids were then transformed into E. coli or D. dadantii cells, and
grown in a Tecan Spark microplate reader (Fig. 4.2). This system was retained
since it allows to test a wide range of growth conditions and promoters si-
multaneously (96 wells), while increasing the number of biological replicates.
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Moreover, the conditions are generally uniform and stable across the sam-
ples, and temperature, shaking speed and amplitude are finely controlled
throughout the experiment. The use of a humidity cassette also provides a
protection against evaporation. Above all, it enables a fully automated mon-
itoring of OD600nm and luminescence signal intensities, reflecting bacterial
growth and promoter transcriptional rates, respectively.

During the live-cell kinetic assay, rapid and transient DNA relaxation was
then induced by a shock of the well-established gyrase inhibitor novobiocin
at sub-lethal concentrations [105, 108]. It also affects TopoIV with a very low
affinity [143], in contrast to quinolones, although this effect is probably in-
significant at the employed dosage. The shock is usually applied in early
exponential phase, where gyrase is more active. The quantitative response
of promoters to novobiocin-induced DNA relaxation was then derived from
the luminescence values reflecting transcriptional rates. The procedure is
described in more detail in the upcoming articles, wherein the most rele-
vant experiments are presented. Importantly, the precise and quantitative
comparison of promoter expression levels required high data reproducibility.
Reaching the latter was challenging, and thus a wide variety of conditions
have been tested, and many protocol adjustments have been performed until
I obtained the consistent results presented in the corresponding articles.

pUcTerLuc plasmid

cloning

transformation

E. coli cells

light signal

luciferin
luciferase

promoter luc gene

TSS

live cell kinetic assay

microplate reader

novobiocin-induced 
DNA relaxation

FIGURE 4.2: Principle of the transcription assays performed to measure the
response of mutant promoters to SC variations. Promoters control the
expression of a luc gene encoding firefly luciferase, generating luminescence
from luciferin substrate. The constructs are cloned into pUcTerLuc
plasmids, transformed into E. coli cells, and grown in a microplate reader to
follow bacterial growth and promoter expression, with the measurement of
the optical density at 600nm and the luminescence emission, respectively. A
novobiocin shock is applied during growth to measure expression
variations in response to DNA relaxation.
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Based on a combination of such data and more, in the following article pub-
lished in the mSystems journal [144], we present and valid a regulatory model
of transcriptional regulation by SC, relying on the step of promoter opening
during open-complex formation.

4.3 Article
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ABSTRACT DNA supercoiling acts as a global transcriptional regulator that contrib-
utes to the rapid transcriptional response of bacteria to many environmental
changes. Although a large fraction of promoters from phylogenetically distant spe-
cies respond to superhelical variations, the sequence or structural determinants of
this behavior remain elusive. Here, we focus on the sequence of the “discriminator”
element that was shown to modulate this response in several promoters. We de-
velop a quantitative thermodynamic model of this regulatory effect, focusing on
open complex formation during transcription initiation independently from pro-
moter-specific regulatory proteins. We analyze previous and new expression data
and show that the model predictions quantitatively match the in vitro and in vivo
supercoiling response of selected promoters with mutated discriminator sequences.
We then test the universality of this mechanism by a statistical analysis of promoter
sequences from transcriptomes of phylogenetically distant bacteria under conditions
of supercoiling variations (i) by gyrase inhibitors, (ii) by environmental stresses, or
(iii) inherited in the longest-running evolution experiment. In all cases, we identify a
robust and significant sequence signature in the discriminator region, suggesting
that supercoiling-modulated promoter opening underpins a ubiquitous regulatory
mechanism in the prokaryotic kingdom based on the fundamental mechanical prop-
erties of DNA and its basal interaction with RNA polymerase.

IMPORTANCE In this study, we highlight the role of the discriminator as a global sen-
sor of supercoiling variations and propose the first quantitative regulatory model of
this principle, based on the specific step of promoter opening during transcription
initiation. It defines the predictive rule by which DNA supercoiling quantitatively
modulates the expression rate of bacterial promoters, depending on the G/C content
of their discriminator and independently from promoter-specific regulatory proteins.
This basal mechanism affects a wide range of species, which is tested by an exten-
sive analysis of global high-throughput expression data. Altogether, ours results con-
firm and provide a quantitative framework for the long-proposed notion that the
discriminator sequence is a significant determinant of promoter supercoiling sensitiv-
ity, underpinning the ubiquitous regulatory action of DNA supercoiling on the core
transcriptional machinery, in particular in response to quick environmental changes.

KEYWORDS DNA supercoiling, transcriptional regulation, quantitative modeling,
discriminator, stress response, evolution, biophysics, computational biology

Bacteria encounter rapid changes of environmental conditions (availability of
nutrients, physical or chemical stresses) to which they respond by quick and global

modifications of their transcriptional program. Inspired by early studies, current mech-
anistic models of this regulatory action are mostly based on transcription factors (TFs)
that bind at specific promoters and interact with RNA polymerase (RNAP). However,
more than half of Escherichia coli promoters are not targeted by any known TF (1), and
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entire organisms are even almost devoid of them (2, 3) but nonetheless exhibit a com-
plex regulation. Global transcriptional control has been further explained by variations
in RNAP composition (sigma factors [4]) or abundance (5) depending on growth condi-
tions as well as RNAP-binding regulatory molecules such as ppGpp (6).

Besides this variability of the transcription machinery, the physical state of the DNA
template itself is subject to cellular control through DNA supercoiling (SC), i.e., the over-
or underwinding of the double helix by the action of topoisomerase enzymes and archi-
tectural proteins (7–9). In bacteria, the chromosome is maintained at a negative SC level
by the action of the DNA gyrase, which changes in response to environmental cues (9).
This level was soon discovered to affect the expression of many promoters both in vitro
and in vivo (10–14). Mechanistic studies showed that, besides modulating the binding of
regulatory proteins (15), it could influence the activity of RNAP itself and, thus, could act
as a global transcriptional factor (7–9). Accordingly, whole-genome analyses of the tran-
scriptional response to DNA relaxation induced by gyrase inhibitors exhibited a broad
response, providing lists of “supercoiling-sensitive genes” (3, 16–19).

In spite of its importance, no sequence or structural signature was ever clearly identi-
fied in support of the latter property. A possible reason is that SC affects transcription at
many successive steps of the process, e.g., open complex formation (20, 21), promoter
escape (10), elongation, and termination (22), and their combined action eluded the
identification of simple determinants of supercoiling sensitivity. Additionally, transcrip-
tion in turn affects the local level of SC (23), and, consequently, the response of a given
promoter depends quite strongly on its genomic and physiological context (24, 25).
Altogether, the complexity of the interaction between SC and transcription explains why
there still are no models able to predict, even qualitatively, the response of a given pro-
moter to variations of SC (9). The development of such predictive models is highly desir-
able considering the universality of superhelical variations in the prokaryotic kingdom.

One particular mechanism identified early as a putative strong factor in this response
occurs at the step of open complex formation during transcription initiation (26). The
unwinding of DNA strongly facilitates its denaturation and, thus, the formation of the “tran-
scription bubble” by RNAP (11). Since this constraint affects all promoters, it may have a
widespread effect on gene expression, yet the question then arises of how it may lead to
transcriptional regulation, i.e., the selective activation/repression of a subset of promoters by
global SC variations. An important observation was made when analyzing several stable RNA
promoters as well as the fis promoter, which are both strongly SC sensitive and subject to
stringent control (20, 27–30). Both properties are correlated with the presence of a G/C-rich
discriminator sequence located between the 210 element and the transcription start site
(TSS) (31), which is denatured in the open complex. The discriminator has a variable length
of 5 to 8 nucleotides (nt) and does not harbor any consensus sequence but is bound by the
s1.2 domain of RNAP (32). Thus, it was postulated that the unusually high G/C content of
these promoters affects the formation and stability of the open complex, which may then be
modulated by SC, in contrast to mutant promoters containing an A/T-rich discriminator (20,
21, 30). However, it is not yet clear if this regulation mechanism is a specificity of some
unusually G/C-rich promoters or a general regulatory principle by which SC quantitatively
modulates the expression rate of bacterial promoters in a global and predictable manner.

In this paper, we consider the latter hypothesis and propose the first quantitative
model of this mechanism, based on the free energy required to open the transcription
bubble and related to the G/C content of the discriminator sequence. We show that it
quantitatively recapitulates the in vitro and in vivo SC response of several promoters with
mutant discriminator sequences, where the specific effect of this mechanism can be distin-
guished from other regulatory contributions of SC. Given its potentially broad regulatory
effect, we then develop a statistical analysis of genome-wide expression data obtained af-
ter DNA relaxation by gyrase inhibitors and show that the discriminator indeed emerges
as a primary location of global promoter selectivity under these conditions. We show that
this sequence determinant is robustly detected in a series of phylogenetically distant bac-
terial species, and finally, we analyze this contribution under physiologically relevant
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conditions involving SC changes, induced either transiently in response to environmental
stress or inheritably in the longest-running evolution experiment. Altogether, this study
highlights the role of the discriminator, previously observed in a few promoters, as a global
sensor of SC variations that acts independently from promoter-specific regulatory proteins
and according to a predictive rule inscribed in its physical properties.

RESULTS
Regulatory effect of the discriminator sequence in stable RNA promoters. We

first developed a quantitative model of SC-dependent transcriptional regulation based
on the discriminator sequence. Negative SC destabilizes the double helix and facilitates
the melting of the transcription bubble during open complex formation, which encom-
passes this sequence as shown in Fig. 1A. The melting energy is computed in Fig. 1B
for the tyrT promoter (Fig. 1A) of the tyrosine tRNA operon, using a physical model of
DNA denaturation (see Materials and Methods). Based on that curve, variations of the
SC level should then directly affect the opening facility of promoters and, thus, their
expression, and such a dependence was indeed observed for the tyrT promoter (blue)
in both in vitro (Fig. 1C) or in vivo (Fig. 1D) transcription assays (21) (the in vivo SC levels
are taken from reference 17). Further, the DNA denaturation energy is known to be

FIG 1 (A) Sequences from wild-type tyrT and hisR promoters, the mutant tyrTd promoter with A/T-
rich discriminator (21), and the mutants hisRm and hisRh, with 1 and 5 substitutions, C/G!A/T, in the
discriminator (20). For hisRh, a shift in the transcription start site (TSS) (3 nt upstream) was observed.
(B) Transcription bubble opening free energies of tyrT and tyrTd promoters, computed from a
thermodynamic model of DNA (see the text). (C and D) Transcription model predictions (solid lines)
compared to the in vitro (dots) (C) and in vivo (bars) (D) expression data from reference 21. Data and
computed values of the tyrT promoter are shown in blue, and those of tyrTd are in red. (E)
Transcription bubble opening free energies of hisR, hisRm, and hisRh promoters. (F and G)
Transcription model predictions compared to the in vitro (F) and in vivo (G) expression data from
reference 20. Data and computed values of the hisR, hisRm, and hisRh promoters are shown in purple,
green, and orange, respectively.
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strongly dependent on the proportion of G/C bases, and while the A/T-rich sequence
of the 210 hexamer is relatively constrained due to its role in promoter recognition by
the sigma factor, replacing four C/G by A/T nucleotides in the discriminator (tyrTd mu-
tant) indeed strongly shifts the opening curve to the left (Fig. 1B, red curve), i.e., favors
DNA opening already at weaker SC levels. Strikingly, the resulting transcriptional acti-
vation curves (Fig. 1C and D) closely follow the thermodynamic predictions.

We propose a thermodynamic model of this regulation step, based primarily on the
promoter DNA opening curves (Fig. 1B), which is described in detail in Materials and
Methods. It involves a single unknown parameter, representing opening assistance by
RNAP, which was fitted on the data of Fig. 1 and kept constant henceforth for all pro-
moters (thus neglecting the sequence dependence of the interaction of the discrimina-
tor with RNAP). The model reproduces most features of in vitro and in vivo activation
curves of the analyzed promoters based on tyrT (solid lines in Fig. 1C and D). We tested
it further using a similar data set collected independently based on the promoter of
hisR, the histidine tRNA of S. enterica (20). In vitro (Fig. 1F), the expression increases
with negative SC, both in the WT and in mutant promoters of variable G/C richness in
the discriminator, closely following the DNA opening curves of the associated sequen-
ces (Fig. 1E), and, thus, are approximately reproduced by the model without any pa-
rameter adjustment. In vivo, only the native promoter was affected (Fig. 1G) in topo-
isomerase mutant strains exhibiting a global SC shift either in the direction of DNA
relaxation (gyrB mutant) or SC increase (topA). This feature was reproduced using the
experimentally measured SC levels of these strains (33), suggesting that the two A/T-
rich mutant promoters have reached a plateau where the denaturation energy and,
hence, the expression level is almost independent of SC.

The model was kept voluntarily as simple as possible, since this mechanism is only
one of the multiple steps by which SC affects transcription (as further developed in
Discussion) and a reduced number of adjustable parameters was a key advantage. The
approximations used in the modeling of this specific step as well as those other con-
tributing factors may explain the slight discrepancies with the data (see details in
Materials and Methods), but the clear overall agreement supports the notion that the
proposed mechanism is the primary contributor in the SC sensitivity of promoters con-
trolled by the discriminator sequence.

Validation of model predictions on mutant mRNA promoters. We then further
tested the validity of the model by measuring the regulatory effect (expression fold
change) of superhelical variations on mutant promoters of protein-coding genes with
different features. Two families of synthetic promoters were constructed (Fig. 2A; see
also Table S1 in the supplemental material). The first family is based on the pheP pro-
moter of E. coli, which is SC sensitive (16, 17) and not regulated by any identified TF (1)
and is an interesting candidate for our regulation mechanism based on the basal inter-
action with RNAP; these promoters were analyzed in LB medium, where gyrase activity
is high (7). The second family is made of the paralogous virulence genes pelD-pelE of
the enterobacterial phytopathogen Dickeya dadantii, encoding similar pectinolytic
enzymes; in contrast to pheP, these genes exhibit a high regulation complexity, with
more than 10 identified TFs, and both are supercoiling sensitive (34) but harbor differ-
ent discriminators. These promoters were analyzed in minimal medium, which is closer
to their physiologically relevant conditions (plant apoplast).

Promoters were fused on plasmids in front of a luciferase reporter gene (Fig. 2A),
and their expression was analyzed in E. coli cells in a microplate reader after treatment
by novobiocin, which relaxes the chromosomal DNA by inhibiting gyrase and, to a
lesser extent, topoisomerase IV (35). The employed plasmids are well established as
reflecting the average SC level of the chromosome (36), in particular during DNA relax-
ation by novobiocin (34, 37, 38).

We first checked that the presence of the plasmids did not affect bacterial growth and
that the expression patterns of two promoters as well as their response to novobiocin
were consistent when inserted either in plasmid-borne or in chromosomal luciferase
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fusions (Fig. S1). These observations match previous similar comparisons involving other
promoters and plasmids (30, 39) and confirm that the reduction in luminescence observed
following the shock (raw data in Fig. S2) is due to SC-dependent transcriptional regulation
rather than plasmid-specific effects. We then compared the relative effect of the novobio-
cin shock on the different plasmid-borne promoters. For the pheP-derived promoters
(Fig. 2D), we found that the expression fold change (treated versus nontreated wells) was
strongest for the native G/C-rich promoter and significantly reduced for the hybrid pro-
moters (with two mutated nucleotides in the discriminator), whereas the A/T-rich discrimi-
nator (with four mutated nucleotides) was weakly sensitive to DNA relaxation. Thus, as al-
ready suggested in vitro with the hisR promoter (Fig. 1F), the SC sensitivity is progressively
modulated by the discriminator G/C% in vivo. Similarly, swapping four nucleotides

FIG 2 DNA relaxation response of promoters with mutated discriminators. (A) Promoter sequences
were derived from pheP (E. coli) and pelD-pelE (D. dadantii), with mutated discriminators of various G/
C contents. (B) Bacterial growth monitored in a microplate reader (E. coli bacteria carrying plasmids
with pheP hybrid promoter in rich medium). A novobiocin shock was applied in mid-exponential
phase (different sublethal concentrations are shown). The slight increase at shock time is an optical
artifact due to the opening of the recorder. (C) Expression of the pheP hybrid promoter monitored by
luminescence (see all raw data points in Fig. S2). (D) Expression fold changes in response to
relaxation computed 60 min after novobiocin shock (100 mg/ml) in pheP-derived promoters. As
expected, the repression factor reduces with increasing A/T%. (E and F) The DNA relaxation response
of pelE (E) and pelD (F) are reversed when a tetranucleotide is swapped between their discriminators,
with low and high G/C content, respectively. (G) Expression fold changes in response to relaxation
predicted by the model reproduce the experimental observations on pheP-derived promoters as well
as pelE (H)- and pelD (I)-derived promoters, assuming a weak relaxation compatible with the observed
repression levels (see the text). Error bars represent 95% confidence intervals, and stars indicate the
level of statistical significance (see Materials and Methods).
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between the discriminators of pelE and pelD (Fig. 2E and F) strikingly reversed their
response to DNA relaxation. The relatively modest (but highly significant) repression levels
are partly due to a buffering effect of the reporter system. Since the exact SC levels are not
known under these conditions, we fitted the data using three adjustable parameters (an
initial SC level for each growth medium and a common relaxation magnitude), which
allowed us to reproduce the results with good accuracy (using, as expected, a stronger SC
level in rich medium; Fig. 2G to I and Materials and Methods). Note that the direction of
the promoters’ predicted response is inscribed in their sequences and therefore is qualita-
tively robust when the exact value of these parameters is varied.

These results show that the effect of the discriminator on the SC sensitivity is not spe-
cific to G/C-rich ones (such as those of stable RNAs or fis) but is a quantitative effect that
is progressively modulated by the G/C% and equally affects promoters with a naturally
low G/C%, such as pelE, as expected from our modeling. It affects promoters of diverse
biological functions and regulation complexities and is detectable under different physi-
ological conditions (rich versus minimal medium). Based on these observations on a few
selected promoters, and since the proposed mechanism of open complex formation is
involved in RNAP-promoter interaction independently from additional regulatory pro-
teins, we now enlarge the scale of the analysis to entire genomes.

The discriminator is a primary location of promoter selectivity by DNA relaxation.
We first looked at the variability of discriminator G/C contents among mRNA promoters
in various species based on available TSS maps (Fig. S3). These distributions are wide,
and like pheP and pelD, a large class of promoters have G/C-rich discriminators. Based on
the previous analysis, we hypothesized that such promoters would be more repressed
by a DNA relaxation induced by gyrase inhibitors than those harboring an A/T-rich dis-
criminator. However, in contrast to the mutation data described above, here the com-
pared promoters differ by many additional factors beyond their discriminator sequence
(upstream and downstream sequences, genomic context, binding of regulatory proteins,
etc.), which may contribute to their supercoiling response; therefore, we looked for a sta-
tistical relation rather than a prediction valid for all analyzed promoters.

We aligned all s 70 promoters of Salmonella enterica and looked at their average A/T%
profile (Fig. 3A) depending on their response 20 min after a novobiocin shock (19).
Strikingly, although this content exhibits a characteristic nonuniform pattern along the
promoter (with an expected peak at the 210 element), the signals of the two groups of
promoters are indistinguishable everywhere except in the region between 210 and 11,
precisely where we expected the observed difference (P,1025 around position 22;
Table S2). This observation, obtained independently from the mutation studies described
above, confirms that the discriminator region is a primary location of selectivity for the
relaxation response. As a comparison, no significant difference is detected at the 210
element, suggesting that this selectivity is not related to a difference in sigma factor
usage. Further, classifying the promoters based on their discriminator sequence compo-
sition (Fig. 3B) exhibits a clear and highly significant (approximately linear) effect on the
proportion of activated promoters (correlation P,1024).

A robust relation observed across phylogenetically distant bacterial phyla.
Since the investigated mechanism relies on highly conserved molecular actors, RNAP
and topoisomerases, it might affect a broad range of bacterial species. We therefore
tested the validity of our observations in all organisms where a transcriptome obtained
after DNA relaxation was available together with an accurate TSS map (from independ-
ent studies). The list of references of the employed data is summarized in Table S2, and
the table of detailed promoter sequences is in Table S3.

Transcriptomic data were obtained in E. coli with DNA microarrays after norfloxacin
shock in two alternate topoisomerase mutant strains (40), resulting in a strong magni-
tude of DNA relaxation (17). In spite of strong differences in the experimental protocol
compared to the S. enterica data set, the obtained pattern is remarkably similar (Fig. 3C
and D). Importantly, whereas in the first experiment (treated versus nontreated cells)
this pattern might include contributions from SC-independent drug response path-
ways, here the two compared samples received exactly the same treatment, and any
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such unwanted contribution should not be apparent. The slightly weaker observed
effect might also be due to the lower sensitivity of the employed transcriptomic
technology.

In D. dadantii, the response to relaxation by novobiocin was monitored in minimal
medium (25) based on identified gene promoters (41). It exhibits the same pattern
(Fig. 4C, more details are given in Fig. S4) as in E. coli (Fig. 4A) and S. enterica (Fig. 4B),
suggesting that the investigated mechanism is valid for a broad range of enterobacte-
ria of diverse lifestyles. Note that in Fig. 4 and later figures, genes not significantly
affected by DNA relaxation were shown for qualitative comparison purpose but are
heterogeneous among data sets and should not be used for rigorous statistical com-
parisons (heterogeneous and unknown false-negative rates).

Data were also available for two species of drastically larger evolutionary distance,
the cyanobacterium Synechococcus elongatus and the small tenericute Mycoplasma
pneumoniae. In these species, because the sigma factors differ from those of entero-
bacteria, the alignment of promoter elements was obtained with a poorer definition
(promoters aligned at the TSS; see Materials and Methods). We nevertheless looked for
sequence signatures comparable to those observed previously. In Synechococcus elon-
gatus, where SC was shown to be a major determinant of circadian oscillatory genomic
expression (42), the transcriptomic response to DNA relaxation was not monitored
directly, but the phasing of gene expression in this oscillation can be used as an indi-
rect proxy of this response (42), although many other metabolic signals may be equally
correlated and could contribute to this signal. As a result of the analysis, a similar differ-
ence of discriminator sequence was detected as in enterobacteria (Fig. 4D) of slightly
lower magnitude and at a position slightly shifted after the TSS (Fig. S4), possibly due
to the poorer resolution of the analysis and the additional regulatory mechanisms

FIG 3 Genome-wide relation between discriminator sequence and promoter selectivity during DNA relaxation.
(A) Average A/T% profiles of S. enterica s70 promoters along 5-nt-centered windows, depending on their
response to novobiocin-induced chromosomal relaxation (19) (activated, significantly upregulated promoters;
repressed, significantly downregulated promoters; non, not significantly affected). Colored-shaded areas
represent 6 one standard error (67% confidence intervals). The profiles are very similar except in the
discriminator region (between 210 and 11 positions). (B) Proportion of activated promoters among those
responsive to DNA relaxation, depending on their A/T% in a 5-nt window centered around position 22. Error
bars represent 95% confidence intervals. The resulting linear regression is highly significant (P , 1024). (C)
Average A/T% profiles of E. coli s 70 promoters depending on their response to norfloxacin-induced DNA
relaxation (LZ54 versus LZ41 strains [17]). The resulting pattern is very similar to that observed in S. enterica in
spite of strong differences in protocols. (D) Same as panel B but for the E. coli data (P = 0.011).
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involved. In the small tenericute Mycoplasma pneumoniae, in which transcriptional reg-
ulation is poorly understood due to the quasi-absence of TFs (43), the response to
novobiocin was also monitored (3). Although the signal is also weakened by the spatial
resolution and by the lower number of promoters, it is still significant at the same loca-
tion in the discriminator as in enterobacteria (Fig. 4E).

Altogether, the same signature is robustly and consistently observed in available data
sets obtained after DNA relaxation in enterobacteria, and, with limitations due to the
available definition of promoters and heterogeneity of the analyzed data, in two phylo-
genetically distant species that differ widely from the others in terms of lifestyle and av-
erage G/C content (in particular, M. pneumoniae has very few promoters with strongly
G/C-rich discriminators; Fig. S3). These results suggest that the ancestral infrastructural
constraint of DNA opening, coupled with the conserved activity of topoisomerases,
indeed underpins a global regulatory mechanism throughout the prokaryotic kingdom.

Global response to stress conditions and inheritable supercoiling variations.
While sublethal antibiotic shocks are the classical method of choice to specifically
induce rapid DNA relaxation (9, 44), under natural conditions the latter is rather trig-
gered by sudden changes of environmental conditions, especially by physicochemical
stress factors like temperature, acidity, oxidative agents, etc. The resulting rapid SC var-
iations were found to be conserved even in phylogenetically distant species, e.g.,
increase of negative SC by cold shock, DNA relaxation by heat shock, or oxidative stress
(9). We therefore tested if the sequence signature expected from the analysis described
above could be detected in published transcriptomic data, although other stress-spe-
cific pathways contribute to the response and might hide this signature. Such data
were obtained under various conditions (9); in the following, we focus our analysis on
temperature and oxidative stress, where (i) the associated SC variations are well docu-
mented; (ii) there is no indication of ppGpp induction (see Discussion); and (iii) under
each condition, two independent data sets were available and gave similar results.

Heat and cold shocks both put the bacteria under stress while affecting the SC level
in opposite directions (relaxation and overtwisting, respectively; Table S2). The analysis
of the corresponding transcriptomic data sets (45, 46) clearly confirms the expecta-
tions, with G/C-rich discriminators being repressed and activated with a linear depend-
ence in the sequence content (Fig. 5A to C; see also the spatial patterns in Fig. S4).
Similar signals were observed based on independent data sets obtained under the
same conditions (47 and data not shown). In the case of oxidative stress (induced by
H2O2) associated with DNA relaxation, the response was analyzed in the enterobacteria
E. coli and D. dadantii (18, 47), where the pattern is indeed very similar and matches

FIG 4 Robust statistical relation between discriminator A/T% and promoter’s response to DNA
relaxation (act, activated; non, no significant variation; rep, repressed) is observed in phylogenetically
distant bacterial species: (A) E. coli (P = 0.010, relaxation by norfloxacin in LZ54 versus LZ41 mutant
strains) (17); (B) S. Typhimurium (P , 1025); (C) D. dadantii (P , 1023); (D) S. elongatus (P = 0.004);
and (E) M. pneumoniae (P = 0.029). In enterobacteria, only s70 promoters were considered and were
aligned at the 210 element. In the two other species, all promoters were aligned at their annotated
TSS, resulting in a poorer definition of the signal and positional shifts. A/T% are computed in a 5-nt
window centered around position 22 in the discriminator region, except for S. elongatus (position
14 after the TSS). Error bars represent 95% confidence intervals, and stars indicate the level of
statistical significance (see Materials and Methods). A schematic phylogeny is depicted above.
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the expectations. Altogether, this analysis suggests that, beyond stress-specific regula-
tion pathways mediated by dedicated regulatory proteins, the SC variations induced
under these conditions play a direct role in the resulting global reprogramming of
gene expression by modulating the RNAP-promoter interaction through the discrimi-
nator sequence. Under other stress conditions (osmotic or acidic stress) that we ana-
lyzed, the signal was species or data set dependent (data not shown), suggesting that
other regulation mechanisms play a stronger role.

Finally, we address the question of whether the investigated mechanism is involved
not only in transient responses but also in inheritable modifications of the expression
program. In the longest-running evolution experiment with E. coli (48), point mutations
inducing variations of the SC level were indeed quickly and naturally selected (49), as
they provided substantial fitness gains that were attributed to the resulting global
change of the transcriptional landscape (25). In the investigated conditions of growth
in nutrient-poor medium, a first mutation (in topA, among 6 in total) before 2,000 gen-
erations and a second mutation (in fis, among 45 in total) before 20,000 generations
both lead to an inheritable increase of negative SC (Fig. 6A). Based on the modeling,
these mutations should predominantly enhance the expression of promoters with G/C-
rich discriminators in the evolved strains. Such a tendency is indeed observed in both
available transcriptomes that we analyzed, obtained either after 2,000 generations,
where the signal is strongest (Fig. 6B) (P = 0.005), or after 20,000 generations
(P = 0.011) (Fig. 6C, and Table S2), where 43 accumulated mutations besides these two
affecting SC probably contribute to rewiring the regulatory network and blurring the
signal. The detected signature suggests that the proposed biophysical regulatory
mechanism not only is involved in rapid changes of gene expression but also may be
used as a driving force in the evolution of genomes.

DISCUSSION

In this work, we propose a simple thermodynamic model of open complex forma-
tion that quantitatively accounts for transcriptional regulation by SC based on the dis-
criminator sequence. Our analysis confirmed and gave a quantitative content to the
long-proposed notion that the discriminator sequence is a significant determinant of
promoter supercoiling sensitivity. The statistical analysis of promoter sequences, car-
ried out in various species and experimental conditions, highlights the widespread
relevance of this mechanism in the genome-wide response to transient or inheritable
variations of SC levels.

FIG 5 Relation between discriminator sequence and response to SC variations induced by environmental
stress conditions (act, activated; non, no significant variation; rep, repressed). A/T% are computed in a 5-
nt window centered around position 22 in the discriminator region. (A) During heat shock in E. coli (45),
triggering a transient DNA relaxation (Ds. 0), activated promoters have discriminators with higher A/T%
than repressed ones (P , 1025), as expected from the presented model. (B) In a cold shock in E. coli (46)
inducing an opposite SC variation (increase in negative SC, Ds, 0), the relation is reversed, with a
preference of G/C-rich discriminators among activated promoters (P = 0.007), as we expected. (C and D)
Same as panels A and B but during an oxidative shock in E. coli (47) inducing DNA relaxation (s . 0,
P , 1027) (C), and in D. dadantii (P , 1024) (D) (18), where the shock was shown to induce the same SC
response (34), showing the conservation of the mechanism. Error bars represent 95% confidence intervals,
and stars indicate the level of statistical significance (see Materials and Methods).
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Interestingly, a global analysis of s 70-dependent promoter sequences in E. coli
yields a significant negative statistical relation between the A/T% at the discriminator
and the RNAP binding score at the 210 element (as computed from its sequence
motif, Pearson’s R ¼ 20:18; P,10216), suggesting that intrinsically attractive pro-
moters have higher G/C-rich discriminators and, thus, are more difficult to open. This
observation suggests that open complex formation is used as a general regulation
mechanism for highly expressed operons, as occurs in rRNA promoters (7) (although a
high affinity at the 210 element does not imply a high expression level). However, we
did not observe any A/T% difference at the 210 element between promoters activated
and repressed by SC (Fig. 3A and C), suggesting that high RNAP affinity and SC-medi-
ated regulation are independent. While this study is focused on the specific role of SC,
the general relation between RNAP affinity and the discriminator sequence might also
involve other regulation mechanisms (including ppGpp; see below).

Quantification and limitations of the regulatory mechanism. A major difficulty
when analyzing SC-induced regulation is that it affects the transcription process at multi-
ple steps from the binding of regulators to the activity of RNAP itself during transcription
initiation (10), elongation, and termination (22). While we focused our analysis on the dis-
criminator sequence, the reader should keep in mind that many other mechanisms con-
tribute to enhancing the complexity of this regulation: (i) the influence of DNA confor-
mation on its interaction with regulatory proteins (9); (ii) competing structural transitions
(denaturation, cruciform exclusion, G-quadruplex, and Z-DNA) occurring in nearby
regions depending on the SC level and strongly affecting the SC response at the initia-
tion site (50); (iii) the modulation of the effective SC level available for denaturation
because of twist/writhe dynamics and local mechanical constraints imposed by regula-
tory proteins (9); and (iv) the heterogeneity of SC levels in different topological domains
along the chromosome (51), in contrast to the approximation of a homogeneous level
considered in this study. In particular, this heterogeneity was shown to depend on the
local orientational organization of the genome because of the dynamic production of
supercoils by elongating RNAPs. A recently proposed model of this mechanism, comple-
mentary to this study, explains a significant contribution to the transcriptional response
to DNA relaxation even when all promoters are assumed to respond identically to SC var-
iations (25). Therefore, integrating these two complementary factors of complexity, ori-
entation-dependent heterogeneity of SC levels and sequence-dependent heterogeneity
of promoter response, into a unified model is a natural objective for future studies.

These various complexity factors and others explain why, in the analyzed transcrip-
tomic data, the effect of the discriminator sequence emerges as a statistical feature at

FIG 6 (A) In the longest-running evolution experiment (48), two point mutations naturally acquired
by E. coli (49) induced successive increases of negative SC, one in topA before 2,000 generations
(among the five observed) and one in fis before 20,000 generations (among the 45 observed), and
are associated with fitness gains through modifications of global gene expression. Adapted from
reference 25. (B) Proportion of A/T content in the discriminator (5-nt window centered around
position 22) of promoters activated, repressed, or not significantly affected in the evolved strain 2K
compared to the ancestor. As expected from our modeling for an increase in negative SC, activated
promoters with G/C-rich discriminators are more activated (P = 0.005). (C) In the 20K evolved strain,
the same difference is observed (P = 0.011), although less significant, possibly due to many other
mutations affecting the regulatory network. Error bars represent 95% confidence intervals, and stars
indicate the level of statistical significance (see Materials and Methods).

Forquet et al.

July/August 2021 Volume 6 Issue 4 e00978-21 msystems.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 3

1 
A

ug
us

t 2
02

1 
by

 7
9.

85
.1

34
.7

0.

104
Chapter 4. Role of the discriminator sequence in the

supercoiling-sensitivity of bacterial promoters

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



the genomic scale rather than a predictive signal dictating the response of each individ-
ual promoter as observed in mutation studies. In particular, since a negative SC level
favors the denaturation of G/C-rich as well as A/T-rich sequences (Fig. 1), this mechanism
alone is insufficient to explain the existence of a class of relaxation-activated promoters,
such as gyrA-gyrB (13). This behavior might be explained by more complex mechanisms
involving the kinetics of promoter opening and escape by RNAP, where the stability of
the open complex becomes unfavorable if it leads to abortive rather than processive
transcription (10, 26), by thermodynamic competition with other structural transitions
occurring at nearby sites (50), or by the effect of SC on the binding of transcription fac-
tors that are sensitive to the DNA tridimensional conformation (indirect readout) (15).

In spite of these limitations of our modeling, and based on the sequence signal
observed in transcriptomic data, can we quantify the contribution of this specific
mechanism in the genome-wide supercoiling response? To estimate this magnitude,
we developed a genome-wide prediction of the relaxation-response based solely on
the thermodynamic opening model developed above (independently from all other
transcriptional effects of SC) and computed the proportion of accurate predictions
among the observed differentially expressed genes (activation or repression).
Compared to a null (random) model, this proportion is improved by around 10 to 15%
of the responsive genes in the investigated relaxation and environmental stress assays
(usually several hundred, representing a high statistical significance of predictive
power; see details in Table S2 in the supplemental material). Considering the many
alternate regulatory mechanisms by SC, for which no comparable estimates are avail-
able at the genomic scale (most of them lacking quantitative models), this proportion
computed from a single step without parameter adjustment is quite notable.
Additionally, it is likely underestimated because of many inaccurately annotated pro-
moters (a single-nucleotide resolution is required but often not achieved) and may be
reevaluated in the future based on more precise annotations. Note that because the
total mRNA levels are normalized in transcriptomic data (predefined sequencing depth,
erasing any global activation/repression effect), we introduced a comparable normal-
ization step in the computation. As a result, a fraction of A/T-rich promoters appear to
be activated by the DNA relaxation even if they are more difficult to open by RNAP (by
competition with G/C-rich ones; see Fig. S6 and Materials and Methods).

Simultaneous regulation by SC and ppGpp at the discriminator. Among various
further regulatory mechanisms related to this study, the alarmone ppGpp, classically
associated with the stringent (starvation) response (6), deserves special attention. In
contrast to many TFs, ppGpp affects the expression of a large subset of the genome by
binding RNAP in combination with the transcription factor DksA (52) and modulating
the stability of the open complex (29). Its repressive effect is not dependent on a strict
sequence motif but rather on the presence of a C nucleotide at position 21 (52). This
regulatory mechanism presents many similarities to the one investigated here, and
both are involved in the regulation of bacterial growth, raising the possibility of inter-
play between these two pathways (29, 53).

We first checked that the sequence signatures identified in this study were not due
to a regulatory effect involving ppGpp rather than SC. It was observed that gyrase inhi-
bition does not trigger any growth arrest (Fig. 2B) or signature of stringent response
(17); accordingly, an analysis of the expression levels of genes involved in ppGpp syn-
thesis (gppA, spoT, and relA) does not exhibit any significant response (3, 16–19). Thus,
DNA relaxation does not trigger ppGpp production, and even if the two pathways are
associated with a similar sequence signal in the discriminator, the observations made
in this study are indeed due to a ppGpp-independent effect of SC.

We then carried out a sequence analysis of the promoters directly regulated by
ppGpp through its binding to RNAP, as identified at the genomic scale in a recent study
in E. coli (52). As expected, a strong difference in G/C% between the many promoters
activated and repressed by ppGpp induction (representing 70% of s 70 promoters in
total) is detected in the discriminator (Fig. S5A), similar to the pattern observed with
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DNA relaxation (Fig. 3), confirming that the two pathways affect transcription at the
whole-genome scale based on similar promoter sequence determinants.

While DNA relaxation does not induce ppGpp production, it was conversely shown
that the induction of high levels of ppGpp by the stringent response does trigger a
sharp fall in SC levels in E. coli (29). Thus, it is plausible that the strong sequence signa-
ture observed after ppGpp induction (Fig. S5A) actually results from the addition of
two independent factors of open complex destabilization: RNAP binding by ppGpp
and DNA relaxation. Interestingly, the transcriptional response to ppGpp induction was
also monitored in mutant cells where it is unable to bind RNAP, inhibiting its direct
regulatory activity (52). Remarkably, almost half as many genes respond as in the wild-
type cells (representing 35% of s70 promoters, although with weaker magnitudes and
slightly slower response times), and these promoters exhibit a similar (albeit weaker)
sequence signature at the same location (Fig. S5B). A plausible explanation is that
ppGpp induction indeed triggered DNA relaxation (29), resulting in a similar but partial
response compared to that of wild-type cells. This scenario remains hypothetical, as
the SC levels were not directly measured in these samples; it would likely involve a
posttranscriptional effect of ppGpp on gyrase activity, as frequently occurs in response
to stress or metabolic signals (9). This analysis also suggests a specific effect of ppGpp
for the activation of promoters with A/T%-rich discriminators (54) (compare the non
and activated curves in Fig. S5); this observation might be linked to the weak differ-
ence between these two groups in several data sets involving DNA relaxation (e.g.,
Fig. 4A and C), although the opposite is seen in other cases (e.g., Fig. 4B and 5A and C).

Altogether, this combined analysis of transcriptomic data fully confirms the notion
that the regulation by SC relaxation and ppGpp is partially redundant in their transcrip-
tional effect but distinct; as an example, the SC dependence of hisR was found to be in-
dependent of relA in S. enterica (55). More precisely, SC relaxation may be considered a
more fundamental form of regulation relying on the basic infrastructure of transcrip-
tion, whereas ppGpp synthesis may itself trigger DNA relaxation (but not conversely).
The relationship between the two pathways is further emphasized by the observation
that, in the evolution experiment, the two genes most quickly and robustly affected by
mutations are topA and spoT (49, 56), involved precisely in SC and ppGpp synthesis/
degradation (6), respectively. Interestingly, the spoT mutation alone explains only a
part of the observed transcriptional change (57), while similarly, the topA mutation
alone generates only a fraction of the observed signal at the discriminator (data not
shown), suggesting a synergistic action of these two mutations (49, 56). The additive
selection of promoters based on the same sequence signal at the discriminator pro-
vides a plausible and natural mechanistic explanation for this feature.

Finally, in the data sets obtained with environmental stress conditions that we have
analyzed (Fig. 5), the genes associated with ppGpp synthesis are partly responsive but
rather in an opposite direction to the discriminator sequence signature observed
(repression in heat and oxidative stress, slight activation in cold stress), and this path-
way does probably not contribute significantly to the observed signal.

MATERIALS ANDMETHODS
Synthetic promoters. Sequences 230, 329, and 313 nt upstream of the pheP, pelE, and pelD start co-

dons, respectively, were synthesized with mutations in the discriminator (GeneCust) and individually
cloned into pUCTer-luc plasmids (see Table S1 in the supplemental material) upstream of a luciferase re-
porter gene (luc). E. coli strain MG1655 cells were then transformed with these plasmids using a standard
electroporation procedure.

Measurement of DNA relaxation response of mutant promoters in vivo. E. coli cells carrying the
plasmids with the different promoters were recovered from glycerol stock (280°C) and grown overnight
(about 16 h) on LB agar plates at 37°C. The obtained colonies were further transferred to liquid cultures
overnight (about 16 h), with shaking at 200 rpm under selective antibiotic pressure (ampicillin at 60 mg/ml
final concentration). LB medium was used for bacteria carrying plasmids with pheP-derived promoters,
whereas M63 minimal medium supplemented with 0.2% glucose was used for bacteria carrying plasmids
with pelE- and pelD-derived promoters. Cells were washed (2� centrifugation at 8,000 rpm), and then out-
growth cultures were performed in the same medium without antibiotics, stopped during exponential
phase, and diluted for a final optical density at 600 nm (OD600) of 0.1 in a 96-well microplate. Each well
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(200 ml final volume) contained the chosen medium supplemented with D-luciferin (450 mg/ml final). The
microplate was placed in a humidity cassette and grown at 37°C until stationary phase was reached in a
microplate reader (Tecan Spark). The OD600 and luminescence were measured every 5 min, preceded by a
45-s shaking step (double orbital, 3.5-mm amplitude). During mid-exponential phase for pheP and early ex-
ponential phase for pelE and pelD, the microplate was taken out and DNA relaxation was transiently
induced by injecting 5 ml of novobiocin (50, 100, 150, and 200 mg/ml final concentrations tested) using a
multichannel pipette. Data files produced by the microplate reader were parsed using a Python home-
made script, and the response to DNA relaxation was computed by comparing the luminescence values (in
triplicates) of the novobiocin-shocked strain compared to the same strain injected with water (novobiocin
solvent) 60 min after shock. The employed firefly luciferase has a short lifetime, between 6 min in B. subtilis
(58) and 45 min in E. coli (59). Confidence intervals and P values were computed using Student statistics.

Genome-wide analyses of discriminator sequences. Transcriptomes obtained after DNA relaxation
by antibiotics, inheritable supercoiling variations, or environmental stresses were collected from the litera-
ture, as were genome-wide TSS maps (Table S2). A scan for promoter motifs was conducted with
bTSSfinder (60), imposing each TSS position at the experimentally determined nucleotide. Tables of
detailed promoter sequences are provided in Table S3. For E. coli, the analysis was also tested with an
alternate list of promoters (from the EcoCyc database [1]), which gave comparable results. In all expression
data sets, genes were considered significantly activated/repressed under a common standard statistical
selection procedure, based on a threshold of 0.05 on the adjusted P value, except for the evolution data
(0.3; due to the otherwise low number of responsive genes; see details in reference 25). Promoters control-
ling several genes (operons) were considered differentially expressed if at least one gene of these genes is
differentially expressed. For three data sets (heat and cold shock and S. elongatus), P values were not pro-
vided and were replaced by a threshold on log fold change values (60:5Þ, generating subsets of act/rep
genes of sizes comparable to those in other data sets. For enterobacteria, only s70-dependent promoters
were retained and aligned at their210 site to reduce statistical noise. Some of them also bind other s fac-
tors, but s70 is predominant in exponential phase where the analyzed samples were collected. The A/T%
content was computed along 5-bp sliding windows (Fig. 3A and C). Promoters were classified according to
their A/T% in a 5-nt window centered around position 22 rather than the entire discriminator (of variable
size), which improves the statistical analysis while not affecting the distribution of promoters significantly
(Fig. S3). For S. elongatus and M. pneumoniae, where the sigma factors differ from those of enterobacteria,
all promoters were retained and aligned at their TSS. As expected due to the variable size of the discrimi-
nator, the resulting A/T% signal had a poorer signal definition (Fig. S4) and exhibited small positional
shifts. For S. elongatus, the A/T% difference was observed slightly downstream of the TSS, and we used
position14 for the analysis. For M. pneumoniae, the A/T% peak was observed at position26, and all posi-
tions were shifted by 24 nt to impose it at the 210 position. The relation between A/T% content and
expression response was quantified either by linear regression (Fig. 3) or by a x 2 test between activated
and repressed promoters (Fig. 4 and 6). All error bars shown are 95% confidence intervals, except the col-
ored areas of Fig. 3 (67% confidence intervals). In all figures, statistical significance is illustrated based on
the P value (***, P , 0.001; **, 0:001,P,0:01; *, 0:01,P,0:05). Curves of Fig. 3 (A/T% profiles of pro-
moters, linear regression) are provided in Fig. S4 for the other data sets.

Model of transcriptional regulation by SC. The observed correlation between promoter opening ther-
modynamics and expression strength (Fig. 1) is accounted for by a thermodynamic regulatory model (61):

kðs ; sÞ ¼ k0 exp min
DGðs ; sÞ

kBT
; 0

� �� �

where k is the transcription rate, k0 is the basal (maximal) rate, s is the precise 14-nt sequence of the
denatured region in the open complex (62), and kBT is the Boltzmann factor. The free energy, DG, is
composed of two contributions, the opening penalty, DGopðs ; sÞ (Fig. 1B), and an additional contribu-
tion representing the opening assistance by RNAP, DG0

PðsÞ:

DGðs ; sÞ ¼ DGopðs ; sÞ 1 DG0
PðsÞ

The opening energy, DGop, is computed from an established coarse-grained unidimensional descrip-
tion of DNA twist-dependent thermodynamics (63), where the total SC level is assumed to contribute to
DNA opening by RNAP (neglecting any effect of its partitioning into twist/writhe and constrained/
unconstrained contributions in the thermodynamic equilibrium of open complex formation). We
hypothesize that DG0

PðsÞ depends on the discriminator sequence, in agreement with direct measure-
ments (32) and with the observation that the TSS position can be shifted by mutations in the discrimina-
tor (Fig. 1A) but is not affected by SC variations. At high negative SC levels, the opening penalty
becomes negligible [DGopðs ; sÞ1DG0

PðsÞ.0] (Fig. 1B) and the maximal rate, k0, is achieved, whereas the
promoter is mostly closed when DNA is strongly relaxed.

Based on these hypotheses, the expression fold change of a promoter during an SC variation (in the
regimen where it is not fully activated) depends only on and is independent of the precise (usually
unknown) value of DG0

PðsÞ:

DGðs 0 1 Ds ; sÞ 2 DGðs 0; sÞ ¼ DGopðs 0 1 Ds ; sÞ 2 DGopðs 0; sÞ

For the modeling of the data in Fig. 1, where absolute levels of expression (and not just fold
changes) were measured, we used a single fitted value, DG0

P ¼ 3:5 kBT ’ 2 kcal/mol, to avoid
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overparameterization. This approximation may explain the slight discrepancies with the data (Fig. 1F
and G), but the overall agreement suggests that the sequence-dependent variations of DG0

PðsÞ remain
limited in the framework of our analysis. All following computations (for all promoters and species) were
carried out with the same value of DG0

P , but since they involve expression fold changes (rather than
absolute levels), the value of DG0

PðsÞ for each promoter has a marginal effect on the predictions.
For each promoter, the denaturation energy is computed with TwistDNA (63) using the 14-bp

sequence starting from (and including) the 210 hexamer, corresponding to the extent of the transcrip-
tion bubble (flanked by 100-bp-long G-tracts to avoid boundary effects in the computation). The only
adjustable parameter of TwistDNA is an effective salt concentration, which is calibrated on the data of
Fig. 1 (21), yielding values of 1.5 mM and 3 mM for in vitro and in vivo transcription, respectively, the lat-
ter value being kept constant for all subsequent in vivo calculations. These low values are likely due to
the strongly simplified description of the solvent (continuous distribution of monovalent ions) and DNA
(unidimensional molecule) used in that software and should be considered effective parameters for the
computation rather than quantitative concentrations.

Under all aforementioned approximations, it is possible to predict the quantitative regulatory effect of
SC variations from their experimentally available genome-averaged value (e.g., using chloroquine-agarose
gels). The validity of the computation is justified a posteriori by the good agreement with in vitro and in
vivo expression data (Fig. 1 and 2). Note that, at the genomic scale, the SC level locally available to RNAP
for the opening of a given promoter may deviate from the genome-averaged SC level because of many
complicating factors beyond the simple model considered here (three-dimensional conformation of the
promoter, binding of regulatory proteins and nucleoid-associated proteins, structural transitions occurring
at nearby sites, etc.; see Discussion). However, because of the monotonous nature of the activation curves
(Fig. 1B and E), all main results are robust when the SC levels are globally shifted by up to60.01.

Superhelical densities. In vivo SC levels used in the computations of Fig. 1 were taken from referen-
ces 17, 21 (E. coli strains with norfloxacin), and 33 (topoisomerase mutants of E. coli).

Expression fold changes in response to relaxation measured in microplates with pheP-, pelE-, and
pelD-derived promoters were reproduced (Fig. 2) with a relaxation magnitude, Ds ¼ 0:001, starting
from a level of s ¼ 20:032 in LB rich medium and s ¼ 20:023 for M631G minimal medium. This low
magnitude may be partly due to the slow growth conditions in microplates but mostly to a buffering
effect of the reporter system (luciferase lifetime of several to tens of minutes) and should be considered
an effective value used in the modeling, as also suggested by the low repressive effect of novobiocin
compared to batch cultures (34).

For the computation of the genome-wide contribution to the relaxation response (see Discussion),
transcription rates from all promoters are normalized by their sum under each condition before comput-
ing fold changes, without any cutoff value (consistent with transcriptomic analysis protocols). This pro-
cedure results in the activation of a fraction of promoters (since the G/C-rich promoters represent a
weaker proportion of total transcripts after the relaxation, A/T-rich promoters appear activated; see
Fig. S6). Levels of SC variations associated with all investigated conditions were reviewed in the literature
(Table S2), exhibiting magnitudes in the range 0.01 to 0.015, with differences due to protocols in stress/
shock conditions and chloroquine-agarose gel assays. To reduce the number of adjustable parameters
(considering the heterogeneity of these data), all model predictions were computed with a single initial
SC level, s ¼ 20:045 (a realistic value yielding the best overall agreement with observations), and a vari-
ation of Ds ¼ 60:015 (depending on the sign of the experimental response). The model predictions
change only marginally when these figures are changed by less than 0.01 in either direction.

Data availability. See Table S2 for data availability information.
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Chapter 5

Quantitative contribution of the
spacer length in the
supercoiling-sensitivity of bacterial
promoters

As stated above, SC affects transcription at multiple steps of the process be-
yond open-complex formation. Obtaining a complete understanding of gene
regulation by SC thus requires to decipher all the mechanisms by which it
modulates transcription. In this Chapter, we focus on another factor which
was soon discovered to contribute to the SC response of genes, involving the
orientation of -35 and -10 RNAP binding sites for closed-complex formation,
depending on promoter spacer length and SC level.

5.1 Insights into seconeolitsine-induced Topoiso-

merase I inhibition in Gram-negative bacteria

The model is described extensively in the upcoming article, wherein a regu-
latory thermodynamic model of transcription is developed based on the step
of closed-complex formation, and similarly to previous Chapter, validated at
a global scale based on a combination between transcriptomic data and tran-
scription assays conducted on mutant promoters. However, in contrast to the
previous model, here, based on recent work to which I contributed [121], we
use the non-marketed antibiotic seconeolitsine to study the response of mu-
tant promoters to DNA overtwisting, in complement to novobiocin-induced
DNA relaxation.
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In order to characterise the effect of SC on gene expression, existing stud-
ies essentially employ well-established drugs that target DNA gyrase such
as novobiocin, providing the transcriptomic response to SC variations only
in one direction, that of DNA relaxation [108]. On the other hand, drugs
that inhibit TopoI have never been used in Gram-negative bacteria, making
the transcriptomic response to DNA overtwisting lacking. Among the possi-
ble TopoI inhibitors, one of them named seconeolitsine [145] has been tested
in the Gram-positive bacterium Streptococcus pneumoniae, where it induces a
transient SC increase at low concentrations, and, in turn, global expression
changes [146]. We consequently investigated the effects of seconeolitsine
on bacterial growth, chromosomal SC level and transcription in D. dadan-
tii, where it shows an equal effectiveness as in S. pneumoniae, providing the
first insights into TopoI inhibition and SC increase in Gram-negative bacte-
ria. Among the key findings, by comparing the transcriptomic responses
to DNA relaxation and overtwisting obtained with the same method (RNA-
seq), it reassesses the concept of promoter "supercoiling-sensitivity" as the
large majority of genes responding to one of the drugs does not respond to
the other [121]. Instead of exhibiting (or not) an intrinsic property of SC-
sensitivity, the response of promoters to SC variations may rather vary de-
pending on a variety of factors, including the genomic context and the con-
ditions of the experiment (in vitro vs in vivo, ionic composition, basal SC level
related to metabolic state, etc.) [121].
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I thus took advantage of this recent work to validate the predictions of the
second model on mutant promoters, based on opposite SC variations (Fig. 5.1).
This is presented in the following article, which is planned to be submitted
to Nucleic Acids Research journal.

ATP ADP

Novobiocin

DNA relaxation
Seconeolitsin

DNA overtwisting

DNA gyrase

Topoisomerase I

FIGURE 5.1: Induction of opposite SC variations, using the gyrase inhibitor
novobiocin for DNA relaxation, and the TopoI inhibitor seconeolitsine for
DNA overtwisting.

5.2 Article
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Abstract1

Introduction2

DNA supercoiling (SC), the level of over- or underwind-3

ing of the double-helix, is a fundamental property of4

DNA. In bacterial cells, the chromosome is maintained5

at a negative SC level, i.e. in an underwound state, by6

a finely controlled balance between the DNA relaxation7

activity of topoisomerase I (and IV, to a lesser extent),8

and the introduction of negative supercoils by DNA gy-9

rase [1, 2]. This level is affected by a variety of factors,10

including growth phase and environmental stresses [3].11

In addition to playing a key role in genome organisa-12

tion [4], SC was soon discovered to affect the expression13

of many promoters [5, 6]. More recently, through the14

advent of transcriptomic technologies allowing genome-15

wide expression profiling, it was shown to act as a global16

transcriptional regulator in many bacteria, based on stud-17

ies employing gyrase inhibitors inducing a global DNA18

relaxation and, in turn, a global and complex response of19

genes [3]. Fast changes in SC levels may thus play an20

important and global role in the transcriptional response21

of bacteria to environmental changes [1, 2].22

At the mechanistic level, SC affects the transcription23

process at multiple steps, both indirectly through regula-24

tory proteins, and directly by modulating the interaction25

of RNA Polymerase (RNAP) with DNA [3]. This in-26

cludes open-complex formation during transcription ini-27

tiation, which is strongly facilitated by negative SC [7, 8]28

and plays a key role in the SC response of promoters [9].29

But other steps of transcription also contribute to this re-30

sponse, including closed-complex formation [10], pro-31

moter escape [11], transcription elongation and termina-32

tion [12]. Because of this complexity, regulatory models33

able to predict the response of a given promoter to SC34

variations, either quantitatively or even qualitatively, are35

essentially lacking [3, 13], in contrast to those involv- 36

ing regulatory proteins [14]. Considering the widespread 37

relevance of this mechanism in bacterial gene expression, 38

obtaining such quantitative models is an important objec- 39

tive, both for fundamental understanding of the process 40

and for applications, e.g., in synthetic biology [15]. The 41

objective of this paper is to develop such a model, fo- 42

cusing on the specific step of closed-complex formation 43

during transcription initiation. 44

The latter step involves the binding of RNAP to genes’ 45

promoters, through specific recognition of -35 and - 46

10 sites by 2.4 and 4.2 regions of σ factors, respec- 47

tively [16]. The efficiency of RNAP binding on the pro- 48

moter depends primarily on the proximity of -35 and - 49

10 sequences to their respective consensus, but also on 50

the spacer element between them. The latter exhibits lit- 51

tle or no contact with the transcription machinery, except 52

for promoters with an extended -10 element which inter- 53

acts with the 3.0 region of σ factors [16]. Since the - 54

35 element is not systematically well-defined, especially 55

in promoters where the binding of RNAP is assisted by 56

regulatory proteins such as CRP [17], and even lacking 57

in some of them, in which case its absence is compen- 58

sated by an extended -10 element [18], the spacer may 59

be undefined for some promoters. Nevertheless, for the 60

others, it displays a variable length, ranging generally 61

from 15 to 19 nucleotides (nt) for σ70-dependent pro- 62

moters [16, 19]. The maximal core promoter activity 63

is reached with spacers of 17 nt, while the addition or 64

subtraction of nucleotides from this optimal length re- 65

duces their expression by several-fold [20, 21]. While the 66

spacer sequence exhibits no specific requirement, punc- 67

tual mutations [22, 23] or modifications of its AT rich- 68

ness [24, 25] also affect promoter expression [15, 26], 69

presumably by altering its 3D conformation [27, 28, 29]. 70

In addition to altering promoter strength, the spacer 71

length has long been shown to strongly modulate their 72
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SC response [20, 21]. Accordingly, most promoters of73

stable RNAs in E. coli, strongly repressed by DNA re-74

laxation, were found to contain spacers of unusual length75

(16 nt) [10]. A qualitative model of this regulation mode76

was proposed around 30 years ago, based on a simple ge-77

ometric effect involving the helical nature of DNA [10].78

Because of the latter, variable spacer lengths are associ-79

ated to different relative orientations of the -35/-10 bind-80

ing sites, which could be an obstacle for RNAP bind-81

ing. In turn, the presence of torsional stress in the spacer82

could rotate the -35/-10 binding sites toward a favourable83

(or unfavourable) orientation and thus regulate the RNAP84

activity (Fig. 1A), and this notion was supported by a re-85

view of qualitative observations on a collection of pro-86

moters [10, 30, 15]. As an additional supporting evi-87

dence, the twisting of sub-optimal spacers to realign -88

35/-10 sites for RNAP binding has been proposed as the89

mechanistic basis of several transcription factors (TFs),90

including MerR, which activates promoters with a 19-91

nt spacer [31]. Yet, while the latter only occurs at spe-92

cific promoters containing a MerR binding site, the ac-93

tion of SC might affect the entire chromosome. Ac-94

cording to this mechanism, the presence of suboptimal95

spacer lengths among bacterial promoters does not lead96

to a static modulation of their expression, but it allows the97

cell to selectively down- or up-regulate them depending98

on their length, by tuning the global SC level.99

In this study, we propose to (1) translate the pro-100

posed qualitative notion into a quantitative regulatory101

model, and (2) develop a rigorous validation of its ef-102

fect, in particular by analysing high-throughput expres-103

sion data, which were not available when the previous104

qualitative models were developed but are particularly105

suited to this global regulation mode. We first present the106

model, which mostly relies on knowledge-based physi-107

cal parameters of DNA, and provides a range of quan-108

titative and parameter-free predictions regarding the ef-109

fect of superhelical variations on promoters with various110

spacer lengths. Based on this framework, we re-analyse111

previous quantitative in vitro expression data, and de-112

velop in vivo measurements in E. coli based on mutant113

promoters harbouring different spacer lengths, which to-114

gether allow a rigorous validation of the model predic-115

tions and define its application range. We then assess116

the range of validity of our predictions through a statis-117

tical analysis of genome-wide transcriptional responses118

to SC variations, either transiently induced by gyrase-119

inhibiting antibiotics, or inherited over generations in the120

longest-running evolution experiment. Our results con-121

sistently show that the variability of spacer lengths un-122

derpins a global selectivity of promoter activity depend-123

ing on the cellular SC level. They confirm and provide a 124

quantitative framework to the proposed basal regulatory 125

mechanism, which likely plays a widespread role in the 126

prokaryotic kingdom. 127

Materials and Methods 128

Thermodynamic model of supercoiling- 129

dependent transcription 130

We assume that the formation of the closed-complex is 131

limited by an intermediate state where the spacer DNA 132

must be (un)twisted to a favourable relative orientation of 133

the -10 and -35 sites, allowing RNAP binding (Fig. 1A). 134

This deformation is treated in the elastic approximation, 135

and the associated orientational free energy depends on 136

the spacer length n and average superhelical level σ: 137

∆Gor(σ, n) =
n

2
kθ

(
θP
n
− α0 (1 + σ)

)2

(1)

where kθ = 71.4 kBT.rad
−2 is the DNA sequence- 138

averaged twist stiffness [32, 33], kBT is the Boltzmann 139

factor, α0 = 34° is the average twist angle between 140

adjacent nucleotides [34, 35], and θP is a global pa- 141

rameter representing the optimal twist angle between - 142

35 and -10 sites for RNAP binding. To illustrate the 143

model predictions (Fig. 1) and subsequent calculations, 144

we assumed that 17-nt spacers achieve this optimal an- 145

gle at the standard superhelical level σ = −0.06, i.e. 146

θP = 17×α0× (1−0.06) = 543°, but most key predic- 147

tions are independent of its value (see next paragraphs). 148

In this calculation, we assume that the total superhelic- 149

ity σ can be utilised by RNAP for the twist deformation 150

of spacer DNA (although most of it is stored as writhe 151

at equilibrium). This unidimensional approximation of 152

the spacer DNA, already proposed [10], is based on the 153

observations that (1) the spacer DNA is too short to sig- 154

nificantly writhe (before RNAP binding), and (2) twist 155

deformations diffuse much faster than writhe [36], and 156

RNAP may thus use twist deformations from neighbour- 157

ing DNA as a reservoir for this step. Since RNAP is as- 158

sumed to impose a fixed angle θP , its flexibility is ne- 159

glected in the calculation. 160

The total free energy associated to the transcription 161

process is assumed to contain three contributions related 162

to the effects of SC, of the spacer element, or of both 163

simultaneously: 164

∆G(σ, n, s) = ∆Gsc(σ, s) + ∆Gsp(n, s) + ∆Gor(σ, n)
(2)

where 165

2
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• ∆Gor(σ, n) is the orientational deformation energy166

(Eq. 1), and introduces a coupled dependence on σ167

and n.168

• ∆Gsc(σ, s) depends on the promoter sequence s,169

and represents all other mechanisms of regulation170

by SC (e.g., promoter opening, 3D deformations,171

structural transitions, etc.), which are generally im-172

possible to predict and might be stronger than the173

investigated one, but are assumed to be independent174

of spacer length n.175

• ∆Gsp(n, s) represents all other mechanisms of176

modulation of transcriptional activity by the spacer177

DNA, which depend on its sequence as well as its178

length and are equally impossible to predict (e.g.,179

stretching, 3D conformation, sequence-specific in-180

teractions with RNAP within the closed-complex,181

etc), but are assumed to be independent of σ.182

Transcription rates are then computed using a standard183

thermodynamic framework [14]:184

k(σ, n, s) = k0 exp

(
−∆G(σ, n, s)

kBT

)
(3)

where k is the transcription rate, k0 is the basal rate185

(which depends, e.g., on the -10/-35 sequence affinities186

for RNAP), and kBT is the Boltzmann factor. To sim-187

plify the notations, we use the latter as the energy unit in188

the following. Based on the equations above, the model189

does not predict the general SC-dependence of a pro-190

moter nor the effect of the spacer on the absolute ex-191

pression level (since both depend on unpredictable terms192

in Eq. 2), but it does predict how the SC-sensitivity de-193

pends on spacer length by Eq. 1. Since most of the pa-194

rameters involved in the latter are known from physical195

measurements, it is possible to derive several quantitative196

and parameter-free predictions underpinning all analyses197

of the manuscript, as follows.198

Prediction of relative in vitro expression levels de-199

pending on spacer length200

From in vitro expression data of mutant promoters201

(Fig. 2), we isolate the specific effect of the spacer length202

n by normalising each datapoint by the corresponding203

value obtained in the reference mutant promoter (n0 =204

17), thereby eliminating any other regulatory effect of205

SC:206

log

(
k(σ, n, s)

k(σ, n0, s)

)
= (∆Gor(σ, n0)−∆Gor(σ, n)) +

(∆Gsp(n0, s)−∆Gsp(n, s))

(4)

The second term is independent of σ, and is thus a con-
stant for a promoter of given sequence and spacer size,
hereafter quoted Qsp(n, s). Using a linear expansion in
∆n/n0 = (n − n0)/n0 in the first term, the relative ex-
pression level of each spacer length simplifies to a linear
dependence in σ (as visible in Fig. 2B without approxi-
mation):

log

(
k(σ, n0 + ∆n, s)

k(σ, n0, s)

)
' Qsp(n, s)−

α0kθ∆n

[
θP
n

(
1− 1

2

∆n

n

)
− (1 + σ)α0

]
(5)

Crucially, the slope of each line in Fig. 2B is therefore 207

defined without any adjustable parameter, and is propor- 208

tional to the torsional stiffness of DNA and to ∆n = 209

n − 17. The intercept depends on the global parame- 210

ter θP , and may also depend on the spacer sequence and 211

length due to Qsp(n, s). 212

Prediction of in vivo expression fold-changes dur- 213

ing superhelical variations 214

All analysed in vivo data involve relative expression lev-
els (fold-changes) after vs before a global superhelical
variation σ0 → σ0 + ∆σ (induced by antibiotics or mu-
tations). The predicted value simplifies to:

logFC(∆σ, σ0, n, s) = −n
2
kθ

[
α2
0

(
∆σ2 + 2∆σ(1 + σ0)

)]

− [kθ θP α0 ∆σ +Rsc(∆σ, σ0, s)] (6)

where Rsc = ∆Gsc(σ0 + ∆σ, s)−∆Gsc(σ0, s) reflects
all spacer-independent regulatory effects of SC on the
considered promoter s. Crucially, only the first term of
the equation depends on the spacer length n, and it does
not depend on any unknown parameter. Thus, after linear
expansion in ∆σ, the relative effect of the superhelical
variation on spacer length mutants of the same promoter
s is entirely predictable and independent of σ0 (which is
satisfactory since the absolute SC levels are not always
known with precision in the analysed in vivo data):

logFC(∆σ, n0 + ∆n, s)− logFC(∆σ, n0, s)

' −kθ α2
0 ∆n∆σ ' −25 ∆n∆σ (7)

This dependence is shown in Supplementary Fig. S2 215

for a DNA relaxation ∆σ = 0.03, and yields an ex- 216

pression ratio of around 2 between spacers differing by 217

one nucleotide. In transcriptomic analyses, promoters 218

are grouped by their spacer length n but differ by their 219

overall sequence s, so that the term Rsc remains in the 220
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form of strong statistical noise (Fig. 4 and 5), imposing221

to work with the proportion of activated promoters rather222

than directly with the fold-change values.223

Measurement of mutant promoters’ responses to224

opposite supercoiling variations in vivo225

230 bp sequences upstream of pheP start codon were syn-226

thesised with mutations in the spacer (GeneCust), and in-227

dividually cloned into pUCTer-luc plasmids upstream of228

a luciferase reporter gene (luc) (Supplementary Tab. S1).229

E. coli strain MG1655 cells were then transformed with230

these plasmids using a standard electroporation proce-231

dure. The following protocol is described elsewhere [9].232

Briefly, E. coli cells carrying the plasmids with the dif-233

ferent promoters were grown at 37°C in LB medium in234

a microplate reader (Tecan Spark). The OD600nm and235

luminescence were measured every 5 minutes to follow236

bacterial growth and promoter expression, respectively.237

DNA relaxation was induced by injecting 5 µL of novo-238

biocin (50, 100, 150 and 200 µg/mL final concentrations239

tested), whereas DNA overtwisting was induced by in-240

jecting 2 µL of seconeolitsine (25, 50, 75 and 100 µM241

final concentration tested). The responses to such oppo-242

site DNA SC variations were then computed by compar-243

ing the luminescence values (in triplicates) of the novo-244

biocin or seconeolitsine-shocked strain compared to the245

same strain injected with water (novobiocin solvent) or246

DMSO (seconeolitsine solvent), 60’ or 5’ after shock, re-247

spectively. The employed firefly luciferase has a lifetime248

of around 45’ in E. coli [37], and buffers the repressive249

effect of novobiocin. Confidence intervals and p-values250

were computed using Student’s distributions. Raw data-251

points are provided in Supplementary Fig. S3. We pre-252

viously showed [9] that the presence of the employed253

plasmids does not affect bacterial growth, and that the254

expression patterns and response to novobiocin-induced255

relaxation are consistent for promoters inserted either in256

plasmid-borne or in chromosomal luciferase fusions, in257

agreement with other studies [38, 39]. The employed258

plasmids are well established as reflecting the average SC259

level of the chromosome [40], and also specifically in re-260

sponse to novobiocin-induced relaxation [41, 42, 43].261

Parameter fitting in mutation data262

In Fig. 1B and 2B, for simplicity, the curves were drawn263

based on the orientational contribution (Eq. 1) only, with264

the value θP = 543°. In Fig. 2B, the datapoints of [44]265

fall on the predicted line without adjustment, suggesting266

Qsp = 0 for these promoters (see Eq. 5). The data of [45]267

were adjusted by a value Qsp(n, s) = 1.1 kBT (Eq. 5), 268

corresponding to a factor 3 in expression. 269

Expression fold-changes measured in microplates with 270

pheP-derived promoters were reproduced (Fig. 3), start- 271

ing from a level σ = −0.06, with an overtwisting mag- 272

nitude ∆σ = −0.02, and a relaxation magnitude ∆σ = 273

0.005. This lower relaxation magnitude probably partly 274

reflects a buffering effect of the reporter system and 275

should thus be considered as an effective value used in 276

the modelling, as further suggested by the lower repres- 277

sive effect of novobiocin compared to batch cultures [46]. 278

The spacer-independent effect of SC, Rsc (Eq. 6), was 279

estimated from the repression (novobiocin) and activa- 280

tion (seconeolitsine) level observed with the 17-nt spacer, 281

with values Rsc = 0.4 kBT and Rsc = −0.97 kBT cor- 282

responding to activation factors of 0.67 and 2.1, respec- 283

tively (Fig. 3, 17-nt spacers). These presumably reflect 284

the modulation of promoter opening energy by the two 285

opposite superhelical variations [9]. 286

Genome-wide analyses of spacer responses to su- 287

percoiling variations 288

Transcriptomic responses to DNA relaxation or inher- 289

itable SC variations were collected from the literature 290

(Supplementary Tab. S2). The curated map of E. coli 291

promoters with associated genes and spacer lengths was 292

retrieved from Ecocyc [47]. Only σ70-dependent pro- 293

moters were retained and classified depending on their 294

spacer length and response to the investigated condi- 295

tion, under standard statistical selection procedures (ad- 296

justed P -value < 0.05). For transcriptomes of E. coli 297

evolved strains, a less stringent P -value threshold (0.1) 298

was applied to have enough statistical power for the anal- 299

ysis [48] (albeit with a higher proportion of false posi- 300

tives). For other species, TSS maps were retrieved from 301

the literature [49, 50, 51, 52], and the positions of pro- 302

moter elements were predicted using bTSSfinder [53]; 303

details are given in Supplementary Information. The re- 304

lation between promoter activation and spacer length was 305

quantified either by linear regression (Fig. 4A) or by a 306

Student’s t-test between activated and repressed promot- 307

ers (Fig. 4B, Fig. 5BC, Supplementary Fig. S4). All com- 308

putations were carried using a homemade Python pack- 309

age. All error bars shown are 95% confidence intervals. 310
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Figure 1: Quantitative modelling of the coupling between
RNAP binding sites orientation, spacer length and DNA super-
coiling. (A) Schematic depiction of -35/-10 alignment depend-
ing on spacer length and superhelical density. With long spac-
ers (green), RNAP binding sites are out-of-phase at moderate
SC levels, and become optimally aligned when DNA is highly
negatively supercoiled, and conversely for shorter spacers (17-
nt spacer in blue). (B) Relative expression levels predicted by
the regulatory model for 15 to 19-nt spacers, depending on σ.
The global parameter θP was chosen such that -35 and -10
sites are optimally aligned at σ = −0.06 for 17-nt spacers (see
text). Short spacers are more expressed at relaxed levels, while
long spacers are favoured at highly negative levels.

Results311

Regulatory model of -35/-10 alignment during312

closed-complex formation313

Following previous works [10, 30], we hypothesised that,314

for a simultaneous binding of the -35 and -10 hexamers315

by the RNAP holoenzyme during closed-complex for-316

mation, an intermediate state must be achieved where317

the spacer DNA is (un)twisted to a favourable orienta-318

tion (Fig. 1A). We translated this notion into a quanti-319

tative regulatory model, based on a thermodynamic de-320

scription of transcription [14] where this contribution can321

be computed from the torsional energy of spacer DNA,322

while RNAP is assumed to impose an optimal angle be-323

tween the two sites. Treating DNA as a homogeneous324

polymer of known torsional stiffness, this energy de-325

pends on the spacer length and its superhelical state be-326

fore RNAP binding, and the only adjustable parameter is327

the optimal angle of RNAP (Fig. 1A, detailed hypothe-328

ses of the model and equations are given in Materials329

and Methods). A difficulty in the analysis of this regu-330

lation mode is that SC affects transcriptional activity at331

many other steps of the process (promoter opening, es- 332

cape, elongation, etc.), with unpredictable rules but often 333

stronger magnitude than the investigated effect (see be- 334

low). The main assumption for a predictive modelling 335

was to consider these other regulatory effects to be inde- 336

pendent of the spacer length. Similarly, all other mech- 337

anisms by which the spacer length and sequence modu- 338

late transcriptional activity (e.g., DNA stretching, 3D de- 339

formations, specific interactions with RNAP within the 340

closed complex, etc.) are assumed to be independent 341

of the initial superhelical state of the promoter. Based 342

on these simplifying assumptions, the modulation of the 343

torsional angle between the -35 and -10 hexamers is the 344

only mechanism of coupled dependence between spacer 345

length and SC, and the quantitative contribution of the 346

spacer length to the SC-sensitivity of the promoter can 347

be computed without any adjustable parameter, as devel- 348

oped in the following. 349

The first prediction is the quantitative magnitude of 350

this regulatory contribution. Geometrically, the size of 351

the spacer (15-20 nt, in contrast to the shorter spacer 352

of many dimeric TFs, 8-10 nt) implies that physiologi- 353

cally relevant superhelical variations (of around ±0.06) 354

have an orientational effect on the -10/-35 elements of 355

the same magnitude as a variation in spacer length of one 356

nucleotide (16 × 0.06 ' 1), and may therefore induce 357

a quantitative regulatory effect. In turn, this effect de- 358

pends on the mechanical cost of aligning an ill-oriented 359

spacer (e.g., the 18-nt spacer in the left panel of Fig. 1A), 360

which depends on the experimentally known value of the 361

torsional stiffness of DNA [32]. Fig. 1B shows that, af- 362

ter calculation, the addition/removal of one nucleotide 363

in the spacer corresponds to a significant regulatory fac- 364

tor of around 2 (e.g., compare the 18 vs 17 nt spacers 365

at σ = −0.06). While this value is milder than the 366

"on/off" regulation of many TFs affecting specific pro- 367

moters, it is sufficient for a biologically relevant effect, 368

especially if this factor affects RNAP activity in a sys- 369

tematic manner. This magnitude also matches the in vitro 370

observed effect of varying the spacer length (Supplemen- 371

tary Fig. S1), suggesting that, as hypothesised, the elas- 372

ticity of DNA (rather than RNAP) is a relevant parameter 373

in this process. But while the deformation energy has a 374

symmetrical effect on the expression of spacers either too 375

long or too short (same value of 16 and 18 nt spacers at 376

σ = −0.06), in contrast, SC is predicted to affect their 377

expression in opposite directions, with short spacers be- 378

ing activated at relaxed levels (left) while long spacers 379

are rather activated at highly negative levels (right). 380
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In vitro validation of model predictions on mu-381

tant promoters382
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Figure 2: Comparison of in vitro transcription assays to model
predictions. (A) Left panel: Relative activity of promoters
with 17 and 19-nt spacers (blue and red, respectively), de-
pending on SC level σ (data from [45]). Right panel: activ-
ity of promoters with 18-nt and 17-nt spacers (green and blue,
respectively, data from [44]). (B) Transcription model predic-
tions (solid lines) compared to the in vitro promoter expression
data (exp.) from [45] (red dots) and [44] (green dots). Each
datapoint was normalised by the corresponding value obtained
in the reference mutant promoter with a 17-nt spacer, to isolate
specifically the spacer length contribution to the SC response,
among other possible regulatory effects (see text). The model
intercept value for the 19-nt spacer was corrected by a factor 3
(see Materials and Methods).

The experimental validation of these predictions faces383

two obstacles: (1) varying SC might affect transcription384

through other (and possibly stronger) mechanisms, and385

(2) the same is true of varying the spacer length (or se-386

quence), both of which may hide the specific effect of387

the investigated mechanism. We therefore developed an388

analysis of previously obtained in vitro transcription data389

involving spacer length mutants of model promoters, in390

order to specifically distinguish this regulatory effect. In391

this experimental protocol, plasmid templates containing392

lacP s-derived promoters [44] and PSC-derived promot-393

ers [45] were prepared at well-defined superhelical densi-394

ties and incubated with RNAP, thus minimising the effect395

of external regulatory factors. Since the raw datapoints396

(Fig. 2A) contain all aforementioned regulatory contribu-397

tions (especially SC-assisted promoter opening, explain-398

ing the overall activation by negative SC [9]), we nor-399

malised each datapoint by the one obtained at the same400

σ, with the same overall promoter sequence but the refer-401

ence 17-nt spacer length (Fig. 2B), thus eliminating these402

other factors and allowing a direct comparison with the403

model (by construction, the blue curve is flat; see detailed404

theoretical paragraph in Materials and Methods, Eq. 5).405

The prediction is a linear dependence of the datapoints406

(coloured lines), where the slopes are set by the DNA407

torsional stiffness value, without any adjusted parame-408

ter, and proportional to (n − 17) (where n is the spacer409

length). In particular, the slope of the 19-nt spacer line 410

is twice that of the 18-nt one (both activated by negative 411

SC), and the same for 15- and 16-nt spacers with nega- 412

tive values (repression by negative SC). Remarkably, the 413

datapoints from two independent datasets obtained from 414

different promoters (with 18- and 19-nt spacers) align 415

precisely along the predicted slopes, giving a strong sup- 416

port to our hypothesis that this regulatory contribution is 417

dominated by the torsional elasticity of DNA. Further, 418

in the study by Aoyama et al. [45], the same data were 419

also collected with 16-nt spacers, but, in direct contrast 420

to our predictions, these appear to be more activated at 421

strong SC levels (Supplementary Fig. S5). Together with 422

the previous ones, this observation suggests that our hy- 423

potheses are valid for some spacer lengths, but fail for 424

16-nt spacers. Possible reasons and biological implica- 425

tions are developed in the Discussion, but briefly, this be- 426

haviour of 16-nt spacers can be expected if they adopt a 427

different conformation than 17-nt spacers in their inter- 428

action with RNAP, and their differential SC-sensitivity is 429

dominated not by the deformation of DNA before RNAP 430

binding as we assume but, e.g., during open-complex for- 431

mation. The question then arises, if this deviation is a 432

feature of short spacers in general, thus strongly reducing 433

the usefulness of the proposed model, or if it is a mere ex- 434

ception of 16-nt spacers. We therefore ran additional in 435

vivo experiments on mutant promoters containing oppo- 436

site spacer lengths of 15 and 19 nucleotides. 437

In vivo validation with opposite superhelical vari- 438

ations 439

We constructed spacer length mutants of the pheP pro- 440

moter of E. coli, of 17 nt (native), 15 nt (two dele- 441

tions) and 19 nt (two insertions). This promoter is 442

SC-sensitive [46] and not regulated by any identified 443

TF [47], and is thus an interesting candidate for our reg- 444

ulation mechanism based on the basal interaction with 445

RNAP. Promoters were fused on plasmids in front of a 446

luciferase reporter gene (Fig. 3A), and their expression 447

was recorded in E. coli cells grown in LB rich medium 448

in a microplate reader (Fig. 3B-C and Supplementary 449

Fig. S3). Expression levels were computed shortly after 450

treatment by the gyrase inhibitor novobiocin [3], or the 451

topoisomerase I inhibitor seconeolitsine [54, 55], applied 452

during exponential phase (see Materials and Methods). 453

These drugs induce opposite SC variations in E. coli, 454

DNA relaxation and overtwisting respectively [55], and 455

thus provide complementary and independent tests of our 456

predictions. Again, for a rigorous analysis of the data, we 457

derived specific predictions on the effect of the analysed 458
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Figure 3: Responses of pheP-derived promoters with variable
spacer length to opposite SC variations. (A) Promoter se-
quences were synthesised from pheP (E. coli), with mutated
spacers of different lengths, controlling the expression of a
luc gene encoding firefly luciferase, generating luminescence
from luciferin substrate. (B) Promoter expression monitored in
a microplate reader (bacteria carrying plasmids with pheP na-
tive promoter in LB medium), with a novobiocin shock applied
in mid-exponential phase (time point quoted "shock") at differ-
ent sublethal concentrations. (C) same as (B), with a secone-
olitsine shock performed at different sublethal concentrations,
which induces a stronger and more transient expression varia-
tion. (D-E) Expression fold-changes computed 60’ (time point
quoted "exp.") after novobiocin shock (200 µg/mL), or 5’ after
seconeolitsine shock (100 µM) from the experiments (upper
panels), or predicted by the model (lower panels), assuming
SC variations compatible with the observed expression vari-
ations levels (see Materials and Methods). See all raw data-
points, including growth curves, in Supplementary Fig. S3.

global superhelical variations on promoters of different459

spacer lengths, without any parameter adjustment (see460

dedicated paragraph in Materials and Methods, Eq. 7).461

The native pheP promoters was repressed by462

novobiocin-induced DNA relaxation (Fig. 3B), in agree-463

ment with previous data [46], and was activated by seco-464

neolitsine (Fig. 3C); both effects increased with the ap- 465

plied dosage. This result might be explained by the clas- 466

sical effect of SC-assisted promoter opening [9], as in the 467

in vitro data above; the relatively modest (but highly sig- 468

nificant) repression levels in response to novobiocin are 469

due to a buffering effect of the reporter system (see Ma- 470

terials and Methods). Next, comparing the regulatory ef- 471

fect of the shocks on the mutants vs native promoter, we 472

observed that novobiocin represses the 19-nt-spacer pro- 473

moter with much stronger magnitude, whereas the 15- 474

nt promoter was almost insensitive to DNA relaxation 475

(Fig. 3F), as expected. Conversely, under seconeolitsine- 476

induced DNA overtwisting, the activation fold-change 477

was strongest for the 19-nt promoter, and very low for the 478

15-nt promoter (Fig. 3G). These four independent obser- 479

vations (differential effect of either superhelical variation 480

on a shorter or longer spacer) are fully consistent with 481

model predictions, and the quantitative values were re- 482

produced by fitting the magnitude of the effective super- 483

helical variations induced by the drugs (Fig. 3D-E, one 484

fitted parameter for each shock, see Materials and Meth- 485

ods). These results confirm, after the in vitro data above, 486

that 19-nt spacers are favoured by strong negative SC lev- 487

els, and show that 15-nt spacers are rather favoured by 488

DNA relaxation. The opposite behaviour of 16-nt spacers 489

noted above thus seems to be an abnormal case where our 490

hypotheses break down, and these promoters will there- 491

fore be disregarded in the upcoming analyses (see Dis- 492

cussion). For all other spacer lengths, since the proposed 493

mechanism relies on the basal interaction between RNAP 494

and promoter elements, we then wished to enlarge the 495

analysis to the entire genome of E. coli, in order to test 496

its validity and relevance at the global scale. 497

Global effect of the spacer in promoter SC- 498

sensitivity 499

We first looked at the variability of spacer lengths among 500

E. coli σ70-dependent promoters, based on an available 501

curated promoter map [47]. We focused on σ70 since 502

it is predominant in exponential phase where the anal- 503

ysed samples were collected. The most frequent spacer 504

length is 17-nt (27% total promoters), and most other are 505

distributed between 15 and 19-nt (78% total promoters), 506

with the remaining below 15-nt and above 19-nt (22% to- 507

tal promoters) (Supplementary Fig. S6). In the analyses 508

below, we focus on 15 to 19-nt spacers, which are likely 509

less affected by annotation errors, and for which the mag- 510

nitude of physiologically relevant SC variations are suf- 511

ficient to induce a significant regulatory effect. Based 512

on the analyses above, we hypothesised that promoters 513
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with short spacers would be more activated by DNA re-514

laxation than those harbouring long ones (Supplementary515

Fig. S2), and conversely for DNA overtwisting. How-516

ever, in contrast to the mutation studies above conducted517

on the same promoters, genome-wide analyses involve518

the comparison of promoters that differ by many addi-519

tional factors beyond their spacer, including different ge-520

nomic contexts, surrounding sequences, bindings of tran-521

scriptional regulators, etc. We thus searched for a statisti-522

cal relation between promoter selectivity during SC vari-523

ations and spacer length, rather than a prediction valid for524

all analysed promoters (see Materials and Methods).525
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Figure 4: Genome-wide relation between spacer length
and promoter selectivity during DNA relaxation in E. coli.
(A) Mean comparison of spacer lengths for σ70-dependent
promoters activated (act), not significantly affected (non) or
repressed (rep) by norfloxacin-induced DNA relaxation (LZ54
vs LZ41 strains [46]). As expected from our modelling for a
DNA relaxation, activated promoters have significantly shorter
spacers compared to repressed ones (P = 0.007). (B) Propor-
tion of activated promoters among those responsive to DNA
relaxation, depending on their spacer length (linear regression
P = 0.07). As observed from in vitro data, 16-nt spacers (in
grey) do not follow the model and were excluded from statis-
tical analyses (see Discussion).

In E. coli, the transcriptomic response to DNA relax-526

ation was obtained with DNA microarrays [46], after a527

norfloxacin shock in two alternate topoisomerase mutant528

strains [56]. The analysis shows that promoters activated529

by DNA relaxation indeed harbour significantly shorter530

spacers than repressed ones (Fig. 4A, P = 0.007), and531

correspondingly, classifying the promoters based on their532

spacer length (Fig. 4B) exhibits a clear decreasing ten-533

dency (correlation P = 0.07). The relatively high534

level of noise is due to the heterogeneity of promoter535

sequences within each group, and also likely to a frac-536

tion of inaccurately annotated promoters, since a single-537

nucleotide resolution in the definition of -10 and -35 hex-538

amers is required for an accurate analysis, but not always539

achieved. In particular, as stated in the Introduction, the540

-35 element is not systematically well-defined, and even541

lacking in some promoters [18]. As expected from the542

observations above, the 16-nt spacers again deviate from543

the model predictions and were excluded from statisti-544

cal analyses (see Discussion for a functional analysis of 545

these promoters). For all others, these results demon- 546

strate that the variability of spacer length is used by bac- 547

terial cells for the global selectivity of promoters in re- 548

sponse to DNA relaxation. 549

Analysis of transcriptomic data in various 550

species 551

Since the investigated mechanism relies on highly con- 552

served molecular actors, RNAP and topoisomerases, 553

it might affect a particularly broad range of bacterial 554

species, and we therefore wished to extend this analy- 555

sis to other organisms. But while the transcriptomic re- 556

sponse to DNA relaxation induced by gyrase inhibitors 557

has been recorded in several species [3] (Supplemen- 558

tary Tab. S2), curated and accurate promoter maps are 559

generally lacking. We therefore based our analysis on 560

available maps of transcription start sites (TSS) obtained 561

from specifically designed transcriptomic data (Supple- 562

mentary Tab. S2), followed by a scan for promoter 563

motifs [53]. We thus obtained a list of putative pro- 564

moters with associated σ factors and associated spacer 565

lengths for two other enterobacteria, Salmonella enter- 566

ica and the phytopathogen Dickeya dadantii, and at a 567

drastically larger evolutionary distance, for the cyanobac- 568

terium Synechococcus elongatus and the small tenericute 569

Mycoplasma pneumoniae. However, we noted that pro- 570

moter prediction programs perform poorly in the detec- 571

tion of -35 elements: using the E. coli promoter map as 572

a benchmark dataset, we found that the predicted -35 po- 573

sition deviated from the annotated one in around 50% 574

promoters. In other species, this inaccuracy presumably 575

resulted in a much higher level of statistical noise than 576

for the annotated E. coli promoters above. In spite of this 577

obstacle, a difference of spacer length in the same direc- 578

tion as in E. coli was observed in all investigated species 579

(Supplementary Fig. S4), albeit with weaker magnitudes 580

and levels of statistical significance. Altogether, while 581

improvements in promoter definition are clearly required 582

for a solid conclusion, this systematic observation sug- 583

gests that the variability of spacer length might indeed 584

underpin a selective activation and repression of promot- 585

ers by global SC variations throughout the prokaryotic 586

kingdom. 587

Inheritable selection of promoters based on the 588

spacer length 589

We finally investigated if the present mechanism could 590

be involved not only in transient DNA relaxation re- 591
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sponses induced by antiobiotic shocks, but also in inheri-592

table variations of global gene expression in the longest-593

running evolution experiment [57, 58]. Indeed, in this594

experiment involving the growth of E. coli cells in a595

daily refreshed minimal medium, point mutations affect-596

ing the SC level were quickly and naturally selected, as597

they provided substantial fitness gains [57] (Fig. 5A). A598

first mutation (in topA) was fixed before 2,000 genera-599

tions, and a second mutation (in fis) before 20,000 gen-600

erations, both leading to an inheritable increase of nega-601

tive SC (Fig. 5A). Based on our modelling and the previ-602

ous observations, we therefore expected promoters with603

a long spacer to experience enhanced expression in the604

evolved strains compared to the ancestor. Such a re-605

lation is indeed observed, both after 2,000 generations606

(Fig. 5B, P = 0.04) and 20,000 generations (Fig. 5C,607

P = 0.026). The signal is significant but slightly weaker608

than that observed with antibiotics (Fig. 4); this may be609

explained by the inheritable (rather than transient) nature610

of the SC variation, which induces an adaptive response611

of the cells via other regulatory pathways. Again, these612

results suggest that promoters of different spacer lengths613

respond differently to SC variations due to, e.g., muta-614

tions in topoisomerase genes that are observed even be-615

tween closely related species [59].616

Discussion617

While the spacer length and sequence are known to mod-618

ulate transcriptional activity, we wished to quantitatively619

model and test the long-proposed idea [44, 45, 10] that620

SC plays a specific role in this process through a sim-621

ple and basal orientational effect during closed-complex622

formation. This analysis is complicated by the simultane-623

ous occurrence of other regulatory actions of SC, in par-624

ticular in promoter opening, but the investigated effect625

still emerged as a predictable quantitative signal, both626

in specifically designed mutant promoter assays and as627

a statistical tendency in whole-genome data. The model628

and the latter results altogether suggest that this mech-629

anism has a widespread relevance in bacterial transcrip-630

tion, although more detailed and comprehensive analyses631

will be required to confirm it in various species.632

Limitations of the regulatory model: the case of633

16-nt promoters634

The model was based on the hypothesis that the investi-635

gated physical mechanism could be decoupled from both636

other regulatory effects of SC (assumed to be indepen-637

dent of the spacer length) and other modulating effects638
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Figure 5: Contribution of the spacer to the global selectiv-
ity of promoters by inheritable increase of negative super-
coiling in E. coli. (A) Reproduced from [48]. Strains from
the longest-running evolution experiment [58]: 606 (ances-
tral genetic background), 2K (clone isolated from population
at 2,000 generations), 20K (at 20,000 generations). Evolved
strains exhibit higher chromosomal SC density σ compared to
the ancestor, due to the natural acquisition of two point mu-
tations: one in topA before 2,000 generations (among the five
observed), and one in fis before 20,000 generations (among the
45 observed). Those mutations are associated to fitness gains
through global expression changes [48]. (B) Mean compari-
son of spacer lengths for promoters activated (act), not signifi-
cantly affected (non) or repressed (rep) in the 2K evolved strain
compared to the ancestor. As expected from our modelling for
an increase of negative SC, activated promoters have longer
spacers compared to repressed ones (P = 0.04). (C) Same
for the 20K evolved strain compared to the ancestor, where the
same difference is observed (P = 0.026). The wider confi-
dence intervals for repressed promoters result from a higher
activation among the responsive genes in the investigated con-
ditions.

of the spacer length and sequence (assumed to be inde- 639

pendent of SC). These hypotheses, already proposed and 640

supported by a collection of qualitative observations on 641

individual promoters [10], are validated here a posteri- 642

ori by the good agreement between model predictions 643

and analysed data of different kinds. A a notable excep- 644

tion, however, are promoters involving 16-nt long spac- 645

ers, for which all observations converge to an opposite 646

behaviour, being more repressed by DNA relaxation than 647

17-nt spacers (Supplementary Fig. S5, Fig. 4B). This be- 648

haviour does not necessarily imply that the orientational 649

effect proposed here is absent, but possibly that it is over- 650

come by a stronger opposite regulatory effect of SC at 651

a later stage of transcription, in particular during open- 652

complex formation where different elements of the pro- 653

moter make extensive and complex contacts with RNAP 654

and the destabilisation of the double helix by SC has a 655

strong influence [60, 16, 9]. 656

A well-studied class of promoters involving 16-nt 657

spacers are those encoding stable RNAs in E. coli, sub- 658

ject to stringent control. They are also characterised by 659

a G/C-rich "discriminator" inducing unusual interactions 660

with RNAP, in particular a strong repression by the desta- 661
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bilisation of the transcription bubble by ppGpp, but also662

by DNA relaxation occurring in the cell upon transition663

to stationary phase [61, 62, 63]. Both effects were at-664

tributed to the unusual kinetics of promoter opening and665

escape due to the discriminator sequence [64, 60, 65],666

but the latter sensitivity to DNA relaxation is consistent667

with our observations based on the effect of the 16-nt668

long spacer (Supplementary Fig. S5, Fig. 4), and both669

properties might thus contribute in their behaviour. We670

further tested if the unusual discriminator content of pro-671

moters containing 16-nt long spacers was also present in672

the promoters of protein-encoding genes. Indeed, com-673

pared to all other such promoters, those containing 16-674

nt spacers exhibit significantly G/C-richer discriminators675

(Supplementary Fig. S7, P < 0.001). This observa-676

tion further suggests a tight relation between both proper-677

ties of these these promoters (spacer length and discrim-678

inator sequence), which might underpin a specific path-679

way in open-complex formation, beyond the range of our680

model focused on the closed-complex. This notion is fur-681

ther emphasised by the observation that the reactivity of682

spacer DNA to potassium permanganate or DMS within683

the open-complex depends on the spacer length or se-684

quence, indeed suggesting an effect on its conformation685

at that later stage of transcription [28, 66].686

Additional factors influencing the relative orien-687

tation of -10/-35 elements688

While we focused on the effect of SC, the (un)twisting689

of the spacer DNA for RNAP binding has been pro-690

posed as the mechanistic basis for the regulatory action of691

several TFs, including MerR, which regulates the (mer)692

operon encoding components of the mercury (Hg) resis-693

tance system [31]. The well-studied mer promoter in-694

cludes the MerR binding site overlapping -35 and -10 el-695

ements which are separated by a 19-nt spacer, a length696

essential for normal activation by MerR [67]. In the ab-697

sence of Hg(II) salts, MerR binds to mer promoter in its698

repressor conformation. In the presence of Hg(II), the lat-699

ter binds to MerR, causing a conformational change and,700

in turn, the untwisting of DNA to realign -35/-10 sites701

for effective open-complex formation [31]. Negative SC702

results in DNA unwinding similar to that of MerR activa-703

tion, and a global increase in SC indeed facilitates MerR-704

mediated activation, impedes MerR-mediated repression,705

and conversely for DNA relaxation [68]. The same706

mechanism presumably applies to other metal-dependent707

regulators[31, 69]. Finally, the same mechanism may oc-708

curs in Mu bacteriophage, where protein C-mediated ac-709

tivation of the mom gene (encoding a DNA modification710

function) requires a 19-nt spacer between -35/-10 sites, 711

and involves a twisting deformation to realigning the lat- 712

ter for RNAP recruitment [70]. 713

Effect of spacer sequence on -35/-10 alignment by 714

RNA Polymerase 715

Apart from the limitations mentioned above, in the 716

present model, we only considered how SC modulates 717

the relative torsional orientation of -10 and -35 ele- 718

ments depending on the spacer length, and neglected 719

any effect of its sequence. However, the latter has been 720

shown to affect transcriptional activity of various pro- 721

moters [26, 22, 23, 71, 24, 72, 25]. Focusing specifi- 722

cally on the torsional orientation between the -35 and -10 723

sites (sensitive to SC), the spacer sequence might mod- 724

ulate two parameters that were considered as constant in 725

the equations: the average twist angle between succes- 726

sive basepairs (α0 in Eq. 1) and the torsional stiffness 727

(kθ), whose values were estimated for all basepair step 728

sequences from a collection of crystallographic struc- 729

tures [73, 32]. We implemented these values [33] to es- 730

timate the magnitude of the resulting adjustment of the 731

regulatory effect of SC, for all σ70-dependent promot- 732

ers of E. coli (Supplementary Fig. S8, with details of 733

the calculation in Supplementary Information). Overall, 734

the maximal span of the sequence contribution remains 735

weaker than the gain/loss of one nucleotide in the spacer 736

(Supplementary Fig. S8A), confirming our hypothesis 737

that the effect of the spacer sequence is weaker than that 738

of its length. We then asked if this modulation results 739

from the sequence-induced heterogeneity of the twist an- 740

gle (i.e., the DNA structure) or stiffness (i.e., elasticity), 741

or both. We therefore modified the computation to im- 742

pose a sequence-averaged value to either of these two pa- 743

rameters (Supplementary Fig. S8B-C). We observed that 744

the effect of the sequence on DNA stiffness alone has 745

almost no regulatory effect (Supplementary Fig. S8B), 746

meaning that the sequence contributes mostly by mod- 747

ulating the total twist angle of the spacer, although as 748

noted, this modulation remains modest compared to that 749

induced by changing the spacer length. 750
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Supplementary text

Genome-wide analyses of spacer responses to supercoiling variations in distant bacteria
Transcriptomic data were collected from the literature (Supplementary Tab. S2). Since curated promoter maps were not avail-
able, genome-wide TSS maps and associated genes were retrieved from literature (Supplementary Tab. S2), and a scan for
promoter motifs upstream of TSSs was conducted with bTSSfinder [1]. Only σ70-dependent promoters were retained for all
organisms, except for the cyanobacterium S. elongatus, for which only σA-dependent promoters were kept (primary σ factor),
and classified depending on their spacer length and response to the investigated condition. The thresholds for statistical selection
procedures are indicated in Supplementary Tab. S2, and were adjusted to generate subsets of act/rep genes of sizes comparable
among the different data sets, while having enough statistical power for the analysis. The relation between promoter activation
and spacer length was then quantified by a Student’s t-test between activated and repressed promoters (Supplementary Fig. S4),
such as in Fig. 4 and 5. All error bars shown are 95% confidence intervals.

Modelling of the effect of spacer sequence on -35/-10 alignment by RNA Polymerase
To estimate the contribution of the spacer sequence to the total angle between -35/-10 binding sites and to the spacer stiffness,
the twisting deformation energy was computed as follow:

∆G(σ, s) =
1

2
kθ(s)

(
θP − θO(s) − α0

kθ
kθ(s)

σ

)2

where σ is the supercoiling level, s is the promoter spacer sequence, kθ(s) is the DNA spacer twist stiffness estimated with
ThreaDNA [2], θP = 543 is the optimal angle between -35 and -10 sites for RNAP binding as previously determined, θO(s)
is the effective angle estimated with ThreaDNA [2] which depends on base composition, α0 = 34° is the average twist angle
between adjacent nucleotides. Then, for each E. coli σ70-dependent promoter, the response to DNA relaxation was predicted
starting from a level σ = −0.06, with a relaxation magnitude ∆σ = 0.03 (Supplementary Fig. S8).
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spacer length (nt)

Supplementary Figure S1: Predicted relative promoter expression levels depending on spacer length (dashed lines), for a supercoiling level
σ = −0.06, and comparison to in vitro promoter expression data (dots) from [3] (green), [4] (red), and [5] (blue). Error bars are shown for
[5] data due to the usage of different promoters for which no SC level was measured.
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spacer length (nt)

DNA relaxation

Supplementary Figure S2: Predicted expression fold-changes from σ = −0.06 to σ = −0.03 for 15 to 19-nt spacers.
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Supplementary Figure S3: Bacterial growth and promoter expression monitored in a microplate reader (raw data). (A) E. coli bacteria
carrying plasmids with pheP 15-nt spacer promoter in LB rich medium. (B) pheP 19-nt spacer promoter. (C) pheP native 17-nt spacer
promoter. For all promoters, upper panels display bacterial growth measured by OD600nm, lower panels the expression levels measured
by luminescence, left panels the experiments conducted with novobiocin, and right panels the experiments conducted with seconeolitsine.
"Shock" and "exp." refer to the time points used for the antibiotic shock, and for the computation of expression fold-changes, respectively.
Due to the stronger and more transient expression variation induced by seconeolitsine shock, a zoom is performed for luminescence. The
OD600nm discrepancies at shock time or after several hours are optical artefacts due to the opening of the recorder and/or the formation
of sediments disrupting the measurements (the luminescence does not vary correspondingly among replicates). The luminescence curves of
pheP native 17-nt spacer promoter are provided in Fig. 3.
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Supplementary Figure S4: Statistical relation between spacer length and promoter’s response to DNA relaxation (act: activated, non: not
significantly affected, rep: repressed) in distant bacterial species (see Supplementary Tab. S2 for experimental conditions and references):
(A) Salmonella typhimurium (P = 0.169), (B) Dickeya dadantii (P = 0.170), (C) Synechococcus elongatus (P = 0.007), (D) Mycoplasma
pneumoniae (P = 0.017). In proteobacteria and M. pneumoniae, only σ70 promoters were considered, whereas only σA promoters were
considered for S. elongatus. A schematic phylogeny is depicted above.
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Supplementary Figure S5: Comparison of in vitro transcription assays for 16-nt spacers to model predictions. (A) Activity of promoters
with 17 and 16-nt spacers (blue and purple, respectively) relative to that of the 17-nt spacer in the relaxed state, depending on supercoiling
level σ (data from [4]). (B) Transcription model predictions (solid lines) compared to the in vitro promoter expression data (exp.). Each
datapoint was normalised by the corresponding value obtained in the reference mutant promoter with a 17-nt spacer, to isolate specifically the
spacer length contribution to the SC response, among other possible regulatory effects (see text).
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Supplementary Figure S6: Distribution of spacer lengths at E. coli σ70-dependent promoters in the Ecocyc database [6].
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Supplementary Figure S7: Analysis of the coupling between promoter spacer length and discriminator G/C-content. Promoters with 16-
nt spacers exhibit G/C-richer discriminators compared to other promoters (P -value < 0.001), 15-nt and < 15-nt spacers exhibit A/T-richer
discriminators (P -value = 0.015 and 0.004, respectively), whereas 17, 18, 19 and > 19-nt spacers have similar, not significantly different
discriminator A/T-contents.
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spacer length (nt) spacer length (nt) spacer length (nt)

Effect of spacer sequence on:

Twist rigidity + total angle Total angle onlyTwist rigidity onlyA B C
DNA relaxation

Supplementary Figure S8: Boxplot of predicted relaxation fold-changes from σ = −0.06 to σ = −0.03 for spacer sequences of E. coli
σ70-dependent promoters from the Ecocyc database [6]. The box extends from the first quartile to the third quartile values of the data, with
an orange line at the median, and with whiskers extending from each end of the box to the extreme values. (A) With sequence-dependent
spacer twist rigidity and total angle between -35/-10 RNAP binding sites. The maximal effect magnitude of the sequence is similar to that of
a gain or loss of one nucleotide in the spacer. (B) With sequence-dependent spacer twist rigidity and sequence-averaged total angle. (C) With
sequence-dependent total angle and sequence-averaged spacer twist rigidity. In the model, the effect of spacer sequence is mainly driven by
modifications of the total angle between -35/-10 sites in the model.
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Promoter Sequence
>pheP_WT_17nt CTCGAGTCAGAGGTGATGAGCCGGATTGCCGCGCCGATGATTGGCGGCATGATCACCGCACCTTTGCTGTCGCTGTTTATT

ATCCCGGCGGCGTATAAGCTGATGTGGCTGCACCGACATCGGGTACGGAAATAAAAGCAGGATACCCCGTTTAACCGTGTG

GATTGTGTCTTGCGACGATGGGCACTAAATGTTAAAAGGTGCCCCTCAACAAAAAAGACACACAGGGGAAAGGCGGATCC

>pheP_15nt CTCGAGTCAGAGGTGATGAGCCGGATTGCCGCGCCGATGATTGGCGGCATGATCACCGCACCTTTGCTGTCGCTGTTTATT

ATCCCGGCGGCGTATAAGCTGATGTGGCTGCACCGACATCGGGTACGGAAATAAAAGCAGGATACCCCGTTTAACCGTGTG

GATTGTGTCTTGCGACGATGGGCTAAATGTTAAAAGGTGCCCCTCAACAAAAAAGACACACAGGGGAAAGGCGGATCC

>pheP_19nt CTCGAGTCAGAGGTGATGAGCCGGATTGCCGCGCCGATGATTGGCGGCATGATCACCGCACCTTTGCTGTCGCTGTTTATT

ATCCCGGCGGCGTATAAGCTGATGTGGCTGCACCGACATCGGGTACGGAAATAAAAGCAGGATACCCCGTTTAACCGTGTG

GATTGTGTCTTGCGACGATACGGGCACTAAATGTTAAAAGGTGCCCCTCAACAAAAAAGACACACAGGGGAAAGGCGGATCC

XhoI restriction site, -35 element, spacer, -10 element, TSS, BglII restriction site

Plasmid Description Origin
pUCTer-luc High-copy-number vector (pUC18 derivative) containing a multiple

cloning site upstream of the luc reporter gene, followed by a rrnB ter-
minator and a cat gene conferring chloramphenicol resistance.

Laboratory collection

Supplementary Table S1: List of pheP-derived synthetic promoter sequences with mutated spacers, and pUCTer-luc plasmid used in this
study.

Species Condition Threshold
adj. P-value

Threshold
log2(FC)

Supercoiling
variation

Transcription
start sites refer-
ence

Escherichia coli norfloxacin [7] 0.05 0 relaxation [6]
inheritable super-
coiling variation [8]

0.1 0 overtwisting [6]

Salmonella typhimurium gyrA mutant [9] NA 0.4 relaxation [10]
Dickeya dadantii novobiocin [11] 0.05 0 relaxation [12]
Synechococcus elongatus supercoiling

correlation* [13]
NA 0.4 relaxation/

overtwisting
[14]

Mycoplasma pneumoniae novobiocin [15] 0.1 0 relaxation [15]

Supplementary Table S2: Compilation of investigated species, conditions and references. The thresholds for statistical selection procedures
are indicated, and were adjusted to generate subsets of activated/repressed genes of sizes comparable among the different data sets. For
a threshold of 0.4 on the log2(fold-change), genes are considered activated for a log2(FC) > 0.4, repressed for a log2(FC) < -0.4, and not
significantly affected for a log2(FC) comprised between -0.4 and 0.4. The correlation* condition from S. elongatus corresponds to the
phasing of gene expression in the SC circadian oscillation and provides an indirect proxy of gene response to SC relaxation [13].
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Chapter 6

Discussion and perspectives

To achieve the main thesis objectives, i.e. the modelling and validation of
transcriptional regulation by SC at the genome-scale, but also the characteri-
sation of D. dadantii transcriptome, I have first implemented a database and
Python programming tools. The latter have been proven very effective to per-
form various tasks, including the statistical analyses conducted for the side
projects presented in Chapter 2, i.e. the validation of the stochastic regula-
tory model of the transcription-supercoiling coupling [115], the investigation
of the phenotypic and transcriptional effects of IHF mutation on D. dadantii
virulence [122], and the transcriptome-based study of TopoI inhibition by the
non-marketed antibiotic seconeolitsine in D. dadantii [121]. In the future, the
database must be kept updated with new data, such that the reusable Python
programs contribute to other projects within the team and beyond.

6.1 Future studies on D. dadantii transcriptome

In Chapter 3, we have mapped the complex transcriptional landscape of D.
dadantii, based on a combination of independent transcriptomic datasets, in-
cluding one of the first reported applications of long-read Nanopore native
RNA-seq in prokaryotes. Beyond serving as a community resource to help
elucidating the regulation of D. dadantii gene expression, it also provides in-
sights into basal rules of coordination of transcription that might be valid for
other bacteria. This comprises the extent of transcription beyond the scale
of operons, transcriptional read-through at terminators, and the organisation
of genes into noncontiguous transcription units and excludons. Among the
future directions of research related to this work, an online browser could
be developed for a genome-wide visualisation of the identified transcription
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142 Chapter 6. Discussion and perspectives

units, transcription start and termination sites with the corresponding tran-
scripts, but also to interrogate the obtained gene expression data under the
different conditions investigated, similarly to what was recently achieved in
the bacteroide B. thetaiotaomicron [147] (Fig. 6.1).

FIGURE 6.1: Copied from [147]: Theta-base online browser to investigate B.
thetaiotaomicron transcriptomic features. (A) Heatmap of absolute (left
panel) and relative (right panel) expression levels in RPKM (reads per
kilobase of transcript per million mapped reads) under different conditions,
where a set of genes can be selected by the user. (B) Visualisation of read
coverages, where tracks, e.g. genes, non-coding RNAs, transcription start
and termination sites, can be selected and filtered, as well as the different
experimental conditions and replicates.

Since D. dadantii transcriptional landscape was defined essentially under de-
fined laboratory conditions, the acquisition and addition of in planta tran-
scriptomic data of higher-resolution, less variability and with more stages of
infection tested than in the DNA microarray data used, is a natural objective
to study the spatial and temporal dynamics of gene expression during plant
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infection. To that end, dual RNA-seq may be performed, which is a promis-
ing method allowing to analyse gene expression simultaneously in both the
pathogen and the host, based on deep sequencing [148].

Finally, since this work focused on protein-encoding genes, it could be com-
bined with the D. dadantii non-coding RNA landscape identified recently [149],
for a comprehensive picture of gene regulation in this phytopathogen. In-
deed, while most investigations on D. dadantii virulence have relied on tran-
scriptional regulation by TFs [7] and chromosome dynamics [119], recent
studies highlight the importance of post-transcriptional regulation by non-
coding RNAs in the control of gene expression. For instance, the inactivation
of Hfq and ProQ RNA chaperones, i.e. RNA-binding proteins that facilitate
RNA-RNA interactions [150], generates avirulent bacteria [151], demonstrat-
ing the key role of non-coding RNAs as regulators of D. dadantii pathogenic-
ity, by targeting virulence genes and more.

6.2 Limitations of our modelling and future direc-

tions

In Chapters 4 and 5, we have developed and validated two independent
thermodynamic models of transcriptional regulation by SC, which may con-
tribute to further progress in understanding and predicting gene response
to SC variations. By modulating RNAP-promoter interaction independently
from additional regulatory protein, and based on fundamental properties of
DNA, SC may be an ubiquitous and global regulation mode, as suggested by
the genome-scale validation of model predictions in distant bacteria in terms
of phylogeny and lifestyle. In the following, we discuss the limitations of
our modelling approach in more detail, and propose some perspectives for
future work, including model refinement.

First, these models were kept voluntarily as simple as possible, with only
few adjustable parameters, since they focus on one of the multiple steps by
which SC affects transcription, neglecting the possible contribution of other
regulatory mechanisms to the SC response of promoters. This includes the
modulation of regulatory protein binding at promoters such as H-NS and
CRP [108, 152], or the thermodynamic competition with other structural tran-
sitions (denaturation, cruciform, exclusion, G-quadruplex, Z-DNA...) occur-
ring at nearby sites depending on the SC level and affecting the transcription
rate of promoters [86] (Fig. 6.2). This explains why at the genome-scale, the
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144 Chapter 6. Discussion and perspectives

effect of the discriminator sequence or the spacer length emerge as a statisti-
cal feature rather than a predictive signal dictating the response of each pro-
moter, in contrast to mutation studies. As a key advantage of their simplicity,
these models provide mechanistic insights into transcriptional regulation by
SC, that may be eventually integrated into an unified regulatory model. The
possible interplay between these two mechanisms independently modelled
is discussed in Chapter 5, even if their respective contribution to the SC re-
sponse of promoters should be evaluated quantitatively in the future.

Second, we consider a homogeneous level of SC along the chromosome, with
promoters responding distinctly to SC variations depending on their discrim-
inator G/C-content or spacer length. Since the total SC level has been shown
to be heterogeneously distributed in different topological domains along the
chromosome [104], in particular due to the dynamic production of supercoils
by elongating RNAPs [126], this also explains discrepancies between model
predictions and experimental data. Indeed, as previously presented in Chap-
ter 2, the relative distance and orientation between adjacent genes explain a
significant contribution to the SC response of promoters, even when they are
assumed to respond identically [115]. Integrating this orientation-dependent
heterogeneity of SC levels and the sequence-dependent heterogeneity of pro-
moter response into an unified regulatory model is therefore a natural objec-
tive for future studies. This may be achieved by the high-resolution mapping
of local SC through the incorporation of psoralen into DNA, which prefer-
entially binds underwound regions of the double-helix. This was recently
performed in E. coli [104], albeit with a low-resolution, preventing the quan-
tification of local SC changes at the scale of gene promoters. A project is thus
currently running in the team in collaboration with the University of Gdansk
in Poland, for a high-resolution mapping of negative SC with psoralen. As a
complementary approach, a method named GapR-seq has been recently de-
veloped for generating high-resolution maps of positive SC, which is based
on the chromatin immunoprecipitation of GapR, a protein that preferentially
binds overwound regions of the double-helix [153]. A combination of these
high-resolution maps of local SC may thus characterise quantitatively the SC
variations occurring at each gene promoter under given conditions, e.g. in
response to DNA relaxation/overtwisting, in contrast to the homogeneous
and average SC levels considered in our models. Eventually, this may allow
a more precise confrontation between experimental data and model predic-
tions, and thus to refine the models of transcriptional regulation by SC based
on the sequence-specific response of promoters.
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Third, these models are based on an unidimensional description of DNA,
where the total SC level is assumed to be present in the form of twist, ne-
glecting its partition into writhe which may also influence the SC response
of promoters by modulating DNA conformation and, e.g. regulatory pro-
tein binding at promoters [108, 152]. It also neglects its partition into con-
strained/unconstrained superhelicity, which was estimated about a half of
the total in E. coli [98]. It is thus assumed that the total SC level can be
used by RNAP to twist/untwist the double-helix, which may be the case if (i)
the associated writhe is converted to twist, since the latter equilibrates much
more rapidly [97], and (ii) the potential topological barriers constraining SC
get unbound during the process of transcription initiation. However, this is
impossible to predict since it depends on unknown kinetic constants, DNA
sequence, protein-binding pattern, and a variety of other factors, which are
currently inaccessible experimentally with usual chloroquine gels, preclud-
ing the establishment of more precise models. These approximations neglect
notably the formation of R-loops, which have received increasing attention
in recent years. R-loops are frequent and ubiquitous three-stranded nucleic
acid structures consisting of an RNA:DNA hybrid and a displaced single-
stranded DNA [154, 155] (Fig. 6.2). They form in particular during transcrip-
tion, upon hybridisation of the nascent RNA with the complementary tem-
plate DNA strand, upstream the elongating RNAP where negative SC is gen-
erated (Fig. 6.2). Indeed, beyond the contribution of DNA sequence which
favours the formation of co-transcriptional R-loops in G-rich regions of tran-
scripts [154], it is largely driven by SC [156]. R-loops transiently absorb vast
amounts of negative SC generated by elongating RNAPs, which energetically
favour their formation, relaxing DNA in turn (Fig. 6.2). Beyond their key role
in relieving the superhelical stress generated by transcription, the sequestra-
tion of negative SC by R-loop formation may regulate nearby promoters by
(i) preventing the facilitation of DNA melting favoured by DNA unwinding,
(ii) hindering the formation of alternative DNA structures that compete for
negative SC, and (iii) abolishing the long-range contacts favoured by plec-
tonemic supercoils, and possibly protein-DNA interactions (Fig. 6.2). Con-
versely, the DNA relaxation induced by R-loop formation may give rise to
other DNA structures or protein-DNA interactions [154].
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FIGURE 6.2: Copied from [154]: co-transcriptional R-loop formation and
biological roles. Negative SC is generated upstream elongating RNAPs,
possibly driving the formation of alternative DNA structures (bubble DNA,
cruciform and Z-DNA depicted), increased chromatin contacts and
protein-DNA interactions. R-loops may form reversibly by absorbing
negative SC, relaxing DNA in turn. Hi: high, Lo: low.

Finally, since (i) SC is a fundamental property of DNA present in all living
organisms, and (ii) the investigated mechanisms rely on universal properties
of DNA and basal RNAP-promoter interaction, the results presented in this
thesis may be extrapolated in part and with caution to other kingdoms of life.

6.3 Applications of our modelling in eukaryotes

In eukaryotes, DNA is packaged by wrapping around histones to form struc-
tures called nucleosomes that constrain SC [157]. Free DNA is found to be
relaxed at the global scale, although several experiments demonstrated the
presence of important levels of SC in different topological domains from 10
to 1000 kb, where it plays a role in chromatin structure and nucleosome re-
modelling [102, 158, 159]. Most SC is generated by RNAP during transcrip-
tion [160, 161], due to the absence of DNA gyrase introducing negative super-
coils into DNA. They however contain topoisomerases that solve the topo-
logical problems associated with DNA transactions and relax the double-
helix [90, 92, 162]. Similarly to prokaryotes, SC induces structural changes
of DNA through twist/writhe modifications, including transitions to alter-
native DNA structures with regulatory potential [86, 102, 163]. Although
less studied than in prokaryotes, SC also influences key steps of transcrip-
tion, as underwound DNA promotes the binding of transcription complex,
promoter melting and RNAP catalytic activity [102].
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There are three different types of RNAP in eukaryotes depending on the
number and type of sub-units they contain, as well as the type of RNAs they
transcribe. They show similarities with bacterial RNAP in overall structure,
in particular RNAP II, which transcribes mRNAs and some small regulatory
RNAs [164]. As a consequence, prokaryotic and eukaryotic promoters also
share common structural features (Fig. 6.3A), suggesting that mechanisms
similar to the ones investigated may also be valid for eukaryotic promoters.
Like bacterial RNAP which associates with a σ factor to initiate transcription,
RNAP II cannot act alone and requires a set of initiation factors (TFIIB, IID,
IIE, IIF and IIH) to form a large multiprotein-DNA complex (more details
in [165, 166]). The best characterised core promoter elements, the TATA box
and the Inr (initiator element), can act synergistically when separated by 25
to 30-bp, in which case transcription is enhanced by the cooperative binding
of the TFIID complex to the two elements, or independently if separated by
more than 30-bp [165]. It is consequently conceivable that SC, by modifying
DNA helicity, may modulate the physical distance and orientation between
these two elements, possibly promoting or preventing TFIID binding to the
two elements, similarly to the mechanism investigated in Chapter 5 involv-
ing the orientation between -35 and -10 elements in bacteria. Besides, neg-
ative SC facilitates promoter opening also in eukaryotes, which is normally
ensured by TFIIH containing an ATP-consuming helicase subunit [166]. For
instance, the yeast CUP1 promoter can be transcribed in a relaxed plasmid
only if a set of TFs (including TFIIH) is present, whereas in the presence of
negative SC, it can be transcribed in absence of any TF [167] (Fig. 6.3B). SC-
dependent promoter opening could thus be an important regulator of tran-
scription also in eukaryotes [102]. Regarding the mechanism investigated
in Chapter 4 of SC-assisted promoter opening depending on discriminator
G/C-content, a similar mechanism might also occur in eukaryotes, depend-
ing on the sequence of the Inr element which is part of the transcription bub-
ble (Fig. 6.3A).

Finally, since transcription generates SC in virtually every organism, there is
also a transcription-supercoiling coupling in eukaryotes for which a quan-
titative and systematic model was proposed [168]. It may account for the
co-regulation of neighbour genes [102], with a key role of relative orientation
between adjacent genes, as observed in prokaryotes [115].
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FIGURE 6.3: Common structural features between prokaryotic and RNAP II
eukaryotic promoters, together with their SC-dependent opening profiles
and expression levels. (A) Common structural features between prokaryotic
and RNAP II eukaryotic promoters (different distance scales used).
Additional information is provided in Fig. 1.2 for prokaryotic promoters,
and in [165] for RNAP II eukaryotic ones. The promoter of the latter is
composed of optional proximal control elements, the GC box around
position -100 (relative to the TSS), and the CAAT box around position -80.
The core promoter is composed of the BRE element around position -35, the
TATA box around position -25, and the Inr around the TSS. (B) Copied
from [168]): SC-dependent opening profiles and expression levels of (upper
pannel) pelE bacterial promoter from D. dadantii, and (lower panel) CUP1
yeast promoter from S. cerevisiae.
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Eukaryotic organelles possess their own genomes, and are thought to have
been acquired through endosymbiotic events with bacterial ancestors [3]. It
is thus not surprising that DNA gyrase, although absent from most eukary-
otes, was found in parasites [169], and in the mitochondria and chloroplasts
of plants [170–172] and algae [173]. In the red alga Cyanidioschyzon merolae,
the replication of the chloroplast genome, but also that of the mitochondrial
and nuclear genomes, is prevented by the gyrase inhibitor nalidixic acid [173,
174]. Similar observations have been made in plants, including Arabidopsis
thaliana and Nicotiana benthamiana, based on studies employing various gy-
rase inhibitors or mutations [170–172, 175]. Altogether, these studies demon-
strate that DNA gyrase plays an essential role in chloroplasts and, to a lower
extent, in mitochondria, by ensuring DNA replication and partitioning, but
also by maintaining negative SC and relaxing positive SC, although its ex-
act functions in plant organelles and physiology remain to be elucidated.
Besides, the ability of the plant Nicotiana benthamiana gyrase subunits to be
substituted for their E. coli counterparts suggests that these organelles have
retained bacterial-like mechanisms of SC regulation [170]. Thus, it is con-
ceivable that within these eukaryotic organelles, fluctuations in DNA gyrase
activity may occur, inducing global SC variations, and, in turn, global tran-
scriptional changes through different regulatory mechanisms.

6.4 Applications of our modelling in archaea

Concerning archaea, the latter share a number of common features with bac-
teria, including the unicellularity, an asexual reproduction mode, the absence
of organelles or internal membrane-bound structures such as a nucleus, the
presence of a single and small circular genome, and a dense gene organisa-
tion into operons [176]. Not all archaea encode histone proteins and SMC
condensin complexes, but all of them contain NAPs involved in genome
compaction and organisation, but also in transcription regulation [177]. Hi-
stone and NAPs likely act as topological barriers to SC diffusion in archaea,
following the same principles as in eukaryotes and bacteria [92]. There are
also significant differences between bacteria and archaea, notably regarding
their cell wall and membrane composition, as well as their central metabolism,
since most archaea thrive in extreme environments [176]. Archaea are closer
to eukaryotes regarding DNA replication [178] and transcription [177]. The
single archaeal RNAP is homolog to the eukaryotic RNAP II, and both are
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consequently dependent on similar promoter structures [177]. The extrap-
olation above of the investigated mechanisms in bacteria to eukaryotes is
consequently also relevant for archaea, wherein DNA replication and tran-
scription likewise generate SC, although not formally demonstrated.

Concerning their topoisomerases (reviewed extensively in [92, 179]), archaea
have a class I, ATP-dependent TopoVI instead of a TopoI, which relaxes both
positive and negative supercoils, while exhibiting a Mg2+-dependent decate-
nase activity. They also have a class I TopoIII displaying an ATP-independent
yet Mg2+-dependent decatenase activity. Some of them have a DNA gyrase,
while all hyperthermophilic archaea, i.e. that thrive in extreme temperatures
(> 60°C), have a class I reverse gyrase that relaxes negative supercoils and
introduces positive supercoils in DNA in an Mg2+/ATP-dependent manner.
As a consequence, the global SC level of the chromosome is found to be re-
laxed or positive in hyperthermophilic archaea, presumably to stabilise DNA
and avoid its melting favoured by their high growth temperatures [180, 181].
Nevertheless, since positive SC is detrimental to DNA replication and tran-
scription, these archaea must find a balance between DNA stability and the
capacity to perform these essential processes. This may explain the presence
of both gyrase and reverse gyrase in some hyperthermophilic archaea, con-
tributing to the complex picture of genome topology in these organisms [179,
180].

There is also a balance between topoisomerase activity in archaea, similarly
to the balance between TopoI and DNA gyrase activity in bacteria to main-
tain a negative chromosomal SC level. For mesophilic archaea, i.e. that thrive
in temperatures between 20 to 40°C, chromosome is found to be negatively
supercoiled at the global scale, while this level is even more negative in ex-
treme halophiles, i.e. that thrive in high-salt concentrations, which may be
explain by the fact that the latter tend to stabilise DNA [179]. Interestingly,
global SC variations are also observed in response to environmental changes
in archaea, similarly to bacteria. For instance, during heat and cold shock,
transient and opposite SC changes are observed, in the same direction (DNA
relaxation and overtwisting, respectively) in both mesophilic bacteria and
hyperthermophilic archaea, despite different overall chromosomal SC levels
(negative vs null to positive, respectively) [181] (Fig. 6.4). This suggests that
the ability to modulate global SC level in response to environmental changes
may be an universal phenomenon by which bacteria, and possibly archaea,
adjust their global gene expression programs to adapt to new physiological

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés
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conditions.

FIGURE 6.4: Copied from [181]: effects of heat and cold shock on plasmid
topology in bacteria (E. coli) and in hyperthermophilic archaea (Sulfolobus
islandicus). The time of exposure to the shock temperature and the SC
variations associated are indicated. A schematic interpretation of the
topological changes and the proteins involved in their regulation is
depicted. Gyr: DNA gyrase, RG: reverse DNA gyrase.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



153

Bibliography

[1] Thomas Cavalier-Smith, Martin Brasier, and T. Martin Embley. “In-
troduction: how and when did microbes change the world?” In: Philo-
sophical Transactions of the Royal Society B: Biological Sciences 361.1470
(2006), pp. 845–850.

[2] Heinrich D. Holland. “The oxygenation of the atmosphere and oceans”.
In: Philosophical Transactions of the Royal Society of London. Series B, Bio-
logical Sciences 361.1470 (2006), pp. 903–915.

[3] John M. Archibald. “Endosymbiosis and Eukaryotic Cell Evolution”.
In: Current Biology 25.19 (2015), R911–R921.

[4] Jen Nguyen, Juanita Lara-Gutiérrez, and Roman Stocker. “Environ-
mental fluctuations and their effects on microbial communities, popu-
lations and individuals”. In: FEMS Microbiology Reviews fuaa068 (2020).

[5] Patricia M. Schulte. “What is environmental stress? Insights from fish
living in a variable environment”. In: Journal of Experimental Biology
217.1 (2014), pp. 23–34.

[6] Ary A. Hoffmann and Peter A. Parsons. Evolutionary genetics and en-
vironmental stress. Oxford science publications. Oxford ; New York:
Oxford University Press, 1991.

[7] Sylvie Reverchon and William Nasser. “Dickeya ecology, environment
sensing and regulation of virulence programme”. In: Environmental
Microbiology Reports 5.5 (2013), pp. 622–636.

[8] Aaron David Goldman and Laura F. Landweber. “What Is a Genome?”
In: PLOS Genetics 12.7 (2016), e1006181.

[9] Joshua Lederberg. “Plasmid (1952–1997)”. In: Plasmid 39.1 (1998), pp. 1–
9.

[10] Paul C. Kirchberger, Marian L. Schmidt, and Howard Ochman. “The
Ingenuity of Bacterial Genomes”. In: Annual Review of Microbiology
74.1 (2020), pp. 815–834.

[11] Louis-Marie Bobay and Howard Ochman. “The Evolution of Bacterial
Genome Architecture”. In: Frontiers in Genetics 8 (2017), p. 72.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



154 Bibliography

[12] Geoffrey M. Cooper. “The Complexity of Eukaryotic Genomes”. In:
The Cell: A Molecular Approach. 2nd edition (2000).

[13] Chih-Horng Kuo, Nancy A. Moran, and Howard Ochman. “The con-
sequences of genetic drift for bacterial genome complexity”. In: Genome
Research 19.8 (2009), pp. 1450–1454.

[14] Sherwood Casjens. “The diverse and dynamic structure of bacterial
genomes”. In: Annual Review of Genetics 32 (1998), pp. 339–377.

[15] Subhash C. Verma, Zhong Qian, and Sankar L. Adhya. “Architec-
ture of the Escherichia coli nucleoid”. In: PLOS Genetics 15.12 (2019),
e1008456.

[16] Marie Touchon, Claire Hoede, Olivier Tenaillon, Valérie Barbe, Simon
Baeriswyl, Philippe Bidet, Edouard Bingen, Stéphane Bonacorsi, Chris-
tiane Bouchier, Odile Bouvet, Alexandra Calteau, Hélène Chiapello,
Olivier Clermont, Stéphane Cruveiller, Antoine Danchin, Médéric Di-
ard, Carole Dossat, Meriem El Karoui, Eric Frapy, Louis Garry, Jean
Marc Ghigo, Anne Marie Gilles, James Johnson, Chantal Le Bouguénec,
Mathilde Lescat, Sophie Mangenot, Vanessa Martinez-Jéhanne, Ivan
Matic, Xavier Nassif, Sophie Oztas, Marie Agnès Petit, Christophe
Pichon, Zoé Rouy, Claude Saint Ruf, Dominique Schneider, Jérôme
Tourret, Benoit Vacherie, David Vallenet, Claudine Médigue, Eduardo
P. C. Rocha, and Erick Denamur. “Organised Genome Dynamics in the
Escherichia coli Species Results in Highly Diverse Adaptive Paths”.
In: PLOS Genetics 5.1 (2009), e1000344.

[17] Katelyn McGary and Evgeny Nudler. “RNA polymerase and the ribo-
some: the close relationship”. In: Current Opinion in Microbiology 16.2
(2013), pp. 112–117.

[18] Emily F. Ruff, M. Thomas Record, and Irina Artsimovitch. “Initial
Events in Bacterial Transcription Initiation”. In: Biomolecules 5.2 (2015),
pp. 1035–1062.

[19] Finn Werner and Dina Grohmann. “Evolution of multisubunit RNA
polymerases in the three domains of life”. In: Nature Reviews Microbi-
ology 9.2 (2011), pp. 85–98.

[20] John D. Helmann. “Where to begin? Sigma factors and the selectivity
of transcription initiation in bacteria”. In: Molecular Microbiology 112.2
(2019), pp. 335–347.

[21] Douglas F. Browning and Stephen J. W. Busby. “Local and global reg-
ulation of transcription initiation in bacteria”. In: Nature Reviews Mi-
crobiology 14.10 (2016), pp. 638–650.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



Bibliography 155

[22] Indra Bervoets and Daniel Charlier. “Diversity, versatility and com-
plexity of bacterial gene regulation mechanisms: opportunities and
drawbacks for applications in synthetic biology”. In: FEMS Microbiol-
ogy Reviews 43.3 (2019), pp. 304–339.

[23] Andrey Revyakin, Chenyu Liu, Richard H. Ebright, and Terence R.
Strick. “Abortive Initiation and Productive Initiation by RNA Poly-
merase Involve DNA Scrunching”. In: Science 314.5802 (2006), pp. 1139–
1143.

[24] Ananya Ray-Soni, Michael J. Bellecourt, and Robert Landick. “Mech-
anisms of Bacterial Transcription Termination: All Good Things Must
End”. In: Annual Review of Biochemistry 85.1 (2016), pp. 319–347.

[25] Sharmistha Banerjee, Jisha Chalissery, Irfan Bandey, and Ranjan Sen.
“Rho-dependent Transcription Termination: More Questions than An-
swers”. In: Journal of microbiology (Seoul, Korea) 44.1 (2006), pp. 11–22.

[26] Marina V. Rodnina. “Translation in Prokaryotes”. In: Cold Spring Har-
bor Perspectives in Biology 10.9 (2018), a032664.

[27] Citlalli Mejía-Almonte, Stephen J. W. Busby, Joseph T. Wade, Jacques
van Helden, Adam P. Arkin, Gary D. Stormo, Karen Eilbeck, Bernhard
O. Palsson, James E. Galagan, and Julio Collado-Vides. “Redefining
fundamental concepts of transcription initiation in bacteria”. In: Na-
ture Reviews Genetics (2020), pp. 1–16.

[28] Flora Picard, Clémentine Dressaire, Laurence Girbal, and Muriel Cocaign-
Bousquet. “Examination of post-transcriptional regulations in prokary-
otes by integrative biology”. In: Comptes Rendus Biologies. Integrative
Biology and Modelling in Agronomical Sciences 332.11 (2009), pp. 958–
973.

[29] Elke Van Assche, Sandra Van Puyvelde, Jos Vanderleyden, and Hans
P. Steenackers. “RNA-binding proteins involved in post-transcriptional
regulation in bacteria”. In: Frontiers in Microbiology 6 (2015), p. 141.

[30] Boris Macek, Karl Forchhammer, Julie Hardouin, Eilika Weber-Ban,
Christophe Grangeasse, and Ivan Mijakovic. “Protein post-translational
modifications in bacteria”. In: Nature Reviews Microbiology 17.11 (2019),
pp. 651–664.

[31] François Jacob and Jacques Monod. “Genetic regulatory mechanisms
in the synthesis of proteins”. In: Journal of Molecular Biology 3 (1961),
pp. 318–356.

[32] D. Charlier, G. Weyens, M. Roovers, J. Piette, C. Bocquet, A. Piérard,
and N. Glansdorff. “Molecular interactions in the control region of

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



156 Bibliography

the carAB operon encoding Escherichia coli carbamoylphosphate syn-
thetase”. In: Journal of Molecular Biology 204.4 (1988), pp. 867–877.

[33] Szabolcs Semsey, Mark Geanacopoulos, Dale E.A. Lewis, and Sankar
Adhya. “Operator-bound GalR dimers close DNA loops by direct in-
teraction: tetramerization and inducer binding”. In: The EMBO Journal
21.16 (2002), pp. 4349–4356.

[34] Marıa Monsalve, Belén Calles, Mario Mencıa, Fernando Rojo, and Mar-
garita Salas. “Binding of phage 29 protein p4 to the early A2c pro-
moter: recruitment of a repressor by the RNA polymerase11Edited by
M. Gottesman”. In: Journal of Molecular Biology 283.3 (1998), pp. 559–
569.

[35] Paulami Rudra, Ranjit Kumar Prajapati, Rajdeep Banerjee, Shreya Sen-
gupta, and Jayanta Mukhopadhyay. “Novel mechanism of gene reg-
ulation: the protein Rv1222 of Mycobacterium tuberculosis inhibits
transcription by anchoring the RNA polymerase onto DNA”. In: Nu-
cleic Acids Research 43.12 (2015), pp. 5855–5867.

[36] Poul Valentin-Hansen, Lotte Søgaard-Andersen, and Henrik Peder-
sen. “A flexible partnership: the CytR anti-activator and the cAMP–CRP
activator protein, comrades in transcription control”. In: Molecular Mi-
crobiology 20.3 (1996), pp. 461–466.

[37] Brian Benoff, Huanwang Yang, Catherine L. Lawson, Gary Parkin-
son, Jinsong Liu, Erich Blatter, Yon W. Ebright, Helen M. Berman, and
Richard H. Ebright. “Structural basis of transcription activation: the
CAP-alpha CTD-DNA complex”. In: Science (New York, N.Y.) 297.5586
(2002), pp. 1562–1566.

[38] E. Fic, P. Bonarek, A. Gorecki, S. Kedracka-Krok, J. Mikolajczak, A.
Polit, M. Tworzydlo, M. Dziedzicka-Wasylewska, and Z. Wasylewski.
“cAMP receptor protein from escherichia coli as a model of signal
transduction in proteins–a review”. In: Journal of Molecular Microbi-
ology and Biotechnology 17.1 (2009), pp. 1–11.

[39] Douglas F. Browning, Jeffrey A. Cole, and Stephen J. W. Busby. “Regu-
lation by nucleoid-associated proteins at the Escherichia coli nir operon
promoter”. In: Journal of Bacteriology 190.21 (2008), pp. 7258–7267.

[40] Sivaramesh Wigneshweraraj, Daniel Bose, Patricia C. Burrows, Nico-
las Joly, Jörg Schumacher, Mathieu Rappas, Tillmann Pape, Xiaodong
Zhang, Peter Stockley, Konstantin Severinov, and Martin Buck. “Modus
operandi of the bacterial RNA polymerase containing the sigma54

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



Bibliography 157

promoter-specificity factor”. In: Molecular Microbiology 68.3 (2008), pp. 538–
546.

[41] A. J. Whitmarsh and R. J. Davis. “Regulation of transcription factor
function by phosphorylation”. In: Cellular and molecular life sciences:
CMLS 57.8-9 (2000), pp. 1172–1183.

[42] Regina Brigelius-Flohé and Leopold Flohé. “Basic Principles and Emerg-
ing Concepts in the Redox Control of Transcription Factors”. In: An-
tioxidants & Redox Signaling 15.8 (2011), pp. 2335–2381.

[43] Agnes Ullmann. “Escherichia coli Lactose Operon”. In: eLS. American
Cancer Society, 2009.

[44] Fernando Rojo. “Repression of Transcription Initiation in Bacteria”.
In: Journal of Bacteriology 181.10 (1999), pp. 2987–2991.

[45] T. Philip Malan, Annie Kolb, Henri Buc, and William R. McClure.
“Mechanism of CRP-cAMP activation of lac operon transcription ini-
tiation activation of the P1 promoter”. In: Journal of Molecular Biology
180.4 (1984), pp. 881–909.

[46] Ingrid M. Keseler, Amanda Mackie, Alberto Santos-Zavaleta, Richard
Billington, César Bonavides-Martínez, Ron Caspi, Carol Fulcher, So-
corro Gama-Castro, Anamika Kothari, Markus Krummenacker, Mario
Latendresse, Luis Muñiz-Rascado, Quang Ong, Suzanne Paley, Mar-
tin Peralta-Gil, Pallavi Subhraveti, David A. Velázquez-Ramírez, Daniel
Weaver, Julio Collado-Vides, Ian Paulsen, and Peter D. Karp. “The
EcoCyc database: reflecting new knowledge about Escherichia coli K-
12”. In: Nucleic Acids Research 45.Database issue (2017), pp. 543–550.

[47] Lilia Brinza, Federica Calevro, and Hubert Charles. “Genomic analy-
sis of the regulatory elements and links with intrinsic DNA structural
properties in the shrunken genome of Buchnera”. In: BMC Genomics
14.1 (2013), p. 73.

[48] Ivan Junier, E. Besray Unal, Eva Yus, Verónica Lloréns-Rico, and Luis
Serrano. “Insights into the Mechanisms of Basal Coordination of Tran-
scription Using a Genome-Reduced Bacterium”. In: Cell Systems 2.6
(2016), pp. 391–401.

[49] Xindan Wang, Paula Montero Llopis, and David Z. Rudner. “Organi-
zation and segregation of bacterial chromosomes”. In: Nature Reviews
Genetics 14.3 (2013), pp. 191–203.

[50] Virginia S. Lioy, Ivan Junier, and Frédéric Boccard. “Multiscale Dy-
namic Structuring of Bacterial Chromosomes”. In: Annual Review of
Microbiology 75 (2021), pp. 541–561.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI102/these.pdf 
© [R. Forquet], [2021], INSA Lyon, tous droits réservés



158 Bibliography

[51] Shane C. Dillon and Charles J. Dorman. “Bacterial nucleoid-associated
proteins, nucleoid structure and gene expression”. In: Nature Reviews
Microbiology 8.3 (2010), pp. 185–195.

[52] Tiago N. Cordeiro, Holger Schmidt, Cristina Madrid, Antonio Juárez,
Pau Bernadó, Christian Griesinger, Jesús García, and Miquel Pons.
“Indirect DNA Readout by an H-NS Related Protein: Structure of the
DNA Complex of the C-Terminal Domain of Ler”. In: PLOS Pathogens
7.11 (2011), e1002380.

[53] Andrew Travers. “DNA–protein interactions: IHF - the master ben-
der”. In: Current Biology 7.4 (1997), R252–R254.

[54] Sabrina Harteis and Sabine Schneider. “Making the Bend: DNA Ter-
tiary Structure and Protein-DNA Interactions”. In: International Jour-
nal of Molecular Sciences 15.7 (2014), pp. 12335–12363.

[55] Joanna Hołówka and Jolanta Zakrzewska-Czerwińska. “Nucleoid As-
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