
Annual Review of Microbiology

Multiscale Dynamic
Structuring of Bacterial
Chromosomes
Virginia S. Lioy,1 Ivan Junier,2 and Frédéric Boccard1
1Université Paris-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC),
91198 Gif-sur-Yvette, France; email: frederic.boccard@i2bc.paris-saclay.fr
2Université Grenoble Alpes, CNRS, TIMC-IMAG, 38000 Grenoble, France

Annu. Rev. Microbiol. 2021. 75:541–61

First published as a Review in Advance on
August 3, 2021

The Annual Review of Microbiology is online at
micro.annualreviews.org

https://doi.org/10.1146/annurev-micro-033021-
113232

Copyright © 2021 by Annual Reviews.
All rights reserved

Keywords

bacteria, chromosome conformation, DNA supercoiling, condensins,
nucleoid-associated proteins

Abstract

Since the nucleoid was isolated from bacteria in the 1970s, two fundamental
questions emerged and are still in the spotlight: how bacteria organize their
chromosomes to fit inside the cell and how nucleoid organization enables es-
sential biological processes. During the last decades, knowledge of bacterial
chromosome organization has advanced considerably, and today, such chro-
mosomes are considered to be highly organized and dynamic structures that
are shaped by multiple factors in a multiscale manner. Here we review not
only the classical well-known factors involved in chromosome organization
but also novel components that have recently been shown to dynamically
shape the 3D structuring of the bacterial genome.We focus on the different
functional elements that control short-range organization and describe how
they collaborate in the establishment of the higher-order folding and dis-
position of the chromosome. Recent advances have opened new avenues for
a deeper understanding of the principles and mechanisms of chromosome
organization in bacteria.
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1. INTRODUCTION

Bacterial DNA is efficiently compacted into the so-called nucleoid, a highly organized and dy-
namic cellular space containing the genetic material and its associated proteins, with both proteins
and DNA playing a pivotal role. The observation of DNA loops and independent supercoiling
domains in the Escherichia coli chromosome (100, 130), together with the observation by electron
microscopy of chromosomes that resembled rosettes with supercoiled loops of DNA (53), has
influenced our representation of chromosome organization in bacteria. For many years, the chro-
mosome was represented as an entity with 50- to 100-kb independent modular domains.Develop-
ment in this field was hindered by the difficulty of assessing chromosome structuring locally; most
studies were performed with small replicons such as plasmids, viruses, or phages. Yet, remarkable
progress has been achieved in the last 20 years, and new features of chromosome conformation
and positioning have emerged.

Chromosome folding and compaction result from a combination of processes, including DNA
supercoiling, the formation of bacterial chromatin composed of nucleoid-associated proteins
(NAPs) bound to DNA, condensation by structural maintenance of chromosome (SMC) com-
plexes, macromolecular crowding, out-of-equilibrium processes such as replication and transcrip-
tion, and interaction with cellular structures. A number of reviews concerning several of these
aspects have been published in recent years (4, 21, 118), including reviews focusing on bacterial
epigenome regulation by DNA methylation or posttranslational modifications of NAPs (18, 92),
on the interplay between bacterial chromatin and transcription (98), and on chromosome chore-
ography during the cell cycle (22, 89). Here, we build upon both this literature and recent studies
to focus on the control of the multiscale organization of chromosomes, with insights into the
interplay between chromatin dynamics and chromosome folding.

Work performed in a limited number of bacterial models has underscored the multiscale struc-
turing of the nucleoid with an interplay between the different levels. We discuss how DNA su-
percoiling is organized into stochastic 10-kb domains included in larger 30–400-kb chromosomal
interaction domains (CIDs) delimited by long and highly expressed gene clusters.We also describe
how bacterial chromatin composed of multiple proteins bound to DNA not only influences gene
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expression but alsomodulates, together with bacterial SMC complexes, the folding and disposition
of the chromosome in the cell. Finally, we disclose how dedicated systems define the formation of
large ∼1-Mb domains and contribute to global folding of the chromosome.

2. FACTORS INVOLVED IN CHROMOSOME STRUCTURING

Genomics and metagenomics approaches in the last decade have revealed the immense phylo-
genetic diversity of the bacterial kingdom (43, 75). Among other features, five genomic traits—
genome size, GC content, the number of genes, the number of 16S rRNA genes, and the number
of tRNA genes—are highly variable. By contrast, two genomic features that directly or indirectly
impact chromosome structuring are well conserved. First, bacterial genetic information is gener-
ally carried on a circular chromosome with a single origin of replication, oriC (33), from which two
replication forks proceed bidirectionally toward the opposite terminus region (referred to as Ter).
Second, 90% of the genome corresponds to coding sequences [89 ± 3% of coding on average for
974 different bacterial genomes (75)]. Remarkably, a number of factors involved in chromosome
structuring (e.g., topoisomerases, NAPs, SMC complexes) are widely conserved in bacteria,
suggesting that various mechanisms have been maintained for this process across evolution.

2.1. DNA Topoisomerases

DNA supercoiling generated by complexes tracking along the DNA originates from the helical
nature of DNA and from the difficulty of a moving complex in rotating around the double he-
lix. Consequently, domains of negative and positive supercoiling are generated behind and ahead
of the complex, respectively. The existence of the twin supercoiled domains (66) generated by
transcription implies the involvement of topoisomerases in controlling topological perturbations.

Bacteria contain four different DNA topoisomerases—enzymes controlling the topological
state of DNA by generating transient cuts in it and catalyzing the passage of DNA segments
through these cuts before closing them. Topoisomerase (Topo) I and Topo III (type I topoiso-
merases) make transient DNA single-strand breaks, while DNA gyrase and Topo IV (type II
topoisomerases) make DNA double-strand breaks. All four topoisomerases can relax DNA. In
addition,DNA gyrase introduces supercoils into DNA.DNA gyrase and Topo IV cleave the DNA
at multiple sites on the chromosome (93, 105). DNA gyrase replenishes downstream supercoil
losses to maintain an equilibrium state ahead of complexes translocating along the DNA, while
Topo I is thought to relax the excess of supercoiled DNA behind the transcription complex. Topo
IV is responsible for the decatenation of entangled double-stranded DNA molecules (137), while
Topo III may act as a decatenase at a single-strand gap at the replication fork (62).

2.2. Nucleoid-Associated Proteins

NAPs are highly abundant proteins [>3,000 copies per cell (1, 38, 95)] that play diverse roles
as chromatin organizers, transcription factors, and more generally accessory partners involved
in DNA transactions (23). At least ten families of abundant NAPs have been characterized in
different bacterial species and may fulfill different activities for chromatin dynamics and nucleoid
organization. Differences in the way NAPs are expressed and how they interact with DNA
suggest that they may play different but complementary roles in nucleoid organization.

While it is tempting to associate NAP with specific functions on the basis of in vitro and
in vivo ChIP-seq and HiC data, it is important to recall that, for example, inactivation of HU
has no apparent defect in Caulobacter crescentus, while E. coli cells are strongly affected (2, 44).
Furthermore, the effects on DNA contacts upon HU inactivation in these bacteria are opposite
(61, 64). Therefore, interspecies extrapolations regarding different levels of nucleoid organization
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and the role of NAPs should be considered with care. In this review, we focus on four types of
proteins whose activity may be considered paradigms for NAP function in various bacteria: a
dynamizer/bender that ensures chromatin dynamics (HU/IHF), a silencer (H-NS), a growth
phase–dependent regulator (Fis), and a recently identified DNA topology controller (GapR).

2.2.1. HU/IHF. HU and IHF are closely related proteins that are conserved across the bac-
terial kingdom. Each protein is composed of two homologous subunits (HupA and HupB; IhfA
and IhfB). In E. coli, while IHF exists as a heterodimer, HU can exist as either a homodimer or a
heterodimer, depending on the growth stage. Both proteins show two different but overlapping
modes of DNA binding: a nonspecific mode and a specific mode (Figure 1a). In vitro, IHF binds
specific sites with a defined sequence 1,000–10,000 times more tightly than nonspecific, chromo-
somal DNA (76, 121). IHF is used in two ways in E. coli cells: It is involved, on one hand, globally
in nucleoid organization by binding in a sequence-independent manner to many DNA sites over
a broad range of affinities and, on the other hand, locally as an architectural element in nucleopro-
tein complexes via its interaction with sequence-specific high-affinity DNA binding sites (76).HU
shows similar differences in binding affinity between damaged or distorted DNA and nonspecific
chromosomal DNA (83). That the DNA-binding parameters for HU are similar implies that HU
also contributes significantly to nucleoid organization through nonspecific DNA binding. If one
assumes that unbinding times, or equivalently off rates, are controlled by the strength of interac-
tions inside the DNA-protein complex, the binding/unbinding of NAPs to/from nonspecific and
specific sites would ensure chromatin dynamics (52).

2.2.2. H-NS. H-NS belongs to a protein family found in different α-, β-, and γ-proteobacteria,
with five evolutionary protein clades of homologs that have been identified: H-NS, StpA, Hfp,
HlpP, and HlpC (24, 32, 86). In addition to having roles as a transcription factor and in chro-
mosomal structuring, H-NS prevents the expression of horizontally acquired AT-rich genes
by polymerizing along extended DNA regions and exerting a xenogeneic silencing activity
(Figure 1a). In this process, H-NS, alone or in combination with its paralogs and modulators,
forms nucleoprotein filaments responsible for the silencing of genes at different steps of the tran-
scription process (14). As a consequence,H-NS can repress the expression of hundreds of gene tar-
gets by polymerizing from high-affinity nucleation sites along extended stretches of DNA (3, 15)
and by forming higher-order structures that connect distant DNA loci through a so-called bridg-
ing mechanism (14). How these two processes are connected in vivo is not yet clear. Remarkably,
researchers recently revealed that H-NS promotes sister chromatid cohesion in a specific region
of the Vibrio cholerae chromosome (30).

2.2.3. Fis. Like IHF, Fis has been discovered to be a factor required for a site-specific recom-
bination reaction, an inversion event (47, 54). Cellular levels of Fis vary considerably during the
growth phase; it is one of the most abundant proteins during the early exponential phase, while its
levels are very low in the stationary phase (6). It binds DNA both specifically to fis binding sites and
nonspecifically (Figure 1a). Like HU andH-NS, Fis regulates many genes both directly and indi-
rectly through the regulation of other transcription factors (72). It is thought to play an important
role in shaping nucleoid structure, as it bends DNA, organizes DNA loops and plectonemes (96,
101), and has been proposed to participate in the formation of topological domain barriers (39).

2.2.4. GapR. GapR is an essential 89-amino-acid-long protein conserved in α-proteobacteria
and recently identified in C. crescentus to be required for growth, DNA replication, chromosome
segregation, and cell division (2, 90, 106). GapR plays a critical role in replication elongation by
resolving the superhelical stress that arises in front of the replication fork. GapR recognizes the
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Figure 1

Multiscale organization of the Escherichia coli chromosome. (a) Four types of nucleoid-associated proteins contribute to chromatin
formation and nucleoid organization through nonspecific, weak, and transitory interactions with the bulk chromosome (represented by
arrows for HU and IHF) and through site-specific binding and DNA bending (HU, IHF, Fis). H-NS forms oligomers with DNA into
an extended conformation; these oligomers silence target genes and prevent short-range contacts. For clarity, DNA supercoiled
plectonemic structures were omitted. (b) Dynamics of supercoiled DNA. Slithering and branching of supercoiled DNA allow for
long-distance (>100-kb) interactions. Depending on the amount of transcription, elongating RNA polymerase blocks supercoil
diffusion at different levels. Long and highly expressed gene clusters compose chromosomal interaction domain (CID) boundaries,
whereas transcription of less expressed genes generates short-lived diffusion barriers, defining the stochastic ∼10-kb topological
domains. For clarity, nucleoid-associated proteins bound to DNA were omitted. Orange circles represent transcribing RNA
polymerase. (c) Long-distance interactions along the chromosome. In the Ter macrodomain, the presence of MatP prevents MukBEF
activity, and contacts between loci are limited to 600 kb. Outside Ter, in the presence of MukBEF, contacts are extended to 900 kb. The
Ter and flanking regions are shown. Thin blue and red arrows symbolize a lower and higher extent of interactions, respectively.
(d) Chromosomal map of the four macrodomains (MDs) and the two nonstructured regions (NSL and NSR) (wavy segments). The
determinants specifying properties to the E. coli chromosome are indicated: the unique maoS site near oriC; matS sites (yellow circles) in
the 800-kb-long Ter domain; and two specific 12-bp sequences, tidR and tidL, located in the flanking left and right MDs. The
difference between the nonstructured regions and the left and right lateral MDs depends on their position on the genetic map relative
to oriC. SlmA binding sites (SBSs; pink circles) involved in nucleoid occlusion (108) are essentially absent from the Ter and right MDs.

www.annualreviews.org • Multiscale Structuring of Bacterial Chromosomes 545



shape of theDNA instead of specific sequences,with an average of 3,000molecules present in a cell
that assemble as dimers of dimers to clamp overtwisted DNA (38). It acts through the activation
of Topo IV and DNA gyrase. GapR is proposed to work in regions of the genome where a high
level of positive supercoils accumulates, i.e., in front of the replication fork as well as in regions
where the transcription and replication machineries converge (38).

2.3. Bacterial Condensins

SMCproteins are highly conserved, nearly ubiquitously in living organisms.Eukaryotic organisms
require multiple SMC proteins for several aspects of genomemaintenance (134). In bacteria, SMC
complexes also play critical roles in chromosome organization and segregation (see below). Three
different SMC complexes (Smc-ScpAB,MukBEF, andMksBEF) sharing a similar overall structure
have been identified and are termed bacterial condensins (35). Smc-ScpAB, the most conserved
complex (the Smc protein is homologous to eukaryotic SMCs), is found in themajority of bacterial
species. In some γ-proteobacteria, the Smc-ScpAB complex is replaced byMukBEF, the first SMC
complex identified in a screen for mutants producing anucleate cells in E. coli (78). The MksBEF
complex is distantly related toMukBEF and is scattered over the phylogenic tree (82).While some
studies support the idea that Smc-ScpAB works as a dimer in Bacillus subtilis (129), ScpA subunits
self-interact inCorynebacterium glutamicum (13), suggesting that the functional unit of Smc-ScpAB
in C. glutamicum may be a dimer of dimers like MukBEF in E. coli (5, 88).

Bacterial SMC proteins comprise a nucleotide binding domain (or head) connected via an
∼50-nm-long (1,000–1,500-amino-acid) antiparallel coiled coil to a hinge dimerization domain.
The five-subunit Smc2-ScpAB2 complex forms an annular structure, which is thought to keep
DNA double helices connected by coentrapment. The binding of both Smc heads by a single
kleisin, ScpA, generates a tripartite ring, which associates (via ScpA) with two kite ScpB subunits.
The Smc-ScpAB complex can transition from a rodlike conformation to an open ring upon ATP
head engagement. Cycles of transition between the rod and open ring states would allow for
DNA translocation, presumably by loop extrusion (117). The Smc (MukB and MksB) and kite
(MukE and MksE) subunits of the MukBEF and MksBEF complexes are structurally similar to
the canonical SMC subunits, except that MukB is longer (∼65-nm) and the MksB coiled coil is
shorter than the Smc subunits.

Smc-ScpAB essentiality varies across bacterial genera. Smc-ScpAB plays a role in chromosome
management, together with the ParABS segregation system (see below). In B. subtilis, Smc-ScpAB
is essential for chromosome segregation, even in the absence of ParABS (36, 127). By contrast, in
Pseudomonas aeruginosa and C. crescentus, no important defects were observed for chromosome seg-
regation upon inactivation of Smc-ScpAB (61, 65).While a rationale for the varying essentiality of
Smc-ScpAB is still missing,MksBEF is required for chromosome segregation in P. aeruginosamu-
tants devoid of the ParABS system, and MukBEF, the E. coli condensin, can replace MksBEF (65).

2.4. Other Factors Involved in DNA Metabolism and Chromosome Management

Chromosome organization results not only from the interaction of structuring proteins with the
DNA molecule but also from the targeting of numerous proteins involved in various aspects of
DNAmetabolism (reviewed in 109, 110). These systems include proteins interacting with specific
motifs present in different copy numbers; in other words, bacterial genomes are imprinted by
information required in cis to manage the chromosome during the cell cycle. Well-documented
systems are involved in:

� replication initiation [the replication initiator DnaA and several DnaA box motifs in the
chromosome replication origin (oriC) region (68)];
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� segregation of the origin (Ori) region [the ParAB system and parS sites found in Ori regions
(67)];

� general recombination [the RecBCD-like recombination system and Chi sites with a biased
orientation along the replication arms (27, 56)];

� terminal segregation of the chromosome [the divisome-associated FtsK protein and KOPS
motifs with a biased orientation along the replication arms (11, 63)];

� resolution of chromosome dimers [the site-specific Xer system and the unique dif site located
opposite oriC (7, 55)];

� nucleoid occlusion, a process preventing cytokinetic ring assembly over the chromosome
[the Noc/SlmA proteins and NBS/SBS motifs distributed over the genome, except in Ter
regions (108, 133)];

� gene expression [DNA-bound transcriptional regulators and RNA polymerase bound to
multiple promoters, as well as RNA polymerase during transcription elongation (98)]; and

� the formation of large chromosomal domains [the RacA or MatP proteins and their
respective cognate binding ram (9) and matS (73) sites, which are found in a subregion of
the genome].

3. METHODS TO INVESTIGATE CHROMOSOME STRUCTURING

During the past decades, a large number of methods have been developed to probe long-range
chromosome organization in different bacterial models. Biophysical approaches [e.g., measure-
ment of sedimentation coefficients upon DNase I treatment (130) and measurement of torsional
tension by photobinding of trimethylpsoralen (100)], genetic approaches using site-specific DNA
transaction systems (42, 114), and imaging approaches have been widely used (e.g., 29, 77, 125).

Moreover, genomic approaches have more recently yielded spectacular breakthroughs.
Analyses of genomic loci bound by proteins have been performed using chromatin-
immunoprecipitation (ChIP) followed by high-throughput sequencing of the immunopre-
cipitated DNA (ChIP-seq) (for example, 51, 85). Chromosome-conformation-capture (3C)
methods disclose in particular the role of different structural factors in the control of chro-
mosome folding. 3C technology is based on covalent cross-linking and proximity ligation of
DNA fragments (Figure 2a). The probability of contacts between distant loci is visualized on
normalized contact maps (Figure 2a). On every chromosome, the average intrachromosomal
contact probability decreases monotonically, indicating polymer-like behavior in which the 3D
distance between loci increases with increasing genomic distance. Two major methods have
been used to compare 3C contact maps between wild-type and mutant cells (Figure 2d–j). One
can estimate the extent to which contacts are detected (65, 123) or compute a ratio map that
recapitulates the variations in contacts between mutant and wild-type cells (64).

4. CHROMOSOME ORGANIZATION IN INFORMATIVE SPECIES

4.1. DNA Topology

In E. coli, DNA supercoiling exists roughly equally as interwound plectonemic DNA and as con-
strained DNA in alternative forms (12), likely by protein binding (120). In wild-type E. coli cells,
transcription-induced negative supercoil waves were detected in vivo in the upstream region
of a transcription unit and may affect regions as distant as 800 bp away (57, 87). Conversely,
transcription-induced positive supercoils affect local supercoiling in downstream regions (87) at
least several kilobases away from the site of origin (74). DNA gyrase catalytic targets behave as
topological insulators by removing at least between 5 and 10 links per second (74).
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Figure 2 (Figure appears on preceding page)

Long-range organization of chromosome revealed by the chromosome-conformation-capture (3C) method. (a) Schematized
representation of the 3C method. In brief, ( 1©) nucleoids are first fixed with formaldehyde. Then, cells are lysed, ( 2©) cross-linked
DNA is digested by a restriction enzyme, and ( 3©) DNA fragments that are close in space are ligated together. ( 4©) Finally,
cross-linking is removed, DNA is purified, and DNA is prepared for paired-end sequencing (19). ( 5©) After sequencing, reads are
mapped to the reference genome and are assigned to the corresponding restriction fragments. ( 6©) A raw matrix of contacts is built by
representing the number of contacts between pairs of loci represented on the x and y axes. To remove any experimental bias, each row
and column of the contact map is normalized to one (20, 46). Thus, normalized contact maps represent the relative frequency of
contacts between distant chromosomal loci. Normalized contact maps are then visualized using heat maps, and each position reflects
the probability of locus interactions. Regions with a higher probability of contacts are represented with a dark color (dark purple),
whereas regions with a lower probability of contacts are represented in white. (b) Normalized contact map obtained for
Escherichia coliMG1655 wild-type (WT) cells. (c) Normalized contact maps obtained for the Pseudomonas aeruginosaWT strain.
(d) Quantification of the extent of cis contacts for E. coli contact maps of the WT strain and mukB,mukB matP, and matPmutants grown
in minimal medium (MM) at 22°C and of the WT strain and the hupAB mutant grown in rich LB medium at 37°C. (e) Quantification
of the range of cis contacts of P. aeruginosa chromosomal loci in WT and in mksEF, smc, smc mksEF, and smc mksEF::mukBEF cells.
( f ) Ratio of normalized contact maps of exponentially growing matP versus WT cells. A blue signal and a red signal denote a decrease
and an increase, respectively, in contacts in one condition relative to the other. No change is represented by a white signal. Ratio plots
recapitulate the variations in contacts between two conditions made by each bin with its neighboring bins, indiscriminately of their left
or right positions. The x axis indicates the position of the bin along the genome. The y axis indicates the distance from the bin.
(g–j ) Ratio plots of the mutant and WT contact signals for each 5-kb bin (g,i) or 10-kb bin (h, j ) along the chromosome. The mutant is
identified above the plot. Panels b, f, g, and i adapted from Reference 64. Panels c, d, and e adapted from Reference 65. Panels h and j
produced from data in Reference 65.

To investigate the supercoil structure and dynamics of the chromosome in Salmonella enter-
ica serovar Typhimurium, a site-specific recombination system of γδ transposons that reports the
topological state of the chromosome revealed that res sites separated by more than 90 kb may
become tangled together within a supercoiled synapse (42, 102). In other words, slithering and
branching of supercoiled DNA allow distant loci to interact within a plectonemic synapse. By
using short-lived γδ recombinases (103) to reveal determinants that may modulate supercoiling
slithering, barriers hampering supercoiling slithering would be present on average every 13 kb.
Remarkably, elongating RNA polymerase was subsequently shown to block supercoil diffusion
(91, 94), providing a simple rationale involving gene transcription for the stochastic nature of the
barriers of topological domains at the 10-kb scale.

The recent development of 3C-seq/HiC techniques (Figure 2a) has revealed that the chro-
mosome in different bacteria is segmented into CIDs, in which DNA contacts occur readily; these
CIDs range in length from 30 to 400 kb (61). Remarkably, these domains very often display long
and highly expressed genes at their boundaries, even though not all highly transcribed genes are
associatedwith boundaries. Interestingly, inC. crescentus the above recombination assays confirmed
that active transcription blocks supercoiling diffusion but also revealed that not all supercoil
diffusion barriers are CID boundaries (60). Rather, only long and highly expressed genes produce
a CID boundary, indicating that both transcription rate and transcript length drive the formation
of domain boundaries. Altogether, these findings suggest a scenario in which the bacterial genome
is segmented into 30–400-kb-long domains composed of ∼10-kb-long branched plectonemes
and flanked by boundaries generated by highly transcribed long genes or clusters of genes (60)
(Figure 1b). Significantly, long-range contacts are detected across CID boundaries, indicating
either that the existence of another process or other processes allows for contacts between
flanking regions independently of the slithering of supercoiled DNA or that the expression of
long and highly expressed genes is not absolute among cells.

DNA supercoiling in vivo does not seem to be affected by the absence of the NAPs HU, IHF,
or StpA, as revealed by a genetic screen in E. coli (39). The situation for HU is nonetheless contro-
versial, as recent studies suggest that HU may establish, in the stationary phase, a higher level of
(negative) supercoiling near Ter (59).ConcerningH-NS and Fis, several works consistently lead to
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a scenario in which these two NAPs are involved in the maintenance of the negative supercoiling
of the E. coli chromosome (39, 97). The underlying mechanism remains unclear (see below).

4.2. Chromatin Dynamics

ChIP-seq and 3C techniques have been used to explore the contribution of NAPs and SMC com-
plexes to chromatin organization and nucleoid organization. Comparison between contact maps
from wild types and mutants revealed howNAPs and SMC complexes play different roles in chro-
matin organization.

Genome-wide, high-resolution investigation of HU binding to the E. coli chromosome (85)
has confirmed that HU binds uniformly on the chromosome, with a preference for AT-rich
sequences (58). 3C approaches revealed a reduction in long-range contacts (i.e., >300 kb) in the
hupAB mutant, concomitant with an increase in contacts up to 300 kb (Figure 2d). Remarkably,
this increase in contacts is similar to that observed in MukBEF mutants, with the E. coli condensin
promoting long-range contacts in E. coli (see below). Altogether, these results indicate that HU
is an important component of the chromatin organization of E. coli and is required for optimal
MukBEF activity in promoting DNA contacts up to the megabase range (64). Within such
HU-MukBEF cooperation, HU is likely to act as a cofactor of the DNA management process by
MukBEF, possibly by generating DNA properties that are essential for optimal MukBEF activity
(64). This assumption is further supported by the analysis of HU molecules that were shown
by single-molecule tracking to decondense the nucleoid through nonspecific, weak, and transitory
interactions with the bulk chromosome (10).

Genome-scale investigation of H-NS binding to the E. coli chromosome by ChIP-seq has
confirmed that H-NS binds in vivo to long tracts of DNA of average and maximal lengths of
∼1,700 bp and ∼10 kb, respectively, and that the length of binding regions is correlated with
the intensity of transcriptional repression (51, 120). The possible role of H-NS in chromosome
organization has also been investigated using 3C techniques by comparing contact maps ob-
tained in wild-type and h-ns mutant cells (64). Results show a significant enrichment, for the
mutant, in short-range contacts associated with H-NS binding regions. This finding implies that
H-NS-bound loci are prevented from interacting with their neighboring loci. No evidence for
DNA bridging between distant DNA loci or for the proposed H-NS-promoted juxtaposition of
H-NS-regulated operons, as proposed previously (122), was revealed by genomic 3C approaches.
Rather, ChIP-seq and 3C-seq approaches suggest that the main activity of H-NS in vivo relies on
its ability to form long oligomers with DNA into an extended conformation that silences target
genes and prevents short-range contacts.

Genome-scale investigation of Fis binding by ChIP-seq in E. coli indicates that Fis is associated
with the differential expression of approximately 500 genes, i.e., only 40% of the genes that are
bound by Fis (51). The 3C contact map for fis mutant cells shows that the overall chromosome
conformation remains globally conserved relative to the wild type (64). In the absence of Fis, an
enrichment of short-range contacts (<100 kb) and a decrease in contacts above 100–400 kb can
nevertheless be observed from 3C data, especially in the Ter region. In contrast to the case for
H-NS, changes in contact properties do not correlate with the density of Fis binding sites, leaving
the mechanism of action of Fis an open question.

Investigation of the effect of MukBEF on chromatin organization by 3Cmethods revealed that
MukBEF inactivation has the same effect as HU inactivation; ratio plots showed a reduction in
long-range (>∼300-kb) contacts and an increase in contacts up to 300 kb (64). This reduction of
contacts above 300 kb obtained from ratio plots is concomitant with a change in the extent of long-
range contacts from∼900 to∼600 kb (65) (Figure 2d). Similar parameters are also observed in the
E. coliTer domain, where the presence of MatP prevents MukBEF activity (Figure 2d; see below).
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Remarkably, similar differentials of contacts around 300 kb were observed in P. aeruginosa smc
mutants in the presence of MksBEF or in P. aeruginosa expressing the E. coli mukBEF genes (65)
(Figure 2e). These results lead us to postulate that, in these distant bacteria, the chromatin is
constituted by a common basal fold. Interactions are modulated by the activity of condensins like
MukBEF/MksBEF and of HU. Further studies will be necessary to characterize the parameters
that modulate DNA contacts in the bacterial chromatin, to assess the putative contribution of
factors such as DNA supercoiling and NAPs to these properties, and to reveal how MukBEF/
MksBEF condensins promote long-range contacts along the chromosome (Figure 3b). In contrast
to the cases of MukBEF and MksBEF, Smc-ScpAB has no effect on long-range contacts within
chromosome arms in P. aeruginosa (65).

4.3. Chromosomal Domains

Higher-order levels of organization of bacterial chromosomes have recently been described, dis-
closing large chromosomal regions organized into so-called macrodomains (MDs).

4.3.1. Long-range organization of the Escherichia coli chromosome. In E. coli, large regions
(600 kb–1Mb in size) have been identified using different approaches.Using FISH,MDs centered
at the Ori and Ter regions were identified first in E. coli byNiki and colleagues (79) as large regions
in which loci show similar localization patterns. A genetic system that revealed DNA collisions
between spatially close loci was used to discloseMDs as long genomic domains inside which DNA
collisions occurred preferentially, while DNA interactions in between were highly restricted; Ori,
Ter, two additional intermediaryMDs (left and right), and two nonstructured regions were identi-
fied (114) (Figure 1d). This organization was then directly confirmed by fluorescence microscopy
since the structuring in MDs and nonstructured regions influences the dynamics and the segre-
gation of the chromosome (29).

The Ori domain depends on the MaoP/maoS system for constraining DNA mobility in this
region and for limiting long-distanceDNA collisions with other regions of the chromosome (115).
maoS acts in cis as a unique organizing center from whichMD properties spread to the entire MD.
MaoP belongs to a group of proteins (including SeqA, MukBEF, and MatP); these proteins are
conserved in the Enterobacteria, are involved in the control of DNAmaintenance and chromosome
conformation, and coevolved with Dam methylase (16). The underlying molecular mechanism
remains to be characterized.

Genetic readout based on long-distance collisions showed that the replication cycle plays a
prominent role in determining the localization of right and left MDs (25).The difference between
the nonstructured regions and the right and left lateral MDs is based on their positions on the
genetic map relative to oriC. Regardless of DNA sequence, the chromosome regions closest to
oriC are always nonstructured, while the regions further away behave as MDs.

4.3.2. Function and anatomy of the Escherichia coli terminus domain. Organization of the
Ter region into an MD depends on the presence of 23 matS sites in the 800-kb-long domain that
constitute the main target of the protein MatP (73) (Figure 1d). With the 3C method, the Ter
MD is detected in the contact map as a constrained domain with limited long-range contacts (64)
(Figure 2b).

Several activities have been associated with theE. coliTerMD.The interaction ofMatPwith the
protein ZapB associated with the divisome promotes the anchoring of Ter at mid-cell (28). Other
specificities of Ter originate from the inhibition of MukBEF activity by MatP independently of
the interaction with ZapB (64, 80). Unlike Smc-ScpAB complexes that align chromosome arms in
several bacteria (see below),MukBEF gives rise to long-range cis contacts within replication arms.
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Model of bacterial condensins’ activities and overall chromosome disposition. (a) Schematized representation of replication arm
alignment by Smc-ScpAB in Pseudomonas aeruginosa. The two replisomes replicate from oriC at the left and right arms of the
chromosome. Translocation of Smc-ScpAB from parS sites promotes the juxtaposition of chromosome arms. (b) Schematized
representation of long-range contacts generated by MksBEF in P. aeruginosa (in the absence of Smc-ScpAB) or by MukBEF in
Escherichia coli. These bacterial condensins produce long-range contacts within replication arms, presumably in a progressive manner
and following the replication process, as evidenced by the activity of MksBEF in P. aeruginosa. (c) Chromosome disposition in a number
of bacteria at different stages of the cell cycle or in different conditions. (i) Bacillus subtilis chromosome arrangement oscillates between
a longitudinal disposition allowing for chromosomal arm contacts during the replication cycle and a transversal disposition after
replication. (ii) In P. aeruginosa, the ParABS system drives the segregation of origin (Ori) regions to 20–80% of the cell, and
translocation of Smc-ScpAB from parS sites promotes the juxtaposition of chromosome arms and a longitudinal organization of the
chromosome (65). The position of a parS site(s) near oriC determines the orientation of the chromosome in the cell. In the absence of
Smc-ScpAB, the juxtaposition of chromosome arms and the longitudinal disposition of the chromosome are lost, with the two arms of
the chromosome in separate halves of the cell (65). (iii) In E. coli, in fast growth conditions, the chromosome adopts a longitudinal
ori-ter (where ter denotes Terminus) orientation, with no contacts between the two arms. In slow growth conditions, the chromosome
shows a transversal organization, with the left and right arms segregated to the left and right halves of the cell, respectively.
(d) Chromosome disposition in the rod-shaped symbiont “Candidatus Thiosymbion oneisti.” Division occurs longitudinally, sister ori
segregate diagonally prior to septation onset, and the two ter regions migrate to mid-cell concomitantly with septation progression.
Panel a and subpanel ii of panel c adapted from Reference 65.
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By preventing MukBEF activity in Ter (64, 80), MatP limits the range of long-range contacts to
600 kb in this region (Figure 2d,g,i). The interplay of MatP with MukBEF associated with Topo
IV may ensure timely chromosome unlinking and segregation (80).

Structural and functional analysis of MatP and in vitro microscopic observations of MatP-
dependent loop formation of DNA molecules carrying multiple matS sites suggested that Ter
organization is mediated by the bridging of distant matS sites (26). However, 3C analyses did
not unveil any discrete in vivo intrachromosomal matS-matS contacts (64). Furthermore, in
the presence of MatP, the chromosome and plasmids carrying matS sites also required ZapB to
be brought together. The same plasmids in the presence of ZapB contacted Ter, but no discrete
matS-matS interactions could be identified. Together, these results show that in vivo MatP does
not promote DNA bridges between matS sites either in cis or in trans. These results also reveal
that MatP-ZapB interactions at the divisome are responsible for the clustering of distinct DNA
molecules carrying matS sites (64). A constraining process that reduces DNA mobility and de-
lays locus segregation (107) is regulated during the cell cycle and occurs only when the Ter MD
is associated with the division machinery at mid-cell. A site-specific system composed of (a) two
specific 12-bp sequences (tidR and tidL) located in the flanking left and right MDs (Figure 1d)
and (b) a newly identified protein designated as YfbV and conserved with MatP through evolution
restricts this process to the Ter region (107).

So, how does MatP organize Ter in vivo? On the one hand, early experiments supported a
scenario of Ter condensation by MatP-induced clustering of matS sites in a confined space. Such
research includes the visualization of MatP foci and Ter tags by epifluorescence (28, 73) and the
visualization of clusteredMatPmolecules by super-resolutionmicroscopy (17).On the other hand,
other results suggest that MatP creates an extended and thin Ter domain (see below) that can
be spread over distant regions of the same cell (69, 125, 131). As genetic analyses of collisions
within Ter or 3C data (64) do not allow for discrimination between these two possibilities, further
experiments are required to determine precisely howMatP affects the organization of this region.

4.3.3. Large domains in other bacteria. Large domains have also been reported in other
species, e.g., B. subtilis and C. crescentus, and are suspected in other genera.

In B. subtilis, the existence of different types of domains in the Ori region has been described
at two developmental stages of the bacteria. First, in cells growing vegetatively, a 3C contact map
disclosed a well-defined,∼1.4-Mb substructure composed of a pair of nested hairpin structures in-
volving the Smc-ScpAB complex and the ParBS system (71).TheOri domain appears as a dynamic
structure that is folded or unfolded to regulate chromosome replication. Interestingly, single-cell
super-resolutionmicroscopy revealed the presence of high-density chromosomal regions (HDRs),
a new nucleoid substructural feature whose nature remains to be characterized. HDRs may cor-
relate with the grouping of multiple CIDs, since the mean HDR size is higher than the mean
CID size in B. subtilis (71). The average number of HDRs in wild-type cells varies from 7.8 to 15,
depending on the cell cycle, and this number is considerably higher in parB or smc mutants, con-
sistent with an increase in distance between the two replication arms in these mutants. In addition,
only HDRs found in the Ori region display conserved subcellular localization, with a choreogra-
phy that overlaps to a large extent with the segregation of ParB-gfp or a single parS site. Second,
in cells that have begun to sporulate, the developmental protein RacA binds 25 ram sites present in
an∼600-kb region near Ori. By promoting the anchoring of this region to the cell poles, RacA en-
sures the proper positioning of theOri region for chromosome segregation during sporulation (9).

A system analogous to MatP-ZapB and connecting the chromosome Ter region with the di-
visome was recently identified in C. crescentus (81). The spatial connection is mediated by ZapT,
a novel divisome-associated protein that interacts with Ter and associates with two proteins of
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the division apparatus: ZapA and ZauP. The conservation of ZapT in proteobacteria and MatP
in enterobacteria highlights the importance of a molecular bridge between Ter and the divisome
coordinating chromosome segregation and cell division.

The functional implications of MDs remain to be better understood. An interesting aspect
comes from the physical properties of a system in which molecular disorder, as provided either by
nonstructured chromosomal regions or by the cytoplasm, and large condensed structures likeMDs
coexist. This coexistence necessarily leads to depletion forces (reviewed in 48), which strongly
affect the cellular organization of chromosomes (99). In this regard, simulations indicated that
the specific MD organization in E. coli strongly and specifically enhances entropic forces (50),
which have been proposed to be responsible for driving the segregation of replicated nucleoids in
bacteria lacking a ParABS-like active process (49).

4.4. Global Folding of the Chromosome

The disposition of the chromosome within the cell differs between bacterial species, and these
differences may originate from the activity of different factors involved in chromosomal folding
and segregation. Two main dispositions, longitudinal and transversal, have been described in the
past 15 years, although variations on these organizations or other arrangements have been de-
scribed (Figure 3c), in agreement with the wide diversity of bacterial chromosome organizations
unveiled by a metagenomics extension of 3C (70). In C. crescentus, P. aeruginosa, Myxococcus xan-
thus, andMycoplasma pneumoniae, the chromosome is longitudinally disposed inside the cell, with
the two replication arms aligned along the long axis of the cell (40, 61, 112, 113, 116, 119). In
E. coli, the two chromosome arms locate to separate cell halves in a transversal disposition (77,
125). In B. subtilis, chromosome arrangement oscillates between the longitudinal and transver-
sal organizations (126). In “Candidatus Thiosymbion oneisti,” a rod-shaped symbiont that divides
longitudinally, the chromosome displays a transverse organization, and the Ori regions segregate
diagonally (128) (Figure 3d).

In bacteria with a longitudinal disposition of the chromosome, the positioning and alignment
of the chromosome arms result from the activity of the segregation system ParABS and of
Smc-ScpAB (Figure 3a). Smc-ScpAB is recruited to the Ori region by ParB bound to its cognate
parS site and mediates chromosomal interarm contacts in B. subtilis, C. crescentus, C. glutamicum,
and P. aeruginosa (13, 61, 65, 71, 124). 3C was used to show that, in B. subtilis and C. crescentus,
SMC translocation from parS coincides with the zipping up of chromosome arms proceeding
all the way to the Ter region (111, 123), presumably by a DNA loop extrusion mechanism (for a
review, see 41). In P. aeruginosa, inactivation of Smc-ScpAB nevertheless affects the longitudinal
arrangement of the chromosome with, remarkably enough, chromosome arms that tend to
occupy separate halves of the cell, even when the parS region is properly positioned at the poles
of the cell (65). These results indicate that in P. aeruginosa, chromosome arms spontaneously
arrange in opposite cell halves (Figure 3c).

In E. coli, the disposition and the choreography of the chromosome vary with growth rate (8).
Numerous studies have revealed, during slow growth conditions, a transversal disposition of the
chromosome (77, 125), with the position of loci recapitulating the genetic map and loci present in
MDs showing a similar pattern (29, 79). In fast growth conditions, chromosome disposition shifts
to a longitudinal ori-ter orientation (135), even though genetic and 3C approaches disclosed the
absence of contacts between the two arms (64, 114).The processes controlling the global folding of
the E. coli chromosome are not fully understood. One assumption is that MukBEF acts in concert
with Topo IV to direct the normal positioning of sister Ori regions after their replication and
during their segregation (136).
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4.5. Organizing the Chromosome into the Nucleoid

Remarkably, in diverse bacteria, nucleoid size strongly correlates with cell size, independently of
changes in DNA amount and across various nutrient conditions. Moreover, different biophysical
cytoplasmic properties, including ribosomemobility and localization, are associated with different
nucleocytoplasmic ratios (34).

In E. coli cells, fluorescence microscopy experiments revealed that nucleoids are arranged by
radial confinement as helical ellipsoids and present highly dynamic loci governed by extension
and shortening of nucleoid-longitudinal density waves (31). Another study showed that large
(∼140-kb) segments excised from the chromosome are evicted from the nucleoid and are po-
sitioned at the edge of the nucleoid (84), confirming the radial confinement of the nucleoid. By
inhibiting cell division and analyzing nucleoid size and position, Dekker and colleagues (132)
disclosed that longitudinal confinement sets the size and position of the nucleoid, with single
nucleoids residing robustly at mid-cell while two nucleoids self-organize at the one-quarter and
three-quarter positions. In E. coli cells that artificially widen (131), the chromosome possesses a
torus topology, with a lower density near the origin of replication and an ultrathin flexible string of
DNA at the Ter region. The torus appears heterogeneous, with bloblike megabase-size domains
that show major dynamic rearrangements, splitting and merging at a minute timescale. MatP is
crucial for the formation of prominent domain boundaries at both the dif and oriC regions (131).
In conditions of increased chromosome occupancy of MukBEF, the chromosome is proposed to
be organized as a series of loops around a thin MukBEF axial core, except in Ter, where MatP
displaces MukBEF (69).

5. CONCLUSION AND PERSPECTIVES

Recent new developments in imaging and genomic approaches have improved our understanding
of bacterial chromatin and chromosome organization. Bacterial chromosome organization relies
on several structuring processes operating at different scales. Bacterial genomes are imprinted
by cis information required for DNA metabolism and chromosome management. Transcription
modulates the dynamics of DNA supercoiling, and long and highly expressed gene clusters limit
interactions between flanking regions. Highly abundant NAPs play complementary roles in bac-
terial chromatin. Three types of bacterial condensins manage chromosome differently. NAPs,
condensins, and topoisomerases collaborate to control the dynamic folding of the chromosome.

Posttranslational modifications in NAPs have been identified in bacteria (18), and the extent of
epigenetic control in chromosome function remains to be explored. Additionally, structures that
involve liquid-liquid phase separation (45) and that play a fundamental role in the compartmental-
ization of the eukaryotic nucleus (104) are also present in bacteria, as shown for the segregosome
complex (37). It will thus be important to assess the use and impact of liquid-liquid phase separa-
tion in the organization of bacterial chromatin.

Several aspects of processes involved in higher-order nucleoid organization and in the faithful
segregation of replicated chromosomes remain to be unraveled. Novel experimental tools and
methods and realistic multiscale biophysical modeling of the bacterial chromosome appear to
be necessary to properly apprehend how interactions at the molecular scale assemble to control
processes at the cellular scale.
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