
Molecular Microbiology. 2023;119:19–28.    | 19wileyonlinelibrary.com/journal/mmi

1  |  INTRODUC TION

In 1902, Almroth Wright, an Irish- Swedish bacteriologist who had 
trained in medicine at Trinity College Dublin (TCD), founded the 
Bacteriology Department at St. Mary's Hospital in London. In 1912, 
Wright's department provided training in bacteriology for Adrian 
Stokes, another medical student from TCD, who would become that 
university's first Professor of Bacteriology and Preventive Medicine 
in 1919 (Coakley, 1992). Stokes' successor in the TCD chair was 
Joseph Warwick Bigger, the person who described the phenome-
non of “persisters” in bacterial populations (Bigger, 1944). It is be-
lieved that Alexander Fleming, working in Wright's department at 

St. Mary's, was attempting to repeat Bigger's experiments on small 
colony variants of Staphylococcus aureus (Bigger et al., 1927), when 
he made the breakthrough in 1928 that led to the discovery of pen-
icillin (Greenwood, 2008). These events illustrate the interconnect-
edness of institutions, individuals, and ideas in the development of 
scientific thought.

Persisters are bacterial cells that have become non- susceptible 
to antimicrobial treatment without becoming resistant (Balaban 
et al., 2019; Bigger, 1944). They are phenotypic outliers with an 
environment- specific enhanced survival trait, and they arise sto-
chastically in a population of otherwise antimicrobial- susceptible 
siblings (Hobby et al., 1942; Lewis, 2010; Wainwright et al., 2021). 
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Abstract
Transcription is a noisy and stochastic process that produces sibling- to- sibling vari-
ations in physiology across a population of genetically identical cells. This pattern of 
diversity reflects, in part, the burst- like nature of transcription. Transcription bursting 
has many causes and a failure to remove the supercoils that accumulate in DNA during 
transcription elongation is an important contributor. Positive supercoiling of the DNA 
ahead of the transcription elongation complex can result in RNA polymerase stalling 
if this DNA topological roadblock is not removed. The relaxation of these positive 
supercoils is performed by the ATP- dependent type II topoisomerases DNA gyrase 
and topoisomerase IV. Interference with the action of these topoisomerases involv-
ing, inter alia, topoisomerase poisons, fluctuations in the [ATP]/[ADP] ratio, and/or 
the intervention of nucleoid- associated proteins with GapR- like or YejK- like activities, 
may have consequences for the smooth operation of the transcriptional machinery. 
Antibiotic- tolerant (but not resistant) persister cells are among the phenotypic outli-
ers that may emerge. However, interference with type II topoisomerase activity can 
have much broader consequences, making it an important epigenetic driver of physi-
ological diversity in the bacterial population.
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Many cellular pathways can lead to the production of persister 
cells, and one of these involves stochastic interference with the ma-
chinery that manages DNA topology. A key component of this ma-
chinery is DNA gyrase, a target for many antimicrobial agents, and 
one that is inhibited in some persister- generating pathways (Harms 
et al., 2015; Kato et al., 2022). However, the contributions of bac-
terial topoisomerases to the production of cell- to- cell physiological 
diversity, in populations of genetically identical siblings, extend be-
yond the phenomenon of persistence.

2  |  DNA TOPOISOMER A SES AND 
TR ANSCRIPTION

Topoisomerases are enzymes that manage the topology of DNA 
through strand breakage and religation, with the enzyme forming 
a transient covalent bond with the DNA phosphate backbone at 
the site of cleavage (Bates & Maxwell, 2005). The model bacterium 
Escherichia coli has four DNA topoisomerases: topo I, topo II (gyrase), 
topo III, and topo IV (McKie et al., 2021). Topo I (encoded by the topA 
gene) and topo III (encoded by topB) are type IA topoisomerases 
that alter the linking number of DNA in steps of 1. They break one 
DNA strand, allowing the DNA to swivel around the intact strand 
before religating the nick. This swivelase activity alters the number 
of times the DNA strands cross one another in the double helix. The 
energy to drive the process comes from the pent- up torsional stress 
in the under- wound, negatively supercoiled DNA molecule. Topo I 
relaxes negatively supercoiled DNA, restarts stalled transcription 
complexes, and suppresses aberrant DnaA- independent initiation of 
chromosome replication away from oriC, the natural origin of bac-
terial chromosome replication (Drolet et al., 1994; Kuzminov, 2018; 
Lang & Merrikh, 2018; Leela et al., 2021; Leng et al., 2004; Usongo 
et al., 2008). Topo III is a decatenase and is concerned with the 
smooth progression of chromosome segregation at cell divi-
sion (DiGate & Marians, 1989; Nurse et al., 2003; Perez- Cheeks 
et al., 2012). By removing negative supercoils, type I enzymes also 
play an essential role in preventing the formation of RNA– DNA hy-
brids, known as R- loops, in the hyper- negatively supercoiled DNA 
that accumulates behind stalled transcription elongation complexes 
(Brochu et al., 2018; Sutormin et al., 2022) (Figure 1).

Type II topoisomerases change the linking number of the 
DNA duplex in steps of 2, using a double- strand- breakage, intact- 
duplex- segment- passage, and religation mechanism (Deweese & 
Osheroff, 2009; Dong & Berger, 2007). Type II enzymes bind and 
hydrolyse ATP in order to complete each reaction cycle (Gellert 
et al., 1976; Higgins et al., 1978; Mueller- Planitz & Herschlag, 2008; 
Wang, 1998). In bacteria, DNA gyrase, a type II topoisomerase, in-
troduces negative supercoils into DNA and eliminates positive su-
percoils, processes that are vital for the smooth operation of both 
the chromosomal replication and the transcriptional machineries 
(Rovinskiy et al., 2012; Stracy et al., 2019; Zechiedrich et al., 2000). A 
second type II enzyme, topoisomerase IV, removes DNA catenanes 
that are generated during chromosome replication and which, if not 

removed, are inhibitory to chromosome segregation at cell division 
(Hirsch & Klostermeier, 2021; Lopez et al., 2012; Nolivos et al., 2016; 
Zechiedrich & Cozzarelli, 1995). Topo IV also relaxes both positive 
and negative supercoils (Crisona et al., 2000; Kato et al., 1992; 
Khodursky et al., 2000).

Early work in Salmonella linked transcription and topoisomerase 
activity. Here, supX mutations in the topA gene (encoding DNA to-
poisomerase I) were found to suppress the Leu− phenotype caused 
by a point mutation in the promoter of the l- leucine biosynthetic op-
eron, leuABCD (Margolin et al., 1985; Pruss & Drlica, 1985; Trucksis & 
Depew, 1981; Trucksis et al., 1981). The mutation made the promot-
er's Pribnow box more G+C- rich and thus more difficult to melt. The 
elimination of the DNA relaxing activity provided by topo I allowed 
negative supercoils generated in a neighboring promoter relay to ac-
cumulate, melting the recalcitrant leuABCD promoter and restoring 
leucine prototrophy (Chen et al., 1992; Dorman & Dorman, 2016; 
El Hanafi & Bossi, 2000; Richardson et al., 1988). The intellectual 
challenge of reconciling the genotypic and phenotypic properties 
of the leu+ topA− mutant led to the breakthrough in understand-
ing provided by the twin- DNA- supercoiling- domain model (Liu & 
Wang, 1987) (Figure 1). Application of the model is not restricted 
to transcription; it also applies to DNA replication, another process 
that generates local domains of differentially supercoiled DNA. The 
model has been validated experimentally in prokaryotes and eukary-
otes (Ma & Wang, 2014; Rahmouni & Wells, 1992; Tsao et al., 1989; 
Wu et al., 1988) and is proving to be very useful in advancing under-
standing of an important source of gene- copy- to- gene- copy tran-
scriptional variation.

3  |  TR ANSCRIPTION IS NOT ALWAYS A 
SMOOTH PROCESS

Identical gene copies are not transcribed in a synchronized manner 
across a microbial population, even if the required activation signal 
is evenly distributed throughout the environment that the bacteria 
share. Transcriptional “burstiness” means that, at any given time, 
some gene copies remain silent while others are firing, and those 
genes that are firing do so in bursts. This phenomenon is not re-
stricted to bacteria: it occurs in all cell types, including those of hu-
mans (Larsson et al., 2021; Naik et al., 2021). Bursting reflects the 
stochastic operation of numerous processes that facilitate or inhibit 
RNA polymerase activity in both simple and complex organisms 
(Bahar Halpern et al., 2015; Chubb et al., 2006; Corrigan et al., 2016; 
Dar et al., 2012; Golding et al., 2005; Levsky et al., 2002; Raj 
et al., 2006; Raj & van Oudenaarden, 2008, 2009; Suter et al., 2011). 
For example, the availability and activities of transcription factors in-
fluence the recruitment of RNA polymerases to promoters, affecting 
the initiation of transcription (Mazzocca et al., 2021; Mejia- Almonte 
et al., 2020). The interactions between RNA polymerases queuing 
along the DNA template also contribute to “bursty” transcription 
(Fujita et al., 2016; Tripathi et al., 2022). In eukaryotes, the number 
of cis- acting regulatory elements that a gene possesses, and their 
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affinity for the factors that they bind, influences burst size, while 
trans- acting regulatory factor availability is a determinant of burst 
frequency; both aspects of bursting are modulated by histone modi-
fication (Chen et al., 2019; Nicolas et al., 2017; Wang et al., 2018). 
In prokaryotes, the nature of the sigma factor subunit of RNA poly-
merase influences the pattern of the transcription burst that a gene 
may exhibit, with the more eukaryotic- like promoters that depend 
on sigma- 54 displaying bursting with a eukaryotic character that em-
phasizes burst frequency over burst size (Engl et al., 2020).

4  |  TR ANSCRIPTION BURSTS

In bacteria, interference with RNA polymerase translocation by 
supercoil accumulation contributes to what has been termed 
transcription “bursts” (Figure 1). Bursting refers to the stochas-
tic production of RNA by transcription. Single- molecule methods 
have allowed the transcription of individual genes to be studied in 
vitro and in real time. In one experimental set up, linear DNA tem-
plates containing a bacterial promoter are tethered to a surface 

F I G U R E  1  Topoisomerases ensure the smooth operation of RNA polymerase during transcription. Identical copies of a gene are 
being transcribed in two genetically identical bacterial siblings. (a) Transcription of the gene has stalled because further progress by RNA 
polymerase (RNAP) is blocked as a result of a failure by type II topoisomerases to relax the positive supercoils that have accumulated in its 
path. The transcriptionally induced supercoils cannot diffuse due to the presence of topological barriers (black solid rectangles) and viscous 
drag prevents RNAP from rotating around the DNA to relieve the torsional strain. Type II topoisomerases may be physically absent or 
present- but- inactive, preventing them from adjusting the topology of the DNA. If type I enzymes are unavailable, hypernegative supercoiling 
can allow the mRNA to hybridize with its complementary DNA template, forming an R- loop that prevents its translation into a polypeptide 
chain by ribosomes. (b) an identical copy of the same gene in another cell is undergoing smooth transcription due to the timely relaxation of 
the transcriptionally induced supercoiling domains by topoisomerases. Messenger RNA transcribed by RNAP is available for translation by 
ribosomes.
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in a flow cell, RNA polymerase and nucleoside triphosphates are 
introduced, and RNA production is measured fluorescently (Chong 
et al., 2014). Hundreds of identical DNA templates are viewed si-
multaneously. When the DNA molecules are free to rotate at their 
ends, transcription proceeds smoothly along each individual tem-
plate. When the DNA molecules are fixed at multiple points to the 
substrate, free rotation is blocked and transcript elongation is in-
hibited stochastically across the field of transcription complexes. 
The introduction of DNA gyrase overcomes the interference with 
transcription elongation. The data indicate that over- twisting of 
the DNA in front of an elongation complex inhibits further tran-
scription of the affected gene until either DNA gyrase removes 
the obstruction or the supercoils diffuse away from the site by 
DNA rotation (Ancona et al., 2019; Chong et al., 2014; Geng 
et al., 2022; Klindziuk & Kolomeisky, 2021). Supercoil diffusion 
will not be possible if the DNA is not free to rotate, so the inter-
vention of gyrase is essential. This proposal represents a practi-
cal application of the twin- DNA- supercoiling- domain hypothesis 
(Liu & Wang, 1987). In the case of genes that encode proteins, the 
inhibition of transcription complex rotation around the DNA tem-
plate by viscous drag in the cytoplasm is likely to be exacerbated 
by the coupling of transcription and translation in bacteria (Chen 
et al., 1992) (Figure 1b). If DNA gyrase is absent from the affected 
gene, or is present- but- inactive due to an unfavorable [ATP]/
[ADP] ratio, or has been inhibited by a gyrase poison, then the 
expression of that particular gene copy will remain interrupted. 
Single- molecule studies in flow cells, with tethered circular DNA 
molecules that contain a bacterial promoter, have shown that the 
accumulated positive supercoils feed back to inhibit transcription 
initiation, silencing the affected transcription unit by inhibiting the 
formation of an open transcription complex (Chong et al., 2014; 
Revyakin et al., 2004). Extrapolating to the in vivo context, if one 
copy of a gene is being inhibited by positive supercoil accumula-
tion in one bacterial cell, and an identical copy of the same gene in 
a sibling bacterium is undergoing efficient transcription, the result 
will be a physiological difference between the two cells. Amplified 
across the population, stochastic interference with transcription 
has the potential to generate considerable diversity at the levels 
of the transcriptome and proteome, and at the level of whole- cell 
physiology.

5  |  NUCLEOID - A SSOCIATED PROTEINS 
AND REL A X ATION OF POSITIVE 
SUPERCOIL S

Given the importance of positive supercoiling in current models of 
transcription bursting in bacteria, it will be interesting to discover 
if the GapR family of nucleoid- associated proteins, that targets 
positively supercoiled DNA, contributes to transcription stochas-
ticity. This tetrameric DNA binding protein from Caulobacter cres-
centus targets over- wound DNA and stimulates type II to remove 
the positive supercoils, facilitating DNA replication (Ahmed & 

Dröge, 2020; Guo et al., 2018, 2021; Huang et al., 2021; Lourenço 
et al., 2020). GapR also targets positive supercoils that are gener-
ated by RNA polymerase activity (Guo et al., 2021). The finding 
that GapR contains structural motifs that are distantly related to 
those of the H- NS nucleoid- associated protein makes the possi-
bility that GapR affects transcription output stochasticity all the 
more compelling: H- NS has a well- established role in transcrip-
tion silencing in A+T- rich DNA sequences (Lourenço et al., 2020; 
Turner & Dorman, 2007) and GapR also has a preference for 
binding to A+T- rich DNA (Huang et al., 2021). The YejK nucleoid- 
associated protein from E. coli interacts with type II topoisomer-
ases, stimulating the relaxation of positively supercoiled DNA by 
topoisomerase IV (Lee & Marians, 2013). These findings indicate 
that the relaxation of positive supercoils by type II topoisomer-
ases is modulated by nucleoid- associated proteins such as GapR 
and YejK, introducing yet another variable into the generation of 
randomness in the transcription process.

6  |  SPECIES DIFFERENCES IN 
STOCHA STIC TR ANSCRIPTION

Comprehensive surveys that make direct comparisons of DNA su-
percoiling set points across bacterial species are lacking, but some 
data indicate that species- to- species variation does occur. For ex-
ample, S. enterica has average DNA superhelical densities that are 
more relaxed than those of E. coli, despite the very high level of 
conservation of genome structure and gene content seen in these 
bacteria (Cameron et al., 2011; Champion & Higgins, 2007; Rovinskiy 
et al., 2019). These differences in DNA supercoiling may reflect a 
need on the part of S. enterica to manage carefully the expression of 
the relatively large complement of energetically “expensive” genes 
that it has acquired by horizontal gene transfer (Pozdeev et al., 2021, 
2022; Srinivasan et al., 2013) and which are silenced by H- NS 
(Dorman, 2007; Lucchini et al., 2006; Navarre et al., 2006). Inter- 
species differences in DNA supercoiling may result in identical cop-
ies of a gene exhibiting distinct patterns of stochastic transcription 
in different host backgrounds, even if the gene is placed in identical 
genomic locations.

Even within a single bacterium, variations in supercoiling val-
ues around the chromosome (Guo et al., 2021; Lal et al., 2016) may 
result in location- dependent variations in transcriptional stochas-
ticity. Differences in the distribution of topoisomerases around 
the chromosome (Ahmed et al., 2017; Hsu et al., 2006; Stracy 
et al., 2019; Sutormin et al., 2019) could affect the efficiency 
of positive supercoil extinction at different chromosomal sites, 
and hence the probability that a given gene will be transcribed. 
Increasing, or decreasing, the unpredictability of expression of 
a given gene may, in turn, have unpredictable consequences for 
the competitive fitness of the individual bacterium and for the 
wider population of its siblings. The base composition of a gene, 
especially one that has been acquired by horizontal gene trans-
fer, seems to influence its sensitivity to DNA supercoiling changes 
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(Dorman & Dorman, 2022), and this is likely to influence the sto-
chasticity of its transcription.

7  |  GYR A SE POISONS AND PERSISTERS

Toxin/antitoxin (TA) systems play prominent roles in the production 
of persister cells. Typically, these systems consist of a chemically 
stable toxin and a labile antitoxin. As long as de novo antitoxin pro-
duction is sustained, the inhibitory effect of the toxin is neutralized. 
Stochastic removal of the antitoxin allows the toxin to exert its nega-
tive influence on some aspect of bacterial cell physiology. The result-
ing growth inhibition renders the bacterium tolerant to the presence 
of antimicrobial agents that affect only active cells.

The FicTA protein partnership is a useful example of a TA sys-
tem that targets topoisomerase function (Figure 2). The FicA pro-
tein is an antitoxin, while the FicT toxin is an inhibitor of bacterial 

ATP- dependent type II topoisomerase activities. Removal of FicA 
from a cell allows FicT to inhibit DNA gyrase and topoisomerase IV 
by adenylylation at their ATP binding sites, preventing the topoisom-
erases from binding ATP (Harms et al., 2015). The resulting (revers-
ible) interruption of type II topoisomerase activity causes a growth 
arrest that allows the affected cell to exhibit a persister phenotype 
(Figure 2). In the context of type II topoisomerase modulation and 
the promotion of physiological diversity in bacterial populations, it 
is perhaps significant that fluctuation in the cellular concentration 
of ATP is itself a factor in the emergence of persister cells (Conlon 
et al., 2016).

The FicTA system, which deprives the type II topoisomerases 
of their ATP supply, represents a physiologically gentle mechanism 
for causing cell growth arrest. Other TA systems target DNA gyrase 
via a poisoning mechanism that stabilizes the gyrase- DNA cleavage 
complex, leading to cell death. The F- plasmid- encoded CcdA/CcdB 
TA partnership is one of these more aggressive systems. It uses 

F I G U R E  2  The role of the FicTA toxin/antitoxin system in the stochastic emergence of a persister cell in a bacterial population. The 
normal cell (top, left) has produced the FicT toxin and the FicA antitoxin. These have formed a complex in which the toxin is maintained in 
an inactive state. The targets of FicT, the type II topoisomerases DNA gyrase and topoisomerase IV, are active and participate in cellular 
metabolism. Following the loss of the ficA and ficT genes, the unstable FicA antitoxin breaks down and FicT can now inhibit the type II 
topoisomerases by an adenylylation mechanism that prevents them from binding and hydrolyzing ATP, an essential part of their enzymatic 
function (top right). The resulting loss of type II topoisomerase activity brings about a cessation of normal metabolic function in the affected 
cell. This cell (shown at bottom left) is a physiological outlier in the population. Its metabolic quiescence protects it from an antibiotic 
challenge that inhibits, or kills, its siblings (bottom right). Consequently, it persists and may emerge to colonize the local environment once 
the antibiotic challenge passes. The persister cell displays tolerance, but not resistance, to the antibiotic. Its ability to survive is contingent 
on the stochastic appearance of unrestrained FicT toxic activity following the random loss of the gene that supplies the FicA antitoxin.
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post- segregational killing to eliminate any daughter cell that fails to 
inherit a copy of the F plasmid and its ccdA antitoxin gene (Bahassi 
et al., 1999). However, modulation of CcdB toxin production, by 
changes to the culture's growth conditions, can rescue some of the 
bacteria from the cell death pathway, leading to the emergence of 
persisters (Tripathi et al., 2012).

8  |  FLUC TUATING [ATP]/[ADP] R ATIOS 
AND GYR A SE AC TIVIT Y A S GENER ATORS 
OF DIVERSIT Y

The intersection between ATP synthesis, DNA gyrase activity, and 
the stochastic nature of transcription has implications for bacte-
rial physiological diversity that extend beyond the special case of 
persister cell generation. Variations in metabolic flux throughout 
the growth cycle and the vagaries of environmental stress impose 
changes in [ATP]/[ADP] ratios that influence DNA supercoiling 
(Hsieh, Burger, et al., 1991; Hsieh, Rouvière- Yaniv, et al., 1991; van 
Workum et al., 1996). In crude terms, cells in the lag and station-
ary phases of the growth cycle have low levels of metabolic flux, 
and hence low [ATP]/[ADP] ratios, whereas rapidly growing bacteria 
undergoing exponential expansion of the population have a high en-
ergy charge. These fluctuations in the [ATP]/[ADP] ratio affect the 
ATP- dependent activities of type II topoisomerases (van Workum 
et al., 1996).

Each phase of the bacterial growth cycle has a characteristic DNA 
topological profile (Bordes et al., 2003; Conter et al., 1997; Gomez- 
Gomez et al., 1996; Kusano et al., 1996; Muskhelishvili et al., 2022; 
Sobetzko et al., 2012). Cells emerging from lag phase and entering 
exponential growth experience a growth spurt that is accompa-
nied by increased negative supercoiling of DNA (Gomez- Gomez 
et al., 1996). A delay in making the transition from lag to exponential 
growth, perhaps due to an environmental stress, is associated with 
the stochastic appearance of small colony variants and persister cells 
within the population (Vulin et al., 2018). The transition from expo-
nential growth to stationary phase is another significant life event 
for the bacterium and it is marked by a loss of negative supercoils 
(Bordes et al., 2003; Conter et al., 1997; Dorman et al., 1988; Kusano 
et al., 1996).

These DNA topological changes are both the causes of, and 
the consequences of, shifts in the expression of the transcriptome 
(Dorman, 2019). They are a manifestation of the combined actions 
of the topoisomerases that manage the DNA topological shifts and 
of the altered activities of RNA polymerase at hundreds of transcrip-
tion units (Cameron et al., 2017; Geng et al., 2022; Kim et al., 2019; 
Stracy et al., 2019). In addition to the task of expressing genetic 
information, transcription also sets the 3D architecture of the nu-
cleoid (Badrinarayanan et al., 2015; Cagliero et al., 2013; Jeong 
et al., 2004; Le & Laub, 2016; Shen & Landick, 2019). Precise syn-
chronization of these transcription patterns across every cell in the 
population is impossible, resulting in cell- to- cell variations in the out-
puts from copies of the same genes in different cells. Transcriptional 

activity is modulated not only by the genome- wide distribution of 
RNA polymerase and the topoisomerases, but also by the actions 
of, inter alia, transcription factors, nucleoid- associated proteins, 
sigma factors, intrinsic and extrinsic transcription terminators, and 
by the stalling and backtracking of RNA polymerase (Figueroa- 
Bossi et al., 2022; Janissen et al., 2022; Schwall et al., 2021). This 
produces a population of cells exhibiting transcription patterns that 
are noisy and randomized (Urchueguía et al., 2021). Shocks to the 
cell arising from environmental stress introduce additional sources 
of transcriptional fluctuation, including the premature onset of sta-
tionary phase. It is probably for this reason that the stationary- phase 
sigma factor, RpoS, is also closely associated with stress responses 
during exponential growth (Battesti et al., 2011; Klauck et al., 2007; 
Schellhorn, 2020), and has a preference for DNA that is relaxed 
rather than negatively supercoiled (Bordes et al., 2003; Kusano 
et al., 1996; Typas et al., 2007).

9  |  CONCLUSIONS

The influences on gene expression that were summarized above 
produce a population of bacterial siblings with a transcriptomic pro-
file distributed around a statistical mean. Due to the many stochas-
tic inputs that displace the profile from the mean in individual cells, 
the population contains physiological outliers. These outliers allow 
the population to hedge its bets by increasing the probability that 
suitably prepared, “stress- pre- adapted” members will be present 
if the environment changes. The same strategy drives the emer-
gence of antibiotic- tolerant persister cells (Balaban et al., 2004). 
It is also useful during host infection by pathogens, where fac-
tors that influence DNA topology and nucleoid architecture play 
prominent roles in producing transcriptional noise (Figueroa- Bossi 
et al., 2022). On the other hand, it may sometimes be advantageous 
to override stochasticity by imposing deterministic transcriptional 
outcomes that better fit a majority of the population to the environ-
ment. In the case of phase- variable expression of the operon en-
coding type 1 fimbriae in E. coli, this is achieved through negative 
modulation of DNA gyrase activity such that a population enter-
ing stationary phase has more fimbriate than afimbriate members 
(Corcoran & Dorman, 2009; Dorman, 2022; Dove & Dorman, 1994; 
Muller et al., 2009). The result is a shift from a planktonic lifestyle 
to an attached one within a biofilm (Anderson et al., 2003; Justice 
et al., 2004; Wright et al., 2007). The enlisting of variable DNA to-
pology to achieve stochastic outcomes under some circumstances 
and deterministic ones under others is an example of microbial mo-
lecular pragmatism at work.

Future research could usefully expand the investigation of 
variable DNA topology in the generation of transcriptional sto-
chasticity and physiological diversity beyond the usual model 
organisms such as E. coli. Direct comparisons of transcriptional 
outputs from identical gene copies, placed in different bacterial 
species and/or at different genomic locations in the same species, 
would make valuable contributions to knowledge. Probing for the 
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presence of positive supercoils, using methods such as GapR- seq 
(Guo et al., 2021) would permit correlations between transcription 
bursting, topoisomerase activity, and positive supercoiling of the 
DNA template to be studied at a whole- genome level. What other 
nucleoid- associated proteins, other than GapR and YejK, might 
modulate the relaxation of positive supercoils by type II topoisom-
erases, and thus the burst- like nature of transcription? What fac-
tors influence the production/activity of these nucleoid- associated 
proteins? Do they affect differently the expression of genes from 
the core genome and genes that have been acquired by horizon-
tal transfer? Addressing these issues will both deepen our under-
standing of naturally occurring bacteria (including pathogens) and 
improve our ability to fashion useful microbial tools in synthetic 
biology. It is also likely to cast light on the contributions of stochas-
tic transcription on the production of immunodiversity and neuro-
diversity in higher organisms, including humans (Dorman, 2022).
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