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competition sensing [21]. Notably, these
pleiotropic stress responses are hard-
wired into the genetic circuitry of bacteria
andmay be agnostic to the specific identity
of the antagonist. Further investigation of
T6SS-induced stress responses may re-
veal the extent to which cellular defenses
identified to date are interconnected.
For example, Bacteroides ovatus cells in-
toxicated by the T6SS of Bacteroides
fragilis specifically upregulate orphan im-
munity gene expression [13].

Concluding Remarks
Our detailed understanding of the inner
workings of the T6SS apparatus and the
vital cellular epitopes targeted by effectors
is due to productive efforts focused on
the aggressor-side of the T6SS-mediated
interbacterial interaction. In comparison,
relatively little is known about the role of
the T6SS in natural settings, including the
identity of bacteria sharing overlapping
niches that are targets of the T6SS, and
the consequences of T6SS-mediated an-
tagonism on bacterial coexistence within
microbial communities. We propose that
the investigation of specific (e.g., orphan
immunity) or general (e.g., EPS or stress re-
sponse) defense strategies that are utilized
by bacteria to increase fitness in the face of
T6SS attack will yield insight into these
mysteries. An understanding of themecha-
nisms that resident bacteria use for de-
fense against T6SS-facilitated invasion
could assist development of improved
strains that can surmount those defenses
to increase their capacity for colonization.
Similarly, efforts to harness the T6SS for
microbiome editingmight take into account
the capacity for target bacteria to mount
defenses that render the weapon ineffec-
tive. Finally, there are striking parallels be-
tween the defenses described in this
study and those used by bacteria to pro-
tect from antibiotics or phage attack. Fu-
ture work should reveal the commonalities
and idiosyncrasies of bacterial defense
against varied threats.
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Epigenetic Memories:
The Hidden Drivers of
Bacterial Persistence?
Leise Riber1,*,@ and
Lars Hestbjerg Hansen1

Epigenetic modifications, including
DNA methylation, stably alter gene
expression without modifying geno-
mic sequences. Recent evidence
suggests that epigenetic regulation
coupled with a long-term 'memory'
effect plays a major role within bac-
terial persistence formation. Today,
emerging high-resolution, single-
molecule sequencing technologies
allow an increased focus on DNA
modifications as regulatory epige-
netic marks, which presents a
unique opportunity to identify
possible epigenetic drivers of
bacterial persistence.

Bacterial Persistence
Most bacteria can enter a physiological state
of dormancy when encountering otherwise
lethal stress, whichmakes them expert sur-
vivors. This dormant lifestyle is hallmarked
by a significant reduction in growth rate
and metabolic activity, evoking a state of
deep 'sleep', known as persistence [1].
Whether the perceived dormancy of per-
sisters is linked to a dynamic state of
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Box 1. DNA Methylation in Bacteria

DNA methylation is the product of methyltransferase enzymes adding methyl groups to specific nucleotides
within particular DNA sequence motifs throughout the genome. In Escherichia coli, methylation of adenine in
GATC sequences (GATCs) by deoxyadenosine methyltransferase (Dam) is a major type of DNA modification.
Several thousands of GATCmotifs, located opposite each other on the DNA strands, are, by default, fully meth-
ylated except for a short duration following DNA replication where the parental strand ismethylated, whereas the
newly synthesized strand is not, resulting in hemimethylated DNA. The methylation status of certain GATCs can,
however, be regulated in response to environmental stimuli, allowing some sites to become stably nonmethylated,
and inherited as such for multiple generations. As bacteria lack DNA demethylases, demethylation of GATCs arises
only through the direct competition between Dam and regulatory DNA-binding proteins, such as transcriptional
repressors or activators, that bind the particular DNA sequence at sites overlapping the target methylation sites.
Interestingly, methylation of GATCs located in putative regulatory regions might block the binding of repressor or
activator proteins by steric hinderance, hence promoting or inhibiting expression of downstream gene(s),
respectively. Conversely, protein-mediated exclusion of Dam prevents methylation of certain GATCs [7] (Figure I).

Inhibition of gene expression

Repressor wins; blocking 
of Dam methylation

Promotion of gene expression

GATC methylation site

Regulatory region Gene X

Transcription

Dam Repressor

Dam wins; addition of 
methyl groups

Binding site for repressor

DNA target

Repressor

Repressor
CH3 CH3 CH3
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Dam

Dam

-CH3 Methyl group
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Figure I. Illustration of DNA Methylation-Dependent Gene Expression Regulation. The competition
between Dammethyltransferase and a transcriptional regulatory protein (here depicted as a repressor) in gaining
access to the same regulatory region located upstream of Gene X, directly affects the expression level of Gene X.
If Dam adds methyl groups to the regulatory region, preventing the repressor from binding, gene expression is
promoted (left), whereas repressor-mediated exclusion of Dam leads to inhibition of gene expression (right).
Please note that the reverse scenario applies to the case of a transcriptional activator protein.

balanced cell division and death remains
debatable and challenges the traditional
viewpoint of 'true' dormancy [2].

Nevertheless, persistence acts as the per-
fect recipe for stress tolerance, granting
protection against conditions otherwise

harmful to normally growing cells, such as
nutrient starvation, temperature shock, pH
alteration, or antibiotic exposure. Follow-
ing stress removal, some persisters
wake up and return to a metabolically ac-
tive lifestyle [1,3]. This extraordinary abil-
ity to switch between an active and an
inactive state is seen as the main cause
of antibiotic treatment failure and the re-
lapse of bacterial infections.

Intriguingly, persister formation occurs as
a phenotypic phenomenon in a subpopula-
tion of genetically identical cells. Here,
persisters are formed by stochastic
mechanisms relying on the intrinsic pheno-
typic heterogeneity of the population aswell
as by specific stress-responsive molecular
mechanisms that, upon sensing environ-
mental changes, activate multiple intracellu-
lar pathways [3]. Importantly, the formation
of persisters occurs without any genetic
alterations. Instead, reprogramming of global
gene expression shapes a 'dormancy-
related' profile, represented by the down-
regulation of genes involved in growth, cell
division, and metabolism, whereas stress-
related genes become upregulated [3].

Despite an increase in our understanding
of the molecular mechanisms underlying
persistence [3], one long-standing question
remains: what are the decision-making
processes that manage the life cycle of
persisters? Bacterial persistence is com-
monly accepted as a fully reversible phe-
nomenon [4], governed mainly by changes
in regulation of gene expression rather
than by genetic mutations [3,5,6]. It is,
therefore, tempting to discusswhether bac-
terial persistence could be a consequence
of epigenetically regulated mechanisms.

Bacterial Epigenetics
The study of epigenetics is defined by
the transmission of non-genetic material
from parent to offspring, enabling heritable
changes in gene expression without altering
the DNA sequence itself [7]. Epigenetic
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Figure 1. Adding an Epigenetic Viewpoint to Bacterial Persistence. This figure depicts a bacterial persistence development model based on the presence of a potential
epigenetic 'memory' effect that includes the stable inheritance of certain DNA methylation patterns. The cellular DNA methylation status might lead to the preservation of some
dormancy-enhancing gene-expression profiles kept in a few cells following wake up from dormancy. Biphasic killing kinetics adapted from [3]. (A) Original population of
metabolically active cells that might contain an intrinsic phenotypic heterogeneity. (B) When encountering stress, most metabolically active cells die, whereas a small fraction of
cells enter the persister state. The persister population can be somewhat heterogeneous, that is, formed by different pathways (stochastic versus specific). (C) Upon nutrient
stimuli/stress removal, some persisters wake up. Here, most persisters quickly initiate growth and divide into regular, metabolically active cells. However, a few cells might
experience an epigenetic 'memory' effect. Here, the DNA methylation status of certain sites that are located upstream of coding regions regulated to express dormancy-
enhancing traits might be maintained following DNA replication. (D) On a total-population level, the final population following wake up might be as equally susceptible to stress as
the original population in (A). However, on a single-cell level, a few cells might contain a dormancy-related 'memory' effect based on the inheritance of certain DNA methylation-
dependent epigenetic traits. (E) The existence of an epigenetic 'memory' effect could potentially increase persister frequency over time during repeating rounds of stress.

mechanisms involve processes like DNA
methylation and histone modification,
which both control gene expression by
means of modifications on the DNA. Epi-
genetic regulation is well known for its
implication in cellular differentiation and
diseases like cancer in humans. By com-
parison, less is known about epigenetic
regulation in bacteria. Here, the most
studied epigenetic regulatory mecha-
nism involves DNA methylation, orches-
trated by addition of methyl groups to

nucleotides within specific DNA se-
quences. Overall, this process is
implicated in regulating multiple cellular
processes, including timing of chromo-
some replication, DNA mismatch repair,
and host defense [7]. Importantly, if
DNA methylation sites are located in
regulatory regions that are upstream of
coding sequences, methylation directly
affects the ability of the corresponding tran-
scriptional repressor or activator protein to
bind to these regions, thereby regulating

expression of the genes located down-
stream [7]. As the cellular methylation sta-
tus of certain genomic sites can be stably
transmitted from parent to offspring, this
process allows the preservation of global
gene expression profiles for multiple gener-
ations (Box 1). Also, reversible changes in
DNA methylation patterns allow gene
expression to alternate between active (ON
phase) and inactive (OFF phase) states.
Here, the best-known example involves
regulation of bacterial phase variation [7].
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Coupling Epigenetic Regulation to
Bacterial Persistence Formation
To date, the inheritance of epigenetic traits,
such as methylation-dependent gene ex-
pression regulation, has been suggested
to play an emerging role in the development
of bacterial antibiotic resistance [8–10]. Epi-
genetic mechanisms that support muta-
genic stress responses, such as adenine
methylation-dependent mismatch repair,
were, however, also assigned a role in
the survival of antibiotic stress mediated
by drugs mainly causing DNA damage
[10,11]. Interestingly, predictive modeling
suggested epigenetic inheritance to be
directly linked to many of the observed
properties of persister cells [12], and recent
findings might propose a potential role for
DNA methylation in Escherichia coli per-
sister formation [13]. Altogether, these ob-
servations shape the following intriguing
hypothesis.

During stress, the cellular DNA methylation
status modulates global gene expression
patterns to assist in promoting bacterial dor-
mancy, but when released from dormancy,
some persistence-promoting epigenetic
traits are preserved as a heritable 'memory'
in a few cells, which, over time, drives an
evolutionary path that, in turn,
increases persister frequency.

The Bacterial 'Memory' of
Persistence?
Today, it is highly debated whether an
epigenetic long-term 'memory' is associ-
ated with bacterial persistence. From a
traditional point of view, cells that
awaken from dormancy resemble the
original population of metabolically active
cells, being just as sensitive to external
stress, indicating a complete restoration
of the global gene expression profile.
Previously, it was reported that repeating
rounds of time-dependent killing by anti-
biotics showed essentially the same sen-
sitivity pattern for reactivated persisters
as for the original population, supporting

the notion that persistence is not a herita-
ble trait [14]. This study was, however,
performed on a total-population level. It
is, therefore, tempting to challenge the
traditional concept by suggesting that
reactivated cells following stress removal
are not as susceptible as the original
population, if viewed from a single-cell
perspective. A recent study proposed
that E. coli cells follow 'a last in, first out'
rule. Here, on a single-cell level, cells that
shut down their metabolism last when en-
tering dormancy were also the first to re-
cover growth in response to nutrients [15].
These observations indicate the presence
of a long-term 'memory effect' of the previ-
ous cell state (in this case an active cell
state) in a few cells, suggesting that the
physiological state of the offspring reflects
the past state of its ancestor.

The question now arises whether the
reverse scenario is applicable as well;
that is, whether cells leaving dormancy
last (thereby, potentially maintaining a
'memory' of the inactive state) would be
the first to re-enter dormancy upon repeat-
ing rounds of stress. In this case, distinct
epigenetic modifications representative of
dormancy could potentially be transmitted
from parent to offspring during the wake-
up phase when cell growth and division re-
sumes, but at a presumably slower pace for
cells transmitting and preserving this
dormancy-related 'memory'. This so-called
'prepping' of a few cells for re-entering dor-
mancy serves as the perfect 'insurance pol-
icy' for enhanced survival during
consecutive rounds of stress, and possibly
even assists in the increase of persister fre-
quency over time (Figure 1).

Overall, this might point towards the
presence of a long-term 'memory' asso-
ciated with bacterial persistence. This
raises several intriguing questions: (i) is
such a cellular 'memory' aimed at pre-
serving dormancy-related epigenetic
landscapes such as variant gene ex-
pression profiles, (ii) is the regulation of

such gene expression profiles directly
modulated by the stable inheritance of
certain DNA methylation patterns, and
(iii) what are the specific epigenetic mod-
ifications that are maintained throughout
multiple rounds of stress, thereby potentially
driving persistence?

Searching for Epigenetic Drivers of
Bacterial Persistence
Today, high-resolution detection of epi-
genetic DNA modifications within bacte-
rial genomes has started to emerge with
the advent of single-molecule real-time
(SMRT) and nanopore-based sequenc-
ing [16]. Unlike traditional sequencing
platforms that remove all epigenetic marks
during the sequencing process, these tech-
nologies allow genome-wide mapping of
methylated and nonmethylated nucleo-
tides in single molecules of native DNA.
Importantly, these technologies provide
the opportunity to explore epigenetic
modifications on a single-cell level, allowing
insight into cell-to-cell heterogeneity within
a population, which is considered highly
valuable when searching for deviating
DNA modification patterns in just a few
cells [17]. Finally, correlating epigenomics
with transcriptome profiling, by coupling
nanopore-based sequencing to RNA se-
quencing, presents a powerful approach
to uncover how DNA methylation patterns
are linked to specific gene-expression pro-
files that might be involved in persister
formation.

Advancing our research using these
emerging technologies presents the unique
opportunity to identify hitherto missing epi-
genetic pieces of what appears to be an
elusive and complex puzzle within bacterial
persistence, which could facilitate the iden-
tification of novel targets for development of
drugs to combat bacterial persistence.
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