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Abstract

The revival mechanism in dormant bacteria is a puzzling and open issue. We propose a model of information diffusion on
a regular grid where agents represent bacteria and their mutual interactions implement quorum sensing. Agents may have
different metabolic characteristics corresponding to multiple phenotypes. The intra/inter phenotype cooperation is analyzed
under different metabolic and productivity conditions. We study the interactions between rapidly reproducing active bacteria
and non-reproducing quiescent bacteria. We highlight the conditions under which the quiescent bacteria may revive. The
occurrence of revival is generally related to a change in environmental conditions. Our results support this picture showing

that revival can be mediated by the presence of different catalyst bacteria that produce the necessary resources.
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Introduction

Adaptation is one of the key principles to Darwinian theory
of evolution. Among the mechanisms of adaptation, dor-
mancy is one of the most fascinating and mysterious (Ozgiil-
dez et al. 2024): the organism enters a state of suspended life
from which it can re-emerge when environmental conditions
become more favorable. There are different definitions of
dormancy (Ozguldez et al. 2024, McDonald et al. 2024),
depending on the areas in which the phenomenon occurs,
which have recently led to a multidimensional classification
of the properties of this state/condition (McDonald et al.
2024). All definitions have in common the reversibility, i.e.,
the possibility of entering-exiting this state, and the reduced
or absent ability to reproduce (Ozgiildez et al. 2024, McDon-
ald et al. 2024). In recent years, dormancy has been often
identified with the so-called VBNC (viable but not-cultura-
ble) condition (Oliver 2005; Wagley et al. 2021), although
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as shown elsewhere, for example in McDonald et al. (2024),
this definition may seem somewhat reductive. On the other
hand, VBNC has attracted much interest, especially in the
case of pathogenic microorganisms, because it prevents their
detection with conventional methods (Bari et al. 2013).
The formation and well-being of many types of bacte-
rial colonies are ensured by a mechanism known as quorum
sensing (QS), i.e., the coordination between different bacte-
rial entities that regulates gene expression when a threshold
number of bacteria is reached (Bassler 1999, Miller et al.
2001, Henkle et al. 2004, Waters et al. 2005, Higgins et al.
2007, Ng et al. 2009, Dandekar et al. 2012,Confort et al.
2013, Bruger et al. 2016, Bruger et al. 2021). The count-
ing of bacteria occurs indirectly, through the production
and reception of one or more types of molecules known as
autoinducers (AI). On the other hand, QS does not only play
arole in the growth of colonies or in the production of pub-
lic goods, but also influences other phenomena such as, for
example, the resuscitation of dormant cells. For example,
in Ayrapetyan et al. (2014), cell-free supernatants contain-
ing AI-2, a type of Als, were used to resuscitate strains of
Vibrio vulnificus in the VBNC state. Neither the addition of
food nor cell-free supernatants without Als were sufficient
to resuscitate dormant cells. Thus, it was concluded that
resuscitation is closely related to QS. Similarly, as observed
in Bari et al. (2013), the addition of autoinducers AI-2 and
CAI-1 to dormant colonies of Vibrio cholerae significantly
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increased their potential for cultivation. Furthermore, the
role of QS in the formation of subpopulation of non-grow-
ing, antibiotic-resistant of Legionella pneumophila has been
highlighted in Personnic et al. (2021).

In addition to biological models of dormancy in cells
(Alnimr 2015, Russo et al. 2024, Zou et al. 2022, McDonald
et al. 2024, Brueger et al. 2012, Pshennikova et al. 2022),
there are several theoretical models of this phenomenon in
the recent literature. Ref. (Carneiro et al. 2024) presents a
review of most recent mathematical models used to describe
the formation of biofilms with or without dormant cells, and
a mathematical model of dormant cell formation in a biofilm
is reported in Chihara et al. (2015), while in Nevermann
et al. (2024), a revised version of the cellular automaton
"game of life" is used to describe dormancy. Most of the
models were developed to describe specific types of bacteria,
due to their effects on human health: for example, Anwar
et al. (2024) provide a review of mathematical models pro-
duced in about 50 years on all developmental stages (includ-
ing dormancy) in Plasmodium vivax, and Chen et al. (2020)
study the kinetic equations for Escherichia coli in the VBNC
state and several models explain dormancy in tumor cells
(Page et al. 2005; Paez et al. 2012; Wilkie 2013; Mehdizadeh
et al. 2021). On the other hand, to the best of the authors'
knowledge, there is currently no theoretical model linking
QS to dormancy.

In this paper, dormancy and the occurrence of revival
emerge naturally within the framework of a model of QS
previously developed by the authors (Alfinito et al. 2022,
2023, Alfinito et al. 2024). In particular, we will show how
the switch between the dormant and viable (active) state can
be described by the interplay of two metabolic parameters,
namely assimilation rate and productivity. Finally, we will
explore the conditions under which the presence of a small
percentage of viable bacteria induces the resurgence of qui-
escent bacteria.

Materials and methods
Materials

We model the development of bacterial colonies in a limited
space (e.g., a dish) using “agents”. Each agent represents
a bacterial “nucleus”, i.e., a bacterial aggregate which has
some specific metabolic features (assimilation rate o, time of
aging T, minimal size of replication Q,,,, productivity coef-
ficient a, etc., see Table 1). Each set of metabolic features
defines a specific phenotype. A homogenous colony consists
of agents with the same features (single phenotype), while
a mixed colony is made of agents with different features
(multiple phenotypes). The rules introduced to describe the
evolution of the colonies are inspired by the Vibrio harveyi
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(Alfinito et al. 2022, 2023, Alfinito et al. 2024) which has
a well-known QS circuitry (Henke et al. 2004, Bruger et al.
2016, Brueger et al. 2021). In our model, agents have two
main aims: reproducing and producing public goods (PG),
both for the benefit of the colony. A low production of pub-
lic goods characterizes individuals who cheat. Reproduc-
ing is mainly related to the assimilation rate o, while the
production of PGs is primarily related to the productivity
coefficient a. These two actions are in tension, because part
of the nutrients which should be used for replication are
directed toward PG production. By increasing o we obtain
a higher production of PG but a reduced ability of the col-
ony to reproduce, thus introducing a fitness cost. An initial
seed of a single phenenotype with high productivity rate
and low assimilation rate may continue to explore the land-
scape without replication, eventually dying due to senes-
cence and mimicking the VBNC condition. Instead, in the
opposite scenario of a phenotype with high assimilation rate
and small productivity rate, agents will be rapidly reproduc-
ing and dying to the exhaustion of resources. This dynamic
represents the behavior of viable bacteria in conditions of
limited resource availability.

Methods

As mentioned in the introduction, many types of both Gram-
positive and Gram-negative bacteria base many, if not all,
of their activities on QS. In general, it reflects the ability of
these organisms to coordinate themselves, producing effects
that are also relevant on a macroscopic scale. In our model,
QS is described as a long-range interaction among agents.
The source of this interaction is the sensing charge Q, which
is a measure of the agent’s size (Alfinito et al. 2022, 2023,
Alfinito et al. 2024). Each agent occupies a node in a regu-
lar grid and is equipped with a set of features that define its
phenotype. In this study, different phenotypes correspond to
different values of the assimilation rate, o, and the produc-
tivity rate, a. Communication between agents is mediated
by the potential associated with long-range interaction, and
resources are hierarchically distributed from agents with the
highest potential to those with the lowest potential.

The analysis is performed using a stochastic procedure
(detailed in the Appendix) that describes the temporal evolu-
tion of a seed of agents initially randomly distributed on the
grid. At each iteration, each agent can connect with others:
this occurs with a probability that increases with the total
sensing charge of the network and decreases as o increases.
After links are established, each agent receives an amount of
sensing charge proportional to ¢ times the number of agents
contacted.

Finally, at the end of each iteration, each agent may repro-
duce (i.e., divide into two equal parts with the offspring
occupying an empty neighboring node) or jump to an empty
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neighboring node. In both cases, the selected node is the one
with lowest potential among all neighboring nodes.

There are two possible outcomes of the initial evolution
of the seed: a. the formation of a colony that fills the grid and
consumes the total amount of resources; b. the progressive
decrease in the initial number of agents, who (after wander-
ing in the grid) were unable to reproduce and died of old age.

Result

The main role of QS is to produce a successful coopera-
tion among bacteria of the same strain. In the following, we
explore the conditions under which QS allows some initial
seeds to build up the colony, i.e., to reproduce and over-
come extinction due to senility. In the case of colony forma-
tion, the colony fitness, here given as the ratio between the
final (Ny) and initial (N;) number of agents firness = N, /N,
becomes greater than 1. The procedure consists of analyz-
ing the evolution of 60 different realizations (each produced
by the same percentage of initial seeds, f;). The seeds may
belong to a single phenotype or two different phenotypes.

Single phenotypes: when dormancy is convenient

Dormancy is a state in which the bacterial strain is not able
to reproduce, but can survive for extended periods, often
migrating (Oliver 2005; Wagley et al. 2021). This state is
achieved in adverse conditions and when they improve, the
bacterium may revive. In our model, dormant bacteria are
described by agents that do not reach the minimum charge
necessary to reproduce. Therefore, they migrate around the
landscape, looking for positions in which the potential is
the lowest thereby enhancing the chances to receive new
charges. As a consequence, they tend to distribute quite uni-
formly in space. Finally, after a time 7 they die due to aging.
The dormancy condition is due to an excessively large ratio
o/c between the productivity and assimilation parameters.
Within the set of chosen parameters (in particular, the net-
work size), the assimilation rate has to be greater than 8
to allow the initial seeds to reproduce, also for the small-
est value of a. As o increases, the probability to reproduce
grows, as described in Figure 1 where we report the percent-
age of realizations that remain in the dormancy condition at
increasing values of a in the range (10~* — 50), for values
of ¢ going from 9 to 100. We can observe that the curves
become increasingly steeper as ¢ grows and that when the
metabolic rate is larger than 12, the probability of dormancy
at the smallest values of o, @ = 107%, is zero.

In conclusion, a single strain may enter the dormancy
condition (100% of non-reproducing colonies) either when
the assimilation rate ¢ decreases or when the productiv-
ity rate a increases. For each value of o, there exists a
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Fig.1 Single-strain colonies. Percentage of colonies in dormancy.
Data correspond to strains with different values of the assimilation
rate (o) from 1 to 100, at growing vales of the productivity rate (o).
Stochastic averaging is over 60 realizations. Grid size is 20X 20 and
the initial percentage of seeds is 10%

corresponding value of a that drives the entire colony to
dormancy. Dormancy can also occur if the assimilation rate
is not sufficiently high, even at the smallest values of a.

Two-strain colonies: revival of dormant bacteria

A dormant phenotype (high productivity rate relative to
the metabolic rate) can evolve in the presence of a rapidly
growing phenotype (very low productivity rate relative to the
metabolic rate). The first phenotype, referred to as dormant
(D), is characterized by a long survival time (approximately
twice the lifespan, t) during which agents migrate from ini-
tial positions in search of more favorable positions, eventu-
ally dying due to senility (Figure 2).

The second phenotype, hereafter referred to as catalyst
(C), is instead characterized by a rapid growth leading to
the complete filling of available space and the consump-
tion of all available resources. When the two phenotypes
are combined, we observe the formation of a mixed colony
(CD) with a lifespan longer than that of the individual
components; the phenotype previously called dormant
reaches a fitness greater than 1, i.e., it becomes able to
reproduce. The catalytic action of C is stronger when it is
added in small quantities. However, if its initial concentra-
tion exceeds that of D, it quickly dominates the territory
and does not allow the other to develop. Finally, when the
productivity required for C is too high, it is no longer able
to implement its catalytic action, because it produces few
charges and, finally, it ultimately fails to support D and
the colony’s lifespan approaches that of a single strain
D. Figure 2 shows the evolution of a dormant (cp=2,
ap=2) and a catalyst (¢ =20, ac=10"*) when left to
evolve alone (Figs. 2a, 2b) and mixed (Fig. 2c). The initial
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Fig.2 Time evolution of pure and complex states. Data concern: (row
a) pure states low-metabolism agents (D); (row b) pure states high-
metabolism agents (C); (row c) mixed states of both C and D agents.
The initial percentages of agents are: 10% for the pure states and

concentration of the seeds is 10% for the single strains and
7,5% (D) vs 2,5% (C) for the mixed state. Note that, as
anticipated in the previous section, type D bacteria tend to
spread in space, occupying it almost uniformly.

The survival time of a mixed colony depends, when all
the metabolic parameters are chosen, on the initial concen-
tration of the concurrent strains. In Fig. 3, we report the
colony survival time obtained using an initial concentra-
tion of the C strain from 2,5%, to 7,5%, with a total value
of the initial concentration (C + D phenotypes) equal to
10%, op =2, ap =2, 6, & variable. Data are presented
in terms of time-areas, i.e., the area of a polygon whose
vertices are: (from left to right) the survival times of the
D- and C-phenotype alone, at the initial concentration of
10%; (from top to bottom) the survival times of the mixed
colony obtained using the C-phenotype at the initial con-
centration of 2,5% and 7,5%. The larger the area, the more
advantageous the mixed state is with respect the single
state.

@ Springer

7,5% for D and 2,5% for C in the mixed state. The assimilation rates
(o) are 2,20, for D and C, respectively, and the productivity rates (o)
are 2 and 107 for D and C, respectively. Initial and final configura-
tions (before extinction) are reported for each kind of state

Both Fig. 3a and 3b compare the role of different values
of productivity for an assigned value of o.. Specifically,
o¢ 18 20 in Fig. 3a and 50 in Fig. 3b: at increasing of the
assimilation rate of the catalyst, the time-area increases. In
particular, the largest time-area was obtained in both cases
using a very small value of productivity (ae=107). In fact,
the longest survival time increases, which correlates with
an increasing of the fitness of the D-phenotype; the survival
time of the C-phenotype alone becomes shorter (the strain
consumes faster the available resources). The differences
become smaller when the C-phenotype approaches the con-
dition in which it reproduces with difficulty (more than 50%
of the realizations are in the dormant state): this occurs using
o-=>5 in Fig. 3a and o =7 in Fig. 3b.

To summarize: a small amount of fully viable pheno-
type (catalyst) can revive a dormant phenotype and this
is a win—win condition, because both gain something in
terms of improved durability and fitness. Furthermore,
revival depends on the metabolism and activity of the
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Fig.3 Times of survival of mixed states. Data concerns: single-strain
colonies of low-metabolism cells (op=2) (D); single-strain colonies
of high-metabolism cells (6-=20) (C); mixed states of both (CD).
The initial percentage of seeds, f, is 10% of the empty nodes. The
survival time are obtained using three different initial percentages

catalyst and is preferable for catalysts that have a very
low propensity to produce public goods (small o).
Finally, we complete our description of the colony for-
mation by examining the evolution of the sensing charge
Q. In particular, Fig. 4 shows the distribution of charges
of the D-phenotype (top) and the C-phenotype (bottom)
for the evolution of a mixed colony. The top line is the
complement of the bottom line (blue dots represent the
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Fig.4 Charge evolution of a mixed colony. The color rainbow
codifies the value of the sensing charge Q. On the top line, the low-
metabolism competitor (D), i.e., 6, =2, on the bottom line the high-
metabolism competitor (C), i.e., 6-=20. The initial agents are given

of the C strain: 2,5%, 5%, and 7,5%. Going from the lowest to the
highest initial percentages, the survival time of the mixed colony
decreased. Data are reported in terms of time-areas are given for two
different values of o: magenta (=10 4y and green (o-=>5). Time is
calculated in iteration steps

cold positions, i.e., positions not occupied by the selected
phenotype (C for the top line, D for the bottom line).
This figure gives us the opportunity to delve deeper into
the meaning of the sensing charge Q as a source of long-
range interaction. As mentioned above, it represents the size
of each bacterial aggregate and this is the core of the model:
since we want to represent quorum sensing, the development
of the colony is driven by the number of bacteria (hence by
0), the higher this value is, the more efficient the replication.
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in equal concentration. The productivity rate, a, is 2 for the D strain
and 107 for the C strain. Pictures were taken at iterations 9,10,15,25,
32 for both phenotypes
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On the other hand, it is important to remember that both
Gram-positive and Gram-negative bacteria actually have
a negative electrical charge on their cell surface (Wilhelm
et al. 2021) and, the greater the bacterial aggregate, the
greater the electric charge. Therefore, the sensing charge
is a more general concept than just the electrical charge,
although, like this, in this model, it plays the role of source
of an action at a distance.

Discussion and conclusions

The survival of weak organisms is linked to the ability to
occupy an ecological niche in which they have no com-
petitors. Weak living beings can coexist with stronger ones
either by establishing a symbiosis with the strong ones or by
prevailing over them. In both cases, it is not the individual
that interacts with the stronger organisms but the community
or the collective entity formed through the cooperation of
the individuals. This phenomenon is well known in the case
of bacteria that, if present in colonies (of many millions of
individuals), can attack and overcome much larger organ-
isms [for example using toxins (Miller et al. 2001; Higgins
et al. 2007) or coexist with them (for instance, producing
luminescence in cephalopods (Wei et al.1989)]. These coop-
erative behavior is rooted in the so-called quorum sensing,
QS. The study of QS is therefore of significant interest both
for limiting bacterial spread and, in general, for managing
of benign bacteria.

One of the topics that is becoming increasingly relevant in
the microbiology is that of potentially harmful dormant bac-
teria that could come back to life following climate change
[for example those present in permafrost (McDonald et al.
2024)]. The investigation of the mechanisms that lead to
the resuscitation of quiescent bacteria is very active and has
identified several mechanisms, some of which have recently
been summarized in Pan et al. (2022). Among these, an
important role, in addition to quorum sensing, is played by
several signaling molecules, in particular by Resuscitation-
Promoting Factors (Rpfs) (Mukamolova et al. 2006, Rosser
et al., 2019) and muropeptides (Irazoki et al. 2019; Joers
et al. 2019). However, in this work, we have focused on the
role of QS in such phenomena. In the model proposed here,
initially developed to measure bioluminescence in V. har-
veyi, the existance of a dormant state and the transition back
to a viable state is controlled by two metabolic parameters. A
strain can enter the dormant state in conditions of excessive
demand for public goods (exogenous stress) or reduced use
of available resources (endogenous stress). The presence of
a second strain, the catalyst, can bring the dormant strain
back to life, providing it with the nourishment it needs and
implementing the QS mechanism that allows its use. In this
case, the exit from dormancy is triggered by the presence
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of a reduced number of catalysts (too many of them, on the
contrary, turn out to be too invasive to help). The improve-
ment effect due to catalysts shows that they work best when
they are less inclined to produce public goods. This behavior
corresponds to ‘cheating’ in the framework of sociomicrobi-
ology (Parsek et al. 2005, Passos da Silva et al. 2017). Thus,
we conclude that even cheaters, as long as they are present
in small quantities, can have a beneficial role for the pur-
poses of the colony, or, in other terms, support the view that
a healthy colony is made of individuals of different kinds
(Bruger et al. 2016; Bruger et al. 2021).

As a final remark, dormancy is a hot topic not only in the
field of microbiology, but especially in medicine, where it
may concern the activation of cancer cells. Also in this case,
dormancy seems to be an adaptive mechanism of survival
for these cells, although it is unclear how and when they re-
enter the cell cycle (Truskowski et al. 2023). In particular,
at present, there is no evidence that a coordination similar
to QS exists also among cancer cells, although some form of
cooperation, al least in metastatic condition, is presumable
(Gkretsi et al. 2018, Hunter 2004). Further investigations in
this field could be valuable for the prevention of recurrent
tumors.

In conclusion, we have demonstrated how a simple model
of hierarchical coordination (QS) in bacterial colony devel-
opment accounts for the dormancy phenomenon. Ongoing
investigations aim to further explore the role of other meta-
bolic parameters included in the model, as well as their scal-
ing with the size of the environment grid.

Appendix

The procedure of colony formation is summarized in the fol-
lowing steps (Alfinito et al. 2022, 2023, Alfinito et al. 2024):

1. Start: on the assigned N=L, x L, grid, an initial
amount, correspondent to the fraction o, of agents is ran-
domly distributed. In the present investigation, L, =L, =20,
[, goes from 0.025 to 0.1. The agents may represent a single
phenotype (all with the same features described in Table 1)
or different phenotypes. Only one agent may occupy a node,
the node is active.

2. Colony formation: the following procedure continue
until the total amount of energy Max(E) is consumed or no
more agents are present, due to too long time passed without
replication, aging time, (t)

2a. the energy and potential of each active node are cal-
culated as follows:

N

o0
Vi)=Y —2
® ;‘ Dist(j, 1)

o)

N
D=0
e(l) Q()j; ST (1)
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where Dist(j,l) is the Euclidean distance between the two
nodes j and [. Q(]) is the sensing charge of the [-agent

1N 00)00) ;
2b. the value of the total energy E = 3 Y ij=1 Dintip is
@ #J)
updated.

2c. Each active node try to connect with other active nodes
having a smaller value of potential. Connection happens with
an assigned probability

p(n,m) = min(1, exp(—a3AEn’m)), withAE, , = M,

E
@)
where «a is the productivity index. In the case of multiple
phenotypes, a represents the mean value of the specific
values.

Each new connection between the nodes (n, m) produces
the link L(n, m) and the total number of links for the node # is:
links(n) = )., L(n,m)

2d.Each node gains sensing charges proportionally to the
value of the assimilation rate, 1 <o < N

3)

0m) — 0(n) +ﬂ00r< o * links(n)>

N

2e. Each agent may colonize one of the nearest neighbor-
ing nodes if its charge is larger than Q,,;,: this happens giv-
ing to the offspings half of its charge. Otherwise, the agent
migrates in the closest empty node with lowest potential.

This procedure is resumed in the flowchart shown in

Fig. 5. The code is available on request.

Table 1 Metabolic characteristic of the agents. Table resumes the
symbol used in the text, their meaning and the values adopted in sim-
ulations

Symbol  Quantity Range of values
o Productivity coefficient [104—7]
c Assimilation rate [1-50]
Onax Maximum value of the sensing charge 80

Aging time 10 (a.u.)
Max(E)  Maximal fraction of energy to be used 0.9
Qoin Minimal replication size 2

Fig.5 Flowchart of the
algorithm describing colony

< START >

formation

////Input data ///,
v

Calculate

potentials,
energies, €(i), total energy, E

V(i),

////Cabnyfbﬂnauﬁg///

Draw links, L(i,])
¥ F
E <Max (E)
update
charge, Q(i), age
F - -
Duplication Migration
]
- 7\F
()<t

A

( stoP )

@ Springer



European Biophysics Journal

Author contribution All the authors have equally contributed to this
reseach.

Fundings Open access funding provided by Universita del Salento
within the CRUI-CARE Agreement. This research did not receive any
funding.

Data availability All data generated or analyzed during this study are
included in this article.

Declarations

Conflict of interest The authors confirm that this article content has no
conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alfinito E, Beccaria M (2024) Competitive distribution of public
goods: the role of quorum sensing in the development of bacte-
ria colonies. Biophysica 4(3):327-339

Alfinito E, Cesaria M, Beccaria M (2022) Did Maxwell dream of
electrical bacteria? Biophysica 2(3):281-291

Alfinito E, Beccaria M, Cesaria M (2023) Cooperation in biolumi-
nescence: understanding the role of autoinducers by a stochastic
random resistor model. Eur Phys J E 46(10):94

Alnimr AM (2015) Dormancy models for Mycobacterium tubercu-
losis: a minireview. Braz J Microbiol 46(3):641-647

Anwar MN, Smith L, Devine A, Mehra S, Walker CR, Ivory E, Con-
way E, Mueller I, McCaw JM, Flegg JA, Hickson RI (2024)
Mathematical models of Plasmodium vivax transmission: a
scoping review. PLoS Comput Biol 20(3):¢1011931

Ayrapetyan M, Williams TC, Oliver JD (2014) Interspecific quorum
sensing mediates the resuscitation of viable but nonculturable
vibrios. Appl Environ Microbiol 80(8):2478-2483

Bari SN, Roky MK, Mohiuddin M, Kamruzzaman M, Mekalanos JJ,
Faruque SM (2013) Quorum-sensing autoinducers resuscitate
dormant Vibrio cholerae in environmental water samples. Proc
Natl Acad Sci 110(24):9926-9931

Bassler BL (1999) How bacteria talk to each other: regulation of
gene expression by quorum sensing. Curr Opin Microbiol
2(6):582-587

Bruger EL, Waters CM (2016) Bacterial quorum sensing stabilizes
cooperation by optimizing growth strategies. Appl Environ
Microbiol 82(22):6498-6506

Bruger EL, Snyder DJ, Cooper VS, Waters CM (2021) Quorum sens-
ing provides a molecular mechanism for evolution to tune and
maintain investment in cooperation. ISME J 15(4):1236-1247

@ Springer

Buerger S, Spoering A, Gavrish E, Leslin C, Ling L, Epstein SS
(2012) Microbial scout hypothesis, stochastic exit from dor-
mancy, and the nature of slow growers. Appl Environ Microbiol
78(9):3221-3228

Chen S, Zeng J, Wang Y, Ye C, Zhu S, Feng L, Zhang S, Yu X
(2020) Modelling the effect of chlorination/chloramination on
induction of viable but non-culturable (VBNC) Escherichia coli.
Environ Technol 41(26):3443-3455

Chihara K, Matsumoto S, Kagawa Y, Tsuneda S (2015) Mathematical
modeling of dormant cell formation in growing biofilm. Front
Microbiol 6:534

Cornforth DM, Foster KR (2013) Competition sensing: the social side
of bacterial stress responses. Nat Rev Microbiol 11(4):285-293

Dandekar AA, Chugani S, Greenberg EP (2012) Bacterial quo-
rum sensing and metabolic incentives to cooperate. Science
338(6104):264-266

Gkretsi V, Stylianopoulos T (2018) Cell adhesion and matrix stiff-
ness: coordinating cancer cell invasion and metastasis. Front
Oncol 8:145

Henke JM, Bassler BL (2004) Three parallel quorum-sensing sys-
tems regulate gene expression in Vibrio harveyi. J Bacteriol
186(20):6902-6914

Higgins DA, Pomianek ME, Kraml CM, Taylor RK, Semmelhack MF,
Bassler BL (2007) The major Vibrio cholerae autoinducer and its
role in virulence factor production. Nature 450(7171):883—-886

Hunter KW (2004) Ezrin, a key component in tumor metastasis. Trends
Mol Med 10(5):201-204

Irazoki O, Hernandez SB, Cava F (2019) Peptidoglycan muropeptides:
release, perception, and functions as signaling molecules. Front
Microbiol 10:500

Joers A, Vind K, Hernandez SB, Maruste R, Pereira M, Brauer A,
Remm M, Cava F, Tenson T (2019) Muropeptides stimulate
growth resumption from stationary phase in Escherichia coli. Sci
Rep 9(1):18043

McDonald MD, Owusu-Ansah C, Ellenbogen JB, Malone ZD, Rick-
etts MP, Frolking SE, Gilman Ernakovich J, Ibba M, Bagby SC,
Weissman JL (2024) What is microbial dormancy? Trends Micro-
biol 32:142-150

Mehdizadeh R, Shariatpanahi SP, Goliaei B, Peyvandi S, Riiegg C
(2021) Dormant tumor cell vaccination: a mathematical model of
immunological dormancy in triple-negative breast cancer. Cancers
13(2):245

Miller MB, Bassler BL (2001) Quorum sensing in bacteria. Annu Rev
Microbiol 55(1):165-199

Mukamolova GV, Murzin AG, Salina EG, Demina GR, Kell DB,
Kaprelyants AS, Young M (2006) Muralytic activity of Micro-
coccus luteus Rpf and its relationship to physiological activity
in promoting bacterial growth and resuscitation. Mol Microbiol
59(1):84-98

Nevermann DH, Gros C, Lennon JT (2025) A game of life with dor-
mancy. Proc B 292(2039):20242543

Ng WL, Bassler BL (2009) Bacterial quorum-sensing network archi-
tectures. Annu Rev Genet 43(1):197-222

Oliver JD (2005) The viable but nonculturable state in bacteria. J
Microbiol 43(spc1):93-100

Ozgiildez HO, Bulut-Karslioglu A (2024) Dormancy, quiescence,
and diapause: savings accounts for life. Annu Rev Cell Dev Biol
40:25-49

Péez D, Labonte MJ, Bohanes P, Zhang W, Benhanim L, Ning Y,
Wakatsuki T, Loupakis F, Lenz HJ (2012) Cancer dormancy: a
model of early dissemination and late cancer recurrence. Clin
Cancer Res 18(3):645-653

Page K, Uhr J (2005) Mathematical models of cancer dormancy. Leuk
Lymphoma 46(3):313-327


http://creativecommons.org/licenses/by/4.0/

European Biophysics Journal

Parsek MR, Greenberg EP (2005) Sociomicrobiology: the connec-
tions between quorum sensing and biofilms. Trends Microbiol
13(1):27-33

Passos da Silva D, Schofield MC, Parsek MR, Tseng BS (2017) An
update on the sociomicrobiology of quorum sensing in gram-
negative biofilm development. Pathogens 6(4):51

Personnic N, Striednig B, Hilbi H (2021) Quorum sensing controls
persistence, resuscitation, and virulence of Legionella subpopula-
tions in biofilms. ISME J 15(1):196-210

Pshennikova ES, Voronina AS (2022) Dormancy: there and back again.
Mol Biol 56(5):735-755

Rosser A, Stover C, Pareek M, Mukamolova GV (2017) Resuscitation-
promoting factors are important determinants of the pathophysiol-
ogy in Mycobacterium tuberculosis infection. Crit Rev Microbiol
43(5):621-630

Russo M, Chen M, Mariella E, Peng H, Rehman SK, Sancho SA, Toh
TS, Balaban NQ, Batlle E, Bernards R, Garnett MJ, Hangauer M,
Leucci E, Marine J-C, O’Brien CA, Oren Y, Patton EE, Robert C,
Rosenberg SM, Shen S, Bardelli A (2024) Cancer drug-tolerant
persister cells: from biological questions to clinical opportunities.
Nat Rev Cancer 24(10):694-717

Truskowski K, Amend SR, Pienta KJ (2023) Dormant cancer cells:
programmed quiescence, senescence, or both? Cancer Metastasis
Rev 42(1):37-47

Wagley S, Morcrette H, Kovacs-Simon A, Yang ZR, Power A,
Tennant RK, Love J, Murray N, Titball RW, Butler CS
(2021) Bacterial dormancy: a subpopulation of viable but

non-culturable cells demonstrates better fitness for revival. PLoS
Pathog 17(1):e1009194

Waters CM, Bassler BL (2005) Quorum sensing: cell-to-cell communi-
cation in bacteria. Annu Rev Cell Dev Biol 21(1):319-346

Wei SL, Young RE (1989) Development of symbiotic bacterial biolu-
minescence in a nearshore cephalopod, Euprymna scolopes. Mar
Biol 103:541-546

Wilhelm MJ, Gh MS, Wu T, Li Y, Chang CM, Ma J, Dai HL (2021)
Determination of bacterial surface charge density via saturation
of adsorbed ions. Biophys J 120(12):2461-2470

Wilkie KP (2013) A review of mathematical models of cancer—immune
interactions in the context of tumor dormancy. Systems biology of
tumor dormancy. Springer, New York, pp 201-234

Zou J, Peng B, Qu J, Zheng J (2022) Are bacterial persisters dormant
cells only? Front Microbiol 12:708580

Carneiro CR, Leite NN, de Abreu Oliveira AV, dos Santos Oliveira M,
Wischral D, Eller MR, Gongalves Machado S, de Oliveira EB,
Pena WE L (2024) Mathematical modeling for the prediction of
biofilm formation and removal in the food industry as strategy to
control microbiological resistance. Food Research International,
115248

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	The sleeping bacterium: shedding light on the resuscitation mechanism
	Abstract
	Introduction
	Materials and methods
	Materials
	Methods

	Result
	Single phenotypes: when dormancy is convenient
	Two-strain colonies: revival of dormant bacteria

	Discussion and conclusions
	Appendix
	References


