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The processes of biofilm formation and the major
characteristics of biofilms have been considered in
reviews recently published in this journal [1, 2]. The
present review concentrates, therefore, on issues
insufficiently covered by them.

The biofilms formed by eukaryotic microorganisms
are not considered in this review, since due to the spe�
cific patterns of their formation this problem deserves
special consideration.

MICROBIAL METABOLISM IN BIOFILMS. 
THE “BIOFILM” PHENOTYPE

The resistance of biofilms to external factors is
characterized as persistence. To a significant degree,
persistence is determined by the physiological and
biochemical characteristics of the biofilm�forming
microorganisms; the latter are phenotypically differ�
ent from the same microorganisms growing as plank�
tonic populations.

The traits of the “biofilm” phenotype were origi�
nally specified by Costerton et al., who discussed the
differences between planktonic cultures, microbial
colonies, and biofilms [3, 4]. The parameters of this
phenotype have been recently successfully investigated
by physiological and biochemical methods and by
molecular techniques. These results are described in
recent reviews and monographs, e.g., [5, 6]. We pro�
vide information directly related to the topic reviewed.

The biofilm phenotype develops mainly due to the
action of quorum sensing (QS) factors on a microbial
culture (see below) and to the mutual interaction of
the biofilm�forming microorganisms.

Some mechanisms of microbial interaction in bio�
films have been considered in our previous review [1].

We want, however, to present some new data of
utmost interest. Since microbial biofilms are crucial in
the resistance of microbial infections to chemother�

apy, most of these works are focused on biofilm resis�
tance to antibiotics.

Spatial organization and physiological heterogene�
ity (in growth phase and synthesis of metabolic prod�
ucts) should be a priori expected in microbial popula�
tions of biofilms. However, while structural stratifica�
tion may be detected by direct optical and biochemical
techniques, e.g., FISH or determination of growth of
anaerobic microorganisms under aerobic conditions
in biofilms containing aerobic satellites [7], metabolic
heterogeneity, which in many cases may be responsible
for persistence of biofilms, is more difficult to observe.

In one of the most successful works with Staphylo�
coccus epidermidis biofilms [8], immunofluorescence
determination of pulse�labeled DNA and green fluo�
rescent protein (GFP) induced by low tetracycline
concentrations were used to detect the physiological
and biochemical heterogeneity of the population. In
stationary colony�like biofilms, the zone of active
metabolism was up to 38 µm deep, i.e., it was limited
by oxygen penetration as determined by the micro�
electrode technique. Since the content of dead cells
did not exceed 10%, a significant fraction of cells were
viable but metabolically inactive. In general, microbial
cells in the biofilm occurred in four different states:
growing aerobically, growing fermentatively, dead, and
dormant. We suggest that the latter type comprises
persistent cells, the role of which in biofilm stability
will be discussed in the following sections of this
review. The authors concluded that such physiological
and biochemical heterogeneity possibly played some
part in biofilm resistance to antibiotics. Indeed, cells
in different physiological states may launch the mech�
anism of adaptive mutagenesis, supplemented by
exchange of metabolic products and horizontal gene
transfer, thus activating the microevolutionary pro�
cesses (see below), including the mechanisms respon�
sible for antibiotic resistance [9, 10].

Multispecies biofilms have been described as more
stable than the biofilms formed by a single microbial
species. This results from the synergistic relationships
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often formed between the biofilm components. Such
research is usually carried out on binary biofilms, since
the data obtained from analysis of these models are
more easily interpreted [11].

Important results were obtained in [12], where
nonpathogenic Veillonella parvula, when growing in
binary biofilms with the pathogenic Streptococcus
mutans, changed its metabolism, so that S. mutans
became significantly more resistant to various antibac�
terial agents. Although the mechanism of this phe�
nomenon remains unknown, the authors concluded
that the chemotherapeutical treatment required activ�
ity against the microbial community including a
pathogen, rather than against the pathogen alone.

The effect of microbial satellites (dissipotrophs) on
microbial “producers” under starvation conditions is
of special interest. This interaction may occur in the
ecotopes where the original carbon and energy sources
are available only to a limited number of the compo�
nents of the microbiocenosis (“producers”).

This is the case, for example, in well bottom zones
of flooded oil fields where petroleum components are
the only source of carbon and energy. An enhanced
rate and completeness of hexadecane utilization was
observed in a binary biofilm containing oil�oxidizing
bacteria and their satellites unable to utilize paraffins.
The satellite thus prevents starvation stress by stimu�
lating formation of the products of hydrocarbon
decomposition [13, 14]. Another possible means by
which an oil�oxidizing producer is stimulated is under
elevated salinity of stratal water. In this case, forma�
tion of a binary biofilm containing an oil�oxidizing
microorganism and its halophilic satellite, incapable
of oil utilization, results in enhanced expression of the
metabolic pathway of ectoine production in the cells
of the satellite. Ectoine, an osmoprotective agent,
which is excreted from the cell and absorbed by the
oil�degrading microorganism, protects the latter from
osmotic shock [15].

Formation of persistent cells is still another mech�
anism of biofilm resistance.

RESISTANCE OF BIOFILMS TO STRESS 
FACTORS AND ANTIMICROBIAL AGENTS. 

PERSISTENT CELLS

The existence of persistent cells, which are resistant
both to aggressive environmental factors and antimi�
crobial agents, is a striking characteristic of biofilms.

Persistence, a noninherited (phenotypic) ability of
a small part of a bacterial population to survive even
after treatment with lethal doses of penicillin, was dis�
covered early in the “antibiotic era” [16] and has been
confirmed by many researchers [17, 18]. We have
demonstrated one of its manifestations—namely,
that, under “bacteriostatic” concentrations of antibi�
otics inhibiting protein synthesis, synthesis of some
proteins, especially the components of the cell mem�
brane, still occurs, albeit at a decreased rate [19, 20].

The optical density of the population increases slowly
due to growth of some of the cells [21].

Persistence should be differentiated from drug
indifference, another genetically uninherited phe�
nomenon occurring in all microbial populations and
resulting from the usually decreased sensitivity of
slowly growing or dormant cells to antibacterial
agents. Insensitivity of dormant bacterial cells to pen�
icillin and other inhibitors of cell wall biosynthesis is a
classical example [22, 23].

Numerous publications (hundreds of experimental
articles and tens of reviews) deal with the mechanism
of persistence, since this phenomenon plays an impor�
tant role in recurring (chronic) microbial infections.
In such cases, antibiotic treatment eliminates most
free�living (planktonic) cells of the pathogen and a
significant part of the sensitive cells of the pathogen in
biofilms. The immune system deals with the remain�
ing planktonic persistent cells. Persistent cells in bio�
films are, however, inaccessible to the immune system;
after termination of antibiotic treatment, they resume
growth, causing another ictus of infection.

According to the Centers for Disease Control and
Prevention (CDC, United States), approximately
65% of all infections result from formation of biofilms
in macroorganisms [24]. Moreover, biofilms are
formed on almost all medical implants (catheters,
prostheses, etc.) Persistence is therefore an important
medical problem. Since biofilms cause biofouling and
biodegradation of various materials, this issue is signif�
icant for nonmedical activities as well [25].

In spite of efforts to overcome the resistance of bio�
films to various treatments, the mechanisms of this
resistance, especially the mechanisms responsible for
formation of persistent cells, remain debatable. We
will consider briefly the major opinions on these pro�
cesses existing in the modern scientific literature; for
detail, reviews [26–29] are recommended.

MECHANISMS OF FORMATION 
OF PERSISTING CELLS

Several alternative and complementary opinions
exist concerning the mechanisms responsible for for�
mation of persisting cells.

Assessment of the hypotheses of persistent cell for�
mation requires consideration of the following traits of
persisting cells. First, cultures grown from these cells
have the same sensitivity to antibiotics as do the initial
parent cells. Second, persistent cells constitute a
minor part of the total population (10–6 or less),
although their number increases during the stationary
growth phase. Thus, the original concept relating per�
sistence to dormancy remains valid.

Under changing environmental conditions, micro�
bial populations probably face a choice: whether to
continue growth, spreading in space and competing
for nutrients, or to stop growth, concentrating their
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resources on protection from possible stress impacts.
In reality, both strategies are used: while the main part
of the population is growing, a small part of it acts as a
“safeguard” and prepares mechanisms for protection
from stress. The ratio of such cells depends on the
microbial species and may vary in the course of evolu�
tion.

Investigation of the metabolism of persistent cells is
hampered by the need to obtain them in quantities suf�
ficient for experiments. In the case of Escherichia coli,
this problem was partially solved, since the hip mutant,
which has an increased content of persistent cells, was
isolated [30]. The hip locus includes two genes, hipA
and hipB, forming the hipBA operon. In hipA7, the
best�studied mutant, persistent cells may constitute up
to 1% of the population, i.e., 104 times more than in
the wild�type strain. Although another locus, hipQ,
responsible for increased content of persistent cells,
was found in E. coli [31], these mutants are as yet
insufficiently studied.

Two methods have been developed for the isolation
of persistent cells of the hip mutants. The first includes
treatment of the exponential phase E. coli cells with
ampicillin. After lysis of most of the population, the
surviving persistent cells are collected by centrifuga�
tion [32]. This method is certainly suitable only for
obtaining small amounts of cells.

The second method is based on the fact that persis�
tent cells are in a dormant state and their gene expres�
sion is therefore inhibited. Special sorting devices
(MoFlo cell�sorters) may be used to isolate the major,
strongly fluorescent fraction (ofloxacin�sensitive cells)
and a small fraction of weakly fluorescent cells (oflox�
acin�resistant persistent cells) in cell populations con�
taining the GFP reporter gene [33]. Although the
weakly fluorescent fraction was 20 times more resis�
tant to the antibiotic than the strongly fluorescent
population, this method is too labor�consuming for
large�scale application.

Modern microfluidic chambers make it possible to
observe directly the behavior of individual growing
cells of the hipA7 and hipQ mutants and compare them
to the wild�type cells [34]. This approach revealed two
types of cells in hipA7 and hipQ cultures—rapidly
growing, ampicillin�sensitive cells (normal cells) and
slowly growing, antibiotic�resistant cells (persistent
cells). Both cell types were present in the population
prior to antibiotic treatment. Since conversion of per�
sistent cells to rapidly growing, antibiotic�sensitive
cells was demonstrated, persistence did not result from
a genetic mutation.

Two types of persistence were shown to exist. Per�
sistent cells of the first type are a subpopulation of
nongrowing cells, which develops during the station�
ary phase of the previous growth cycle. Their number
therefore depends on the inoculum volume. Prior to
growth, such cells experience a prolonged lag phase
(up to 14 h), unlike regular cells with 40�min lag phase
duration. The second type of persistent cells develops

during the growth of a population. Their ratio depends
on the number of cells in the culture and does not
depend on inoculum volume. A wild�type population
contains, apart from the normal, antibiotic�sensitive
cells, both types of persistent cells [34].

Unlike the hipA and hipQ mutations, which
increase the number of persisting cells, mutations in
the genes glpD (glycerol�3�phosphate dehydrogenase)
and plsB (glycerol�3�phosphate acyltransferase) result
in decreased numbers of persistent cells in stationary�
phase cultures [35]. Mutation in the phoU gene,
encoding the product participating in orthophosphate
transport and regulation of the synthesis of alkaline
phosphatase, has a similar effect [36]. The mechanism
of this phenomenon is unknown, although it is most
probably related to maintenance of persistence, rather
than to its development [26].

Analysis of gene expression in persistent cells
obtained from hipA7 cultures demonstrated that the
picture of expression agrees with the notion of persis�
tence as a dormant state [32]. Expression of approxi�
mately 300 genes in such cells was found to be
enhanced. These genes include rmf, encoding the
translation inhibitor; components of the SOS system
(recA, umuDC, uvrAB, sulA, etc.); and the genes
responsible for response reactions to heat and cold
shock (htrA, htpX, cspH, clpB, cbpAB, etc.). Impor�
tantly, the genes of the toxin–antitoxin (TA) system
(dinJ/yafQ, yefM, relBE, mazEF, etc.) also belong to
this group. In the slowly growing cells isolated by Shah
et al. [33] by sorting (see above), the profile of tran�
scribed genes was rather similar, although not coincid�
ing completely with that for hipA7 persistent cells.

The genes with decreased expression in persistent
cells are those with the products involved in energy
metabolism or in less vitally important functions, such
as flagella formation.

Due to the abundance of persistence�related genes,
a library search for the transposon inserts resulting in
enhanced bacterial survival in the presence of antibi�
otics was unsuccessful [35].

What are the mechanisms of switching to the pro�
tective mode of metabolism? 

The hypothesis of the role the toxin–antitoxin sys�
tem plays in this process is presently the most popular.

TOXIN–ANTITOXIN (TA) SYSTEMS 
AND FORMATION OF PERSISTING CELLS

The role of TA systems in plasmid maintenance in
prokaryotic cells is presently well studied [37], while
their other functions are less understood. The typical
TA system includes two genes, usually combined in an
operon, i.e., sharing a common promoter. One of
these genes encodes the toxin; another, the antitoxin
[38]. The toxin is a stable compound inhibiting one of
the important cell functions. The antitoxin is highly
labile and is rapidly decomposed when its formation
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stops. It neutralizes the effect of the toxin and acts (in
a complex with the toxin) as a regulator of its own syn�
thesis. Over ten TA modules are known in E. coli [39].
The characteristics of some toxins and their targets are
presented in the table [40].

While the toxin is always a protein, the nature of the
antitoxin may vary. For example, it may be a small
RNA complementary to the mRNA of the toxin and
inhibiting translation. In other cases, the antitoxin is a
protein neutralizing the toxin by formation of a pro�
tein–protein complex [41].

A popular model of persistent cell formation
involving the TA system implies that the toxins (for
example, HipA or RelE proteins) inactivate the antibi�
otic�sensitive target in the cell, such as ribosome func�
tioning (for antibiotics inhibiting protein synthesis),
the cell�wall synthesis system (for penicillins and other
functionally similar antibiotics), or the apparatus of
DNA replication (for fluoroquinolones and similar
agents). Thus, the target becomes insensitive to anti�
bacterial agents and does not respond to metabolic
failures by accumulation of toxic products (proteins
with mistakenly included amino acids, etc.) [26, 27,
32]. Blocking of the target by the toxin transfers the
cell to a dormant state with suppressed synthesis of the
antitoxin, resulting in persistence. After removal of the
antibacterial agent, antitoxin synthesis is restored and
it deactivates the toxin, causing renewed bacterial
growth. The scheme of the action of the toxin is pre�
sented on Fig. 1.

The disadvantage of the hypotheses based on the
role of TA systems in persistence formation is that,
since persisting cells acquire resistance to a number of
antibacterial factors, including extreme physicochem�
ical stresses, either a single toxin should block a num�
ber of targets or a number of TA systems should partic�
ipate in development of persistence. Moreover, data
are accumulating on the role of other genes, not
involved in TA systems, in formation of persistent
cells. For example, apart from TA modules (hipA and
mazF), enhanced expression of such genes as dnaJ in
E. coli (chaperon synthesis) or pmrC in Salmonella
typhimurium (associated with phospholipid synthesis)
resulted in elevated numbers of persistent cells resis�
tant to penicillin and ciprofloxacin [42].

Alternative models of persistence formation not
involving TA systems directly were therefore devel�
oped. One example is the suggestion of the role of an
“allarmone,” guanosine polyphosphate [43]. The
authors demonstrated that deletion of the relA and
spoT genes responsible for (p)ppGpp synthesis sup�
presses almost completely the capacity of hipA7
mutants for increased formation of persistent cells.
This defect may be compensated for by the relA gene in
a trans position. This gene encodes a shortened RelA
protein, which catalyzes (p)ppGpp synthesis not
requiring ribosomes. This model suggests that an
increase in guanosine polyphosphate intracellular
level, resulting in a dormant state and persistence, is

the primary event in formation of persistent cells. The
dormant state, however, is not a necessary requirement
for persistence, since enhanced hipA7 expression,
while not inhibiting growth, results in a sharp increase
in persistence [44].

Recently, an improved search procedure demon�
strated the presence of numerous genes responsible for
decreased or suppressed formation of persisting cells
in a library of E. coli knockout mutations [45]. Muta�
tions in the genes dnaJ, dnaK (chaperon production),
apaH (diadenosine tetraphosphatase gene), surA
(peptidylprolyl cis�trans isomerase gene), fis and hns
(global regulation genes), hnr (regulator of the rpoS
gene), dksA (regulator of rRNA transcription), ygfA
(5�formyltetrahydrofolate cycloligase gene), and yigB
(flavin mononucleotide phosphatase gene) resulted in
tenfold decreased formation of persistent cells, while
not affecting the growth rate or the minimal inhibiting
concentration of ofloxacin.

Importantly, only a few (~2%) of about 300 genes
exhibiting enhanced expression in persistent cells are
involved in the process of persistence formation.
These are TA modules, SOS response genes, genes
encoding hot and cold shock proteins, and some oth�
ers. The products of other genes are probably neces�
sary for some other vital functions of persisting cells.
Predominance of the genes involved in global meta�
bolic regulation certainly indicates the multiplicity of
the mechanisms of persistence formation.

PREVENTION OF BIOFILM AND PERSISTING 
CELL FORMATION

The formation of biofilms in an infected macroor�
ganism and emergence of persistent cells in such bio�
films are major problems for chemotherapy of infec�

Major families of E. coli toxins

Toxin Target Activity Suppressed 
process

CcdB DNA gyrase Double�stranded 
cuts

Replication

RelE Translating 
ribosomes

mRNA cleavage Translation

MazF RNA Endoribonuclease Translation

ParE DNA gyrase Double�stranded 
cuts

Replication

Doc Translating 
ribosomes

mRNA cleavage Translation

VapC RNA Endoribonuclease Unknown

ξ�Tox�
in

Unknown Phosphotrans�
ferase

Unknown

HipA EF�TU Protein kinase Translation

HigB Translating 
ribosomes

mRNA cleavage Translation
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tions. Moreover, biofilms forming on technological
equipment and in pipelines cause them to corrode
[25]. Numerous attempts to prevent biofilm formation
or functioning have therefore been made. Although
significant progress is still in the future, several
approaches to these problems were developed.

For example, a method was suggested for treating
chronic infections caused by antibiotic�resistant per�
sisting cells in the biofilms of a microbial pathogen.
The method involves pulse�dosing of the antibiotic.
After elimination of the sensitive cells of the pathogen,
antibiotic treatment is interrupted for a period suffi�
cient for the activation of persisting cells and their
transition from the dormant state. Antibiotic treat�
ment is then resumed. A correct choice of the inter�
ruption intervals for antibiotic treatment makes it pos�
sible to cure a chronic disease [27]. The author sug�
gests that such discontinuous treatment does not
occur in nature and persisters have no protection
against it. Paradoxically, he suggests that the patients'
absent�mindedness in the course of prolonged medi�
cation was often the reason for their recovery. Non�
compliance of the dosage regimen results in varying
doses of antibiotics, and this pulse�dosing may result
in eradication of persisting cells. The optimal regimen
of pulse�dosing may act as a “cure” for persistence.

Another approach relies on a so�called “prodrug”
with the preparations that are inactive outside the cell
and are converted by the relevant enzymes into active
antimicrobial agents when inside a persisting cell. The
molecules of such antimicrobial preparation should
bind covalently to a number of targets, resulting in cell
death. Irreversible binding to a target should prevent
removal of the preparation by excretion systems, such
as pumps or systems of multiple drug resistance
(MDR) [27].

However, in general, treating the formed biofilms is
a very difficult task. Attempts have been made to affect

the metabolic processes responsible for the initial
stages of biofilm formation.

In the case of biocorrosion, special coatings pre�
venting adhesion of biofilm�forming microorganisms
are seemingly a good solution. Such coatings, how�
ever, proved to be either inefficient or prohibitively
expensive. In the case of medical devices, this coating
should also be nontoxic, a requirement not easily
combined with antibacterial activity.

Attachment of an antimicrobial agent nontoxic to
the macroorganism as a long�chain polymer
covalently bound to the protected surface is one of the
approaches to partial solution of this problem. Poly[2�
(dimethylamino)ethylmethacrylate] and n�alkyl poly�
ethyleneimine were used as such immobilized poly�
mers. Contact with such surfaces resulted in death of
all Staphylococcus aureus and E. coli cells, including
persistent ones [46, 47].

Suppression of microbial adhesion to phase
boundaries is a theoretically attractive possibility. Nat�
ural “antiadhesins” produced by competing microor�
ganisms are most promising in this respect.

For example, such antiadhesins already described
include volatile compounds [48], n�alkane mixture
[49], or specific hydrolases [50]. Biosurfactants pro�
duced by some bacilli also possess antiadhesive prop�
erties [51, 52].

Moreover, the cells of one of the strains of marine
gliding Cytophaga sp. prevent penetration of other
strains of this microorganism into the biofilm by pro�
duction of an antiadhesin of glycoprotein nature [53].

Recently, nanoparticles of superparamagnetic iron
oxide (SPION) were used to inhibit growth and bio�
film formation by S. epidermidis. The exact mecha�
nism of this phenomenon remains unknown [54].

Attempts to use antagonists of the QS factors as
inhibitors of biofilm formation are presently the most
attractive field of research.

DNA

Gene a Gene t Gene r

Antitoxin Toxin Ribosome

1

23

Antibiotic

Protein

Termination
protein synthesis

A+T complex Defective 
protein

Fig. 1. Schematic representation of persistence formation: the toxin and antitoxin form an inactive complex and protein synthesis
on the ribosomes occurs normally (1); antibiotic treatment results in formation of defective proteins suppressing microbial growth
(dashed arrows) (2); the toxin blocks the ribosome and prevents synthesis of the defective protein (dotted arrows), resulting in
formation of a persistent cell (3).



MICROBIOLOGY  Vol. 79  No. 4  2010

PERSISTENCE AND ADAPTIVE MUTAGENESIS IN BIOFILMS 429

QS factors are known to participate in the regula�
tion of various aspects of bacterial behavior, including
bioluminescence, production and secretion of viru�
lence factors, motility, conjugation, spore formation,
and, last but not least, biofilm formation [55, 56].

Tens of QS factors and signal components have
been recently discovered, although for some of them
the mechanism of action has not been studied and the
proof of their role in global metabolic regulation
(including the existence of relevant receptors) has not
been presented. At least six metabolic pathways
involved in realization of the functions of the QS fac�
tors are presently identified.

However, those QS factors for which the proof of
their regulatory role is convincing and the search for
inhibitors is promising will be listed below. Among
these classical QS factors are acyl derivatives of
homoserine lactone (AHL) found in gram�negative
bacteria [57]. At least three other types of QS factors
exist in gram�negative bacteria: 4�quinolone deriva�
tives, including 2�heptyl�3�hydroxy�4(1H)�quinolone
[58]; long�chain hydroxyketones, such as (S)�3�
hydroxytridecane�4�one [59]; and, finally, a set of uni�
versal autoinducers, 4,5�dihydroxy�2,3�pentandione
(DPD) derivatives, which are active in both gram�pos�
itive and gram�negative bacteria [60]. The fact that
organic derivatives of boric acid, so�called boronic
acids with alkyl or aryl substituents, are inhibitors of
this QS autoinducer is highly unusual [61, 62].

Specific oligopeptide autoinducers (AIPs) are
among the few signal metabolites characteristic only
of gram�positive bacteria. They contain 5–17 amino
acids, usually undergoing posttranslational modifica�
tion with inclusion of lactone, thiolactone, iso�
prenoid, and other structures [63].

Antagonists or inhibitors were found for all these
factors, which prevent biofilm formation and are
potentially promising as agents facilitating chemo�
therapy of infections [56, 64].

THE RELATION BETWEEN PERSISTENCE 
AND ADAPTIVE MUTAGENESIS

“Adaptive mutations” is the term for mutations that
originate in a slowly growing or dormant microbial
population under continuous stress and counteract the
factors causing this stress. Paradoxically, adaptive
mutations, which are spontaneous, do not look ran�
dom because they result in the phenotypic changes
promoting survival of the population under stress con�
ditions [65]. Supermutagenesis begins as a conse�
quence of growth arrest, resulting in some small part of
the population gaining the ability to grow in the pres�
ence of a certain stress factor.

Molecular mechanisms of adaptive mutagenesis
are insufficiently studied. However, the existence of
certain processes that may potentially result in
“directed” mutations has been established [66–69].

These processes are based on several mechanisms.
Generally, the most probable one is decreased preci�
sion of DNA replication due to mutations in the genes
responsible for prevention of replication errors and
removal of their consequences via reparation. The
SOS regulation system is believed to play a special role
in adaptive mutagenesis. Recombination may occur in
dormant cells, resulting in “unprotected” DNA syn�
thesis, which increases the probability of erroneous
replication. While most of these errors should cer�
tainly result in cell death, in some cases the mutations
may be beneficial for survival under stress conditions.

Moreover, both under exposure to stress factors and
in the stationary growth phase [66], the frequency of
transposition of mobile genetic elements increases,
this also promoting supermutagenesis [70].

Possible involvement of the RpoS sigma factor one
of the RNA polymerase components in adaptive
mutagenesis attracts most attention. Seven sigma fac�
tors are known for E. coli RNA polymerase: RpoD,
RpoN, RpoS, RpoH, RpoF, RpoE, and FecI. How�
ever, only RpoS is induced upon transition from the
exponential to the stationary growth phase and under
stress conditions. The remaining sigma factors regu�
late transcription under specific environmental condi�
tions [68].

The major pathways and mechanisms of participa�
tion of the RpoS sigma factor in metabolic regulation
are presented on Fig. 2.

During the stationary growth phase, the role of
RpoS is to prevent DNA from damage caused by stress
factors via enhanced expression of the Dps protein,
which forms a nucleoprotein complex with DNA.
However, if damage has already occurred, RpoS
launches mechanisms, one of which involves a special
DinB DNA polymerase that carries out replication
bypassing the damage without correction [71]; this
increases the mutation rate.

Surprisingly, a number of factors responsible for the
ability to form biofilms and persistent cells coincide
with those initiating adaptive mutagenesis. For exam�
ple, RpoS is important for biofilm formation (a pro�
cess involving up to 30 genes dependent on RpoS),
and its mutations therefore suppress this process [72].
RpoS also positively regulates formation of the extra�
cellular polymer matrix [73]. On the other hand, as
was already mentioned, the SOS response genes play a
key role both in formation of persistent cells and in
adaptive mutagenesis. In both processes, some other
chaperon proteins also participate [74, 75].

That it is sometimes impossible to differentiate
between genetic variability resulting from adaptive
mutagenesis and caused by increased frequency of
horizontal gene transfer hampers interpretation of the
results on increased capacity of biofilm microbial
communities for mutagenesis. In fact, the works of
many authors demonstrate that the frequency of
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DNA rpoS gene (sigma 38, sigma S)

Suppression of the processes Activation of the processes

А

B

C

1

2

3
4

5

rpoS mRNA

D
Proteolysis RpoS

E
Metabolic processes

6

Fig. 2. Schematic representation of the RpoS sigma factor formation and role in the regulation of metabolic processes (based on
[68, 82⎯84] with modifications). (A) induction of rpoS under the influence of stress factors, which results in decreased growth
rate (limitation of carbon, nitrogen, and phosphorus sources; heat, hyperosmotic, or acid shock, etc.), RpoS proteolysis; (B)
additional pathways of regulation of rpoS transcription (stimulation, solid lines to the right and inhibition, dashed lines to the left):
transcription stimulation by two�component systems BarA/UvrY9 (E. coli) and GacA/GacS (Pseudomonas) involved in regula�
tory phosphorylation and preventing RpoS proteolysis (1); ArcB/ArcA, another two�component switch of regulatory phospho�
rylation, stimulating RpoS proteolysis and suppressing its transcription (2); activation of rpoS transcription by the complex of
cAMP + CRP protein (in E. coli) or the TetR protein factor (in Pseudomonas) (3); growth phase�independent stimulation of rpoS
transcription by guanosine polyphosphates and global signal molecules, acetate and acetyl phosphate (they probably act via other
intermediates) (4); (C) regulation of mRNA translation by RpoS: increased translation rate due to the changes of mRNA sec�
ondary structure caused by the Hfg RNA�binding protein in a complex with small nontranslated RNAs (DsrA, RprA) (5); binding
of the Hfg protein to another small nontranslated RNA, OxyS, suppresses rpoS translation; (D) regulation of RpoS proteolysis
by phosphorylation, which activates RssB/ArcA, resulting in coordination between RpoS proteolysis and transcription of the rpoS
gene and energy metabolism of the cell (6); (E) regulation of RpoS�dependent genes (about 10% of the E. coli genome).

genetic exchange in biofilms is tens of times higher
than in planktonic cultures [76–78].

In a recent work [79], one of the most ingenious
attempts to deal with this issue was made. The authors
compared the frequency of deletion mutants (gtfBC) in
planktonic cultures and biofilms upon recombination
of two highly homologous genes, gtfB and gtfC, encod�
ing glycosyl transferases that catalyze formation of
glucans, compounds involved in cell adhesion and
biofilm formation. In the biofilm, the frequency of
gtfBC recombinants was 1.5–2 times higher than in the
planktonic culture. The authors explained this effect
by reference to selection of recombinants under con�

ditions of impaired biofilm structure resulting from
mutation of the glycosyl transferase gene. However, in
conclusion, the authors noted that they did not hope
to terminate the discussion concerning the role of
adaptive mutations in variability of microbial compo�
nents of the biofilms. They simply stated that selection
was an overwhelming factor under the conditions of
their experiment.

On the other hand, P. aeruginosa isolates obtained
from patients with cystic fibrosis often exhibit hyper�
mutability [80], this probably resulting from mutations
in the genes (e.g., mutS) involved in the system of
DNA reparation. Since these isolates form biofilms in
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infected macroorganisms, the authors suggested that
existence as biofilms favors development of hypermut�
ability due to the damage in DNA reparation systems.
Sensitivity to antibiotics—rifampicin and ciprofloxa�
cin—was used as a marker. Transcriptional profiles
were determined using DNA microarrays by compari�
son of planktonic cultures and model biofilms. The
cultures grown as biofilms were shown to exhibit
~100 times higher mutability than planktonic cul�
tures. This results primarily from a sharply (by several
times) decreased expression of a number of genes
(ahpC, katA, sodB, etc.) encoding the enzymes
responsible for DNA protection against oxidative
damage.

In work [81], a very important observation was
made. The authors proved convincingly that the rate of
mutations in P. aeruginosa microcolonies within a bio�
film was 100 times higher than in planktonic cultures.
For in situ investigation of mutations, a P. aeruginosa
transformant was used that contained a GFP gene
with a mutation causing a reading frame shift. Fluo�
rescence�recovering mutations were observed only in
the microcolonies of this transformant in the biofilm,
but not in the remaining part of the biofilm and not in
planktonic cultures of this transformant. The authors
suggested that biofilm microcolonies acted as the cen�
ters of microevolutionary processes due to adaptive
mutagenesis favoring the growth of the microcolonial
populations.

Although these works did not investigate the rela�
tion between formation of persistent cells and
increased mutability in the population, the coinci�
dence of conditions required for adaptive mutagenesis
and formation of persistence is sufficient for a substan�
tiated, although as yet speculative, suggestion that per�
sistent cells may be among the important tools for the
microevolutionary processes in structured microbial
communities, which result in increased variability of
microbial populations and their adaptation to chang�
ing environmental conditions. Moreover, an increased
rate of genetic information exchange in biofilms cer�
tainly plays an important part in the processes of
microevolution.
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