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Abstract

The stress response is a metabolic program activated in response to unfavorable environmental factors.
Various mechanisms are involved in its activation, depending on the type of stress factor and on the metabol-
ic characteristics of the micro-organism. The stress response mechanisms occurring in bacteria are the gener-
al stress response, the stringent response, the oxidative stress response, the TA system, and QS, which is a
mechanism of response to population cell density. The end result of the activation of this program, which is
resistance to the same stress factor or cross-resistance (i.e. resistance to other types of stress factors), depends
on the interaction at various levels between different stress response mechanisms. The phenomenon of resis-
tance is particularly important in the case of soil bacteria, which is often exposed to both natural and anthro-
pogenic stress factors. The stress response determines such diverse microbial functions as survival in periods
of starvation, adaptation to the presence of antibiotics, synthesis of antibiotic substances, interactions with a
eukaryotic symbiont, and atmospheric oxygen fixation. At the ecosystem level, it helps to maintain climax
conditions, i.e. a quantitatively and qualitatively stabilized community of micro-organisms in a given envi-
ronment, which affects the biological activity of the soil.
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Introduction

Due to its composition and physical properties, soil is a
favourable environment for the development of diverse
microflora, the quantity and quality of which depend on soil
structure, moisture content, gas phase composition, nutrient
content, acidity, temperature, and geographical zone. Soil
micro-organisms live on the boundary between two phases,
on the surfaces of colloids and in the hydration layer sur-
rounding them. Depending on the specific conditions pre-
vailing in this environment, it is inhabited by specialized
populations of micro-organisms forming microbiotopes.

Soil micro-organisms, in contrast with the cells of tissue
organisms (which live in conditions of systemic homeosta-
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sis), are often exposed to changes in environmental condi-
tions. They have adaptive defence mechanisms or physio-
logical and structural adaptations fixed by evolution, which
allow them to survive and function in new, unfavorable
conditions. Adaptive mechanisms include a metabolic pro-
gram known as the stress response. The biological purpose
of the stress response is to protect cell components against
potentially dangerous environmental factors and to repair
damage occurring in stress conditions. The stress response
is manifested as a change in the metabolic activity of the
cell, resulting from the repression of synthesis of most of
the proteins formed in the cell under normal physiological
conditions, and induction of the synthesis of a specific
group of proteins enabling the cell to function in the new
conditions. The biochemical changes are accompanied by
physiological changes, such as a temporary slowing or
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stoppage of the division cycle, morphological changes in
the cell, or the emergence of resistance to the same stress
factor or other types of stress factor.

In certain situations, when an unfavorable stimulus acts
with particular intensity or its action is prolonged, compo-
nents of the cellular structure may be damaged in such a
way that activation of defence mechanisms becomes
impossible. Such conditions are called severe environmen-
tal stress and usually cause the death of the cell, while at the
ecological level they lead to elimination of susceptible
cells, which entails quantitative and qualitative changes in
the composition of the population of a given environment.

Micro-organism populations forming a biotope vary in
terms of their genetically conditioned susceptibility to dras-
tic changes in environmental conditions. Some are relative-
ly resistant owing to adaptations that enable them to toler-
ate a stress factor without the need to activate adaptive
mechanisms, while others have mainly adaptive mecha-
nisms, which are more specific but require large energy
expenditures, and whose appearance is delayed by the need
to synthesize defence molecules.

On the scale of an entire ecosystem, the stress response
helps to maintain a state of climax, i.e. a quantitatively and
qualitatively stabilized community of micro-organisms in a
given environment. This leads, however, to changes in the
flow of carbon and energy in the ecosystem as a conse-
quence of the direct effect of stress factors on the metabo-
lism of microbial cells and their effect on the species com-
position of the biotope [1].

The Stationary Phase of Growth as a Universal
Mechanism of Adaptation to Starvation
Conditions

Many environments in the biosphere are oligotrophic,
with extremely low concentrations of organic carbon com-
pared to a typical rich microbiological medium used for
microbial cultures in a laboratory. When nutrient concen-
tration is insufficient for sustaining stable growth, rapid cell
division stops and the micro-organisms enter the stationary
phase of growth. This process is accompanied by changes
at various levels of cellular organization. Since low access
to nutrients and the presence of other harmful factors are
common conditions in natural environments, it has been
suggested that micro-organisms spend most of their lives in
the stationary phase [2]. Research by Gray et al. [3] con-
firms this hypothesis, demonstrating that most of the earth’s
biomass consists of resting micro-organisms.

In Gram-positive and Gram-negative bacteria, the tran-
sition to the stationary phase is principally governed by
sigma regulatory proteins. It is commonly accepted that
sigma factors are the key to the ability of bacterial cells to
adapt and develop in different life conditions. Regulation of
gene activity by means of these factors takes place mainly
at the transcriptional level, because sigma factors are a sub-
unit of the holoenzyme RNA polymerase, which acquires
the ability to recognize the specific regulons of the bound
sigma factor.

In optimal life conditions, a housekeeping transcription
factor functioning in cells is responsible for the synthesis of
proteins typical for these conditions. It is called 8" in
Escherichia coli and 6* in Bacillus subtilis [4]. An alterna-
tive to 6", 0* (encoded by rpoH) has been characterized as a
component of the heat-shock response in E. coli [5].
Environmental cues, such as elevated temperature or other
conditions disturbing protein homeostasis, cause the accu-
mulation of misfolded proteins and lead to transcriptional
activation of stress genes encoding heat shock proteins
(HSPs). HSPs are mainly chaperones and proteases that
work in concert to maintain the structural and functional
integrity of all living cells [6]. The &° factor (product of the
gene rpoS) is a protein in E. coli cells which was previously
known as RpoS [7] before it was discovered that it performs
the functions of an RNA polymerase sigma subunit [8]. It is
a mediator of the general stress response. Although the 7poS
gene is expressed during the logarithmic phase of growth,
the amount of the protein encoded by the gene increases
sharply at the beginning of the stationary phase and in stress
conditions (limited nutrient concentrations, temperature and
osmotic shock, and high population density) [9]. The 6° fac-
tor controls the general stress regulon of B. subtilis. It is acti-
vated in response to exposure to physical (e.g., ethanol, heat
shock, or osmotic shock) or nutritional cues (e.g., glucose or
phosphate starvation or O, limitation) [10]. 6%, known as
RpoN (product of the gene rpoN), differs from other sigma
factors in both its structure and its transcription initiation
mechanism. It coordinates various processes in the bacterial
cell, such as flagellation, utilization of several different car-
bon and nitrogen sources, or alginate biosynthesis [11].

The effectiveness of alternative o factors is aided by
alarmones of the stringent response, i.e. hyperphosphory-
lated guanine nucleotides: guanosine tetraphosphate
(ppGpp), and guanosine pentaphosphate (pppGpp), abbre-
viated as (p)ppGpp [12]. (P)ppGpp is an important factor in
the regulation of bacterial physiology because it responds to
various stresses in such a way that it restricts growth and
activates cellular defence and adaptation mechanisms. In E.
coli, the concentration of (p)ppGpp in the cell depends on
the activity of the proteins Rel A and SpoT. Rel A only syn-
thesizes (p)ppGpp (synthetase I activity), while SpoT can
both produce (p)ppGpp (synthetase II activity) and degrade
it (ppGpp hydrolase activity) [13]. Unlike E. coli, a grow-
ing number of Gram-positive bacteria possess only a single
RelA/SpoT homologue, which displays both (p)ppGpp
synthase and hydrolase activities [14].

Several models of the effect of stringent response alar-
mones on the functions of alternative sigma factors have
been proposed. According to Artsimovitch et al. [15], they
are capable of interacting directly with the polymerase B-
subunit, changing its specificity and affecting (mainly nega-
tively) the expression of over 80 genes. The indirect mech-
anism assumes that (p)ppGpp can regulate the activity of
genes whose promoters are recognizable by complexes con-
sisting of RNA polymerase and an alternative 8 factor, facil-
itating binding of the sigma factors to core polymerase [16].
In addition, ppGpp has been shown to be necessary not only
for the proper functioning of alternative 6 factors but also for
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their synthesis [17]. Apart from & factors, other regulators,
acting at various levels of gene expression and via various
mechanisms, also are involved in the genetic switch that
controls entry into the stationary phase of growth.

Stationary-phase bacteria have characteristic structural
and functional adaptations to conditions of nutrient defi-
ciency and other harmful environmental factors. The cells
become smaller compared to their log-phase counterparts
and take on a spherical shape. These changes are the result
of two processes: reductive division and dwarfing [18].
Reductive division increases the surface-area-to-volume
ratio, producing spherical cells. Dwarfing is a form of self-
digestion resulting from the degradation of endogenous cell
material, especially from the cytoplasmic and outer mem-
branes. The cell envelope (i.e. the outer membrane,
periplasm, peptidoglycan, and inner membrane) undergoes
reorganization [19], as a result of which it becomes stiff and
more resistant to chemical and physical agents. Changes in
the cell envelope take place at the same time as changes in
the cytoplasm. The nucleoid undergoes condensation, in
which Dps (DNA-binding proteins from starved cells) play
arole. These proteins are induced in oxidative stress condi-
tions by OxyR as a result of an expression dependent on
housekeeping transcription factor 8”°, and in starvation con-
ditions by the RpoS (&%) transcription factor [20, 21]. Dps
proteins protect the DNA from several damaging agents
[22]. Some ribosomes are degraded and the remaining ones
are transformed into inactive forms as a result of dimeriza-
tion, which leads to the low level of translation observed in
these conditions. Dimerization of ribosomes can be a form
of preservation of these structures until the need for them
increases.

Changes at the metabolic level involve inhibition of
transcription of genes coding for rRNA, tRNA, and riboso-
mal proteins, i.e. the translation apparatus, leading to a
reduction in cellular protein synthesis [7]. Synthesis of
lipids and cell wall components is also reduced [23] while
protein turnover increases (as much as 5-fold in E. coli),
which is associated with increased protease and peptidase
synthesis in the initial stages of starvation [24]. Mutations
that decrease the activity of these enzymes lower the sur-
vival rate of stationary-phase cells [25], which confirms the
important role of the protein degradation process in survival
in starvation conditions. Also observed in these conditions
is an increase in the activity of enzymes involved in the uti-
lization of fatty acids, which mainly originate from the cell
membrane digestion process [26]. A shift from aerobic
metabolism to fermentation also has been observed in these
conditions, which may prevent excessive utilization of
endogenous reserves during autophagy and is a defence
mechanism against the adverse effects of reactive oxygen
species induced during aerobic respiration [18]. The physi-
ological manifestation of global changes in metabolism and
the architecture of cell structures is inhibition of growth and
cell division, as well as the appearance of cross-protection
against osmotic stress, oxidative stress induced by hydro-
gen peroxide [9], and heat stress [27, 28]. Cells at this stage
are capable of synthesizing many different secondary
metabolites such as antibiotics and toxins.

The stationary phase of growth in bacteria is associat-
ed with behavior involving regulation of the number of
cells in the population. This phenomenon is probably reg-
ulated by a quorum sensing (QS) factor [29, 30] and is
manifested as the bacterial death phase. At this stage, 90-
99% of cells in the population die and their biomass is a
food source for the surviving cells, so that the survival rate
of cells in these conditions remains constant for a long
period. It has been suggested that bacterial death in these
conditions takes place either as the result of a stochastic
program or programmed cell death, although the role of
each of these two mechanisms in this process is not yet
clear.

The phenomenon of programmed cell death, which is
well-documented in the case of eukaryotic organisms, con-
sists in the beneficial elimination of cells that are damaged
or unnecessary at a given stage of development. Thus cell
death in the stationary phase of growth could be an altruis-
tic form of behavior of some of the cells in the population,
which die for the sake of the remaining cells. The mecha-
nism of programmed cell death in bacteria may be mediat-
ed by the toxin-antitoxin (TA) system, which is a form of
response to various stresses, including starvation [31].

Forms of Cellular Organization
in the Stationary Phase of Growth

Stationary-phase conditions promote the appearance of
various highly specialized lifestyles in micro-organisms.
Many Gram-positive bacteria can form resistant spores,
while nonsporulating micro-organisms are able to persist in
adverse environments as vegetative cells with altered meta-
bolic activity, in a free-living state or forming multicellular
aggregates.

Microbial aggregates known as biofilms are formed by
micro-organisms — both prokaryotic (eubacteria and
archaca) and ecukaryotic (unicellular algae and fungi).
Biofilms can be single-species, but multi-species biofilms
are observed much more frequently. The formation of
biofilms in bacteria is induced by suboptimal growth con-
ditions (including a lack of easily assimilable nutrients),
harmful stress factors (such as metals or the presence of
antibiotics) [32-34], or the presence of specific low-molec-
ular-weight compounds secreted by plants [35, 36].

Micro-organisms living in the form of a biofilm differ
morphologically, physiologically, and metabolically from
free-living “planktonic” forms. Physiological differences in
these cells result from differences in the profile of the genes
expressed, which has been proven in comparative function-
al genomic studies of the two forms [37, 38]. One charac-
teristic trait of cells living in the form of a biofilm, in con-
trast to their free-living counterparts, is the synthesis of
extracellular polysaccharides (EPS), which together with
proteins and nucleic acids bound to the cell surface form a
biofilm matrix [39, 40]. According to literature data, this
structure plays a role in resistance to environmental stress-
es such as a lack of moisture in the environment, rather than
in cell aggregation [40, 41].
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Initiation of biofilm formation has been shown to
depend on various environmental signals that can modulate
the activity of complex regulatory networks including both
specific and global regulators. There are few regulators spe-
cific only to this structure [43], but the second category
includes stringent response alarmones, the RpoS factor (5°),
and the quorum sensing (QS) factor. It is interesting that QS
is regulated, at least in some bacteria, both by RpoS at the
beginning of the stationary phase [44] and/or by the level of
ppGpp [45].

The significance of these types of stress response in ini-
tiating biofilm formation is evidenced by observations that
46% of genes dependent on RpoS are expressed in varying
degrees in the immobilized cells. The deletion of the rpoS
gene negatively affects biofilm formation in E. coli, mainly
due to lack of production of curli fibres, an adhesion factor
strictly dependent on the rpoS gene [46].

Evidence for the role of the stringent response was pro-
vided by Taylor et al. [47], and Balzer and McLean [48].
The rel,,,, mutant of Listeria monocytogenes, lacking the
ability to synthesize (p)ppGpp stringent response alar-
mones, was found to be incapable of growth on a solid sur-
face, which is the first stage in biofilm formation. Similarly,
the double mutant E. coli relA spoT had reduced biofilm
formation capability in microtitre plates in minimal media,
while in chemostat cultures with high cell concentrations
and slow replenishment of nutrients it formed a biofilm, but
with altered cell density and morphology.

The existence of cells in the form of a biofilm leads to
the activation of various stress response mechanisms. One
of these is the mechanism of response to cell envelope dam-
age, in which CpxA/CpxR factors act as mediators. This
mechanism is usually activated in response to damage to
the bacterial cell wall structure in conditions of high tem-
perature or osmotic concentration in the environment. In
cells forming a mature biofilm, this program can be initiat-
ed by the accumulation in the periplasm of protein precur-
sors of the adhesion factor (e.g. monomers of the subunits
CsgA and CsgB, or curli fimbriae involved in aggregation)
[49]. Activation of the CpxA/CpxR program inhibits
expression of gene encoding factors for cell aggregation
and biofilm formation, which may be the first stage of the
programmed process of biofilm dispersal. Another explana-
tion for this phenomenon may be the temporary expression
of factors stimulating biofilm formation. It has been sug-
gested that adhesion factors such as curli fibres or type IV
pili could be needed in the initial stage of biofilm forma-
tion, but unnecessary later on.

Cells living in the form of a biofilm exhibit a high level
of transcription of the rec4 gene, which is characteristic of
conditions promoting DNA damage [37], and the gene cod-
ing for the protein Dps, whose functions are associated with
protecting DNA against oxidative damage. Overproduction
of this protein, which takes place, for example, in the case
of the mutant E. coli MG1655, leads to resistance to bacte-
riophage infections and promotes biofilm formation [50].
Indirect evidence for associations between the stress
response and biofilm structure is provided by observations
indicating the release of prophages from P. aeruginosa cells

forming mature biofilms [51]. The prophage release
process is typical of stress conditions, particularly those
inducing DNA damage.

Activation of various stress response mechanisms dur-
ing biofilm formation and in the mature biofilm is probably
the reason for the increase observed in the resistance of
these cells to various environmental stress factors. Cells
forming biofilms have been found to be more resistant to
hydrogen peroxide [52, 53], antibiotics [34], heavy metals
[54], and attacks by bacteriophages or amoebae [55] than
free-living planktonic cells.

The response to stress induced by nutrient depletion or
harmful chemical agents is manifested in many prokaryot-
ic and some eukaryotic micro-organisms in a form referred
to as “viable but nonculturable” (VBNC). Although the
molecular mechanism governing this process is unknown,
many characteristics of this form are similar to those occur-
ring in the stationary phase of growth or dormant form [56,
57].

It has been suggested that in Gram-negative bacteria
that lack the ability to form endospores under the influence
of harmful environmental factors, VBNC is one of the life
forms that allow them to survive unfavorable conditions.
Cells in the VBNC state lack the ability to grow on typical
non-selective microbiological media they have previously
grown on, despite the fact that they are still alive and meta-
bolically active. When the unfavorable factor ceases to be
active, such cells quickly exit the VBCN state and can be
grown in laboratory conditions [56, 58]. A morphological
symptom of cells having entered the VBNC state is a
decrease in their size. This phenomenon is accompanied by
changes in membrane structure, protein composition, and
number of ribosomes. DNA rearrangement probably occurs
as well [59].

In the Gram-negative soil bacteria Myxobacteria, a
structure known as a fruiting body is generated in starvation
conditions. This process is regulated by a stringent response
and a QS factor [60]. Stringent-response mediators,
(p)ppGpp, initiate the formation of the multicellular fruiting
body. Involved in this process are signal molecules depen-
dent on the level of (p)ppGpp, of which the most well-
researched are A and C. Signal molecule A is formed at the
early stage of differentiation of the fruiting body and serves
as an indicator of the number of cells, which is a vital fac-
tor in the organization of the structure. Signal molecule C
directs the cells to create the fruiting body, i.e. to aggregate,
and stimulates them to transform into spherical spores that
are resistant to environmental stress [61, 62]. The rel A
mutant of Myxococcus xanthus, which is incapable of syn-
thesizing (p)ppGpp, is unable to produce a fruiting body
because signal molecule A is not produced [63].

Other resistant forms observed in prolonged stationary-
phase conditions are the GASP and SCDI microbial pheno-
types. The GASP phenotype is characteristic of both
prokaryotic and eukaryotic micro-organisms and appears
late in the stationary phase [3, 64, 65]. It involves the trans-
formation of old cells that have been in the stationary phase
for a long period into cells with characteristics of young
cells. This phenotype is caused by various stable mutations
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that restore growth capability in severe conditions. The
appearance of cells capable of proliferation in the old pop-
ulation may lead to their domination of the environment
due to the complete displacement of old cells [66] or of
only some of the cells of the parent wild-type strain [67].
These properties appear, for example, due to mutation of
the 7poS gene, which reduces the efficiency of transcription
of the regulon controlled by RpoS, while cells with no &°
factor activity at all are completely incapable of transfor-
mation into this phenotype [66]. According to Farrell and
Finkel [68], the beneficial effects of the mutation which
decreases expression of the regulon controlled by rpoS may
result from the promotion of binding of core polymerase
with 6° (87°) and &" (6*) factors, which control the efficien-
cy of glucose, ammonia, and amino acid utilization. Thus
far several other mutations leading to the GASP phenotype
have been identified, all of which increase the efficiency of
the utilization of substances in the environment that origi-
nate in dead cells.

SCDI is another phenotype initiated by prolonged star-
vation [69]. Thus far it has only been observed in the E. coli
K-12 strain. Cells in this form seem to kill the parent strain
or inhibit its growth. The capability of growth inhibition
results from a mutation of the glcC gene coding for ADP-
glucose pyrophosphorylase, a regulator protein in glycogen
biosynthesis. Overproduction of glycogen is a necessary
condition for transformation of the wild-type strain into the
SCDI phenotype. Although the GASP and SCDI pheno-
types exhibit certain similarities, it has been suggested that
the two phenomena are functionally and genetically distinct
[69].

In the case of Gram-positive bacteria, mechanisms acti-
vated in response to starvation lead to the development of
spores. According to Eymann et al. [70] and Ochi [71], the
(p)ppGpp stringent response alarmones mediate the sporu-
lation process, but in both studies their effect was found to
be indirect, involving changes in the GTP level. This is evi-
denced by the fact that (p)ppGpp has been found to require
GTP as a substrate and (p)ppGpp may inhibit the activity of
inosine monophosphate dehydrogenase, the first enzyme of
the GTP synthesis pathway [12].

Resistance to Antibiotics and Synthesis
of Antibiotic Agents

Of particular importance in the defence system of free-
living micro-organisms and pathogens of humans and farm
animals is resistance to antibiotics. Natural antibiotics are
secondary metabolites of micro-organisms living in natural
environments [72]. Many soil isolates, particularly strains
of Actinomycetes, are highly efficient producers of various
antibiotics [73]. Another source of antibiotics, in such var-
ied environments as surface waters, groundwater, and
drinking water (as well as bottom sediments and soils), is
residue of antibiotics used on a large scale in animal pro-
duction [74, 75]. Antibiotic residues in soil originate main-
ly in contaminated excrement used as fertilizer in agricul-
ture. The quantity of antibiotics in agricultural soil has been

estimated at kilograms per hectare, equaling that of pesti-
cides in these environments [76, 77].

Antibiotics in natural environments eliminate suscepti-
ble populations of bacteria and promote the growth of bac-
teria that are resistant to them. Both the ability to produce
antibiotics and the ability to eliminate their effects are
linked to stress response mechanisms. Antibiotics that
inhibit the growth of micro-organisms often lead to resis-
tance to re-exposure to them. This phenomenon has been
observed following incubation of bacteria with aminogly-
coside antibiotics, which damage ribosomes, or ofloxacin,
which inhibits DNA replication [78, 79].

Resistance to antibiotics appears not only after contact
with these therapeutic agents, but also, for example, in con-
ditions of restricted access to nutrients or metal ions neces-
sary for growth. A lack of magnesium ions leads to resis-
tance to cationic antibiotics such as polymyxin B in
Psudomonas aeruginosa [80] and Salmonella enterica
serovar Typhimurium [81]. Limited access to phosphate
ions induces resistance to polymyxin B in P. aeruginosa
[82], while a lack of iron ions leads to resistance to -lac-
tam antibiotics in E. coli [83]. Antibiotic resistance has also
been noted following exposure to a factor inducing an
oxidative stress response and to weak carboxylic acids.
Resistance to fluoroquinolene antibiotics has been noted in
E. coli cells following application of paraquat and salicylate
[84]. This trait was expressed as the capability of these bac-
teria to survive in the presence of antibiotics, but without
the ability to produce new generations.

Literature reports also indicate that the stringent
response mechanism plays a role in the process of induced
resistance to some antibiotics. Activation of the program
has been found to lead to the appearance of resistance to 3-
lactam antibiotics. The mechanism of this resistance
involves inhibition by stringent response mediators of syn-
thesis of peptidoglycan, which is the main target of the
antibiotic, and induction of synthesis of B-lactamase, an
enzyme that hydrolyzes the B-lactam ring of the antibiotic
[85]. Indirect evidence for the role of the stringent response
in antibiotic resistance was found in a study by Nguyen et
al. [86]. Planktonic and biofilm-forming Pseudomonas
aeruginosa bacteria incapable of ppGpp synthesis were
found to be significantly more susceptible to antibiotics
than their isogenic wild-type strain. In addition, the cells of
this mutant had an increased level of hydroxyl radicals and
were more susceptible to paraquat.

Another mechanism of antibiotic resistance may be
increased expression of genes coding for low-molecular-
weight shock proteins [87]. These proteins condition resis-
tance to aminoglycoside antibiotics which impair ribosome
functions, leading to accumulation of improperly folded
proteins and, in consequence, to the death of the cell [88].
Thus resistance to these antibiotics may result from the pro-
tective effect of HSP on the structure of cellular proteins,
and from their ability to restore the proper structure of dena-
tured proteins.

The ability of bacteria to synthesize antibiotics and
other secondary metabolites is also associated with the
stringent response. In laboratory conditions, antibiotic syn-
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thesis is induced by exposing a microbial culture to starva-
tion conditions, causing it to enter the stationary phase.
During the stationary phase, the cells produce numerous
secondary metabolites, including antibiotics and toxins.
Although their significance for survival in these conditions
is not clear, their intensive synthesis suggests that they are
important for the producers [89]. Accumulation of stringent
response mediators induces synthesis of actinorhodin and
undecylprodigiosin in Streptomyces coelicolor, and of
actinomycin in Streptomyces antibioticus. In starvation
conditions, strains lacking the ability to synthesize this
mediator (relA — relaxed mutants) have been shown not to
synthesize enzymes of the biosynthesis pathways for these
antibiotics [90, 91]. Synthesis of colicin K in E. coli is sim-
ilarly regulated [89].

Nitrogen Fixation

Current research on the physiological effects of the
stress response in bacteria has provided evidence that this
process is associated with biological fixation of atmospher-
ic nitrogen. Atmospheric nitrogen fixation, in which nitro-
gen is reduced to ammonia in the presence of the enzyme
nitrogenase, is a phenomenon occurring only in prokary-
otes. This process requires a high level of ATP, both in reg-
ulation of expression of the nif regulon (which codes for
enzymes involved in atmospheric nitrogen fixation) and in
the actual reduction of molecular nitrogen [92]. Due to the
high energy cost of this process, it is precisely regulated
depending on the availability of nitrogen sources in the
environment. Nitrogen starvation, in which ammonia or
amino acids are lacking in the environment, leads to activa-
tion of this process.

Both symbiotic micro-organisms and some species of
free-living micro-organisms in the environment are capable
of nitrogen fixation. The symbiotic micro-organisms active
in this process are the soil root-nodule bacteria Rhizobium,
which are capable of colonizing the roots of specific
legumes in conditions of limited soil nitrogen availability
[93]. This symbiotic relationship leads to the formation of
organs called nodules on the plant roots. In these nodules
the bacteria are transformed into bacteroids capable of fix-
ing atmospheric nitrogen. The bacteroids in the nodules,
surrounded by a cell membrane called an envelope mem-
brane, form structures known as symbiosomes [94]. In the
symbiosome formation process, free-living Rhizobia move
from the highly variable soil environment to the more sta-
ble conditions prevailing within the plant tissues. The trans-
formation of vegetative forms into bacteroids is accompa-
nied by the loss of ability to continue cell division and by a
metabolic shift from ammonia assimilation to reduction of
molecular nitrogen. The bacterial stringent response mech-
anism is involved in the proper progression of the early
stages of symbiosis between the symbiotic bacterium
Sinorhizobium meliloti and its host Medicago sativa.
Evidence of this is provided by observations that rels,,
mutants, incapable of ppGpp synthesis, are defective for the

nodulation process and overproduce succinoglycan, an
exopolysaccharide that is important during infection [95].

The stringent response also is involved in the interme-
diate and late stages of symbiosis between the symbiotic
bacterium Rhizobium etli and its host Phaseolus vulgaris.
Accumulation of (p)ppGpp, mediators of the stringent
response in these bacteria, is necessary for efficient fixation
of atmospheric nitrogen. R. etli relA mutants, which lack
the ability to synthesize (p)ppGpp under conditions of
amino acid starvation, have been shown to be capable of
inducing nodules, but the level of activity of nitrogenase
(the enzyme involved in reducing N, to NH;) in the nodules
was only 25% of the level characteristic of nodules induced
by the wild-type strain [96]. Bacterioids of this mutant were
hypersensitive to oxidative stress, but were more resistant
to heat and osmotic stress [97]. Consistent with these obser-
vations, a low level of expression of genes dependent on the
O transcription factor was noted in these cells, including
the nitrogen fixation genes rpoN2 and iscN and the prxS
gene coding for peroxiredoxin, an enzyme involved in
antioxidant defence [96]. This could indicate that (p)ppGpp
alarmones of the stringent response in bacteroids promote
expression of genes regulated by the 6" factor.

Apart from changes in the physiology of bacteroids of
the wild-type strain and rel4 mutants, structural and mor-
phological differences have been noted as well. Bacteroids
of the rel4 mutant were larger than those of the wild-type
strain; moreover, each of them was surrounded by a sym-
biosome membrane, reducing the amount of space in the
symbiosome [96]. R. etli rsh mutants (with impaired abili-
ty to produce and hydrolyze ppGpp) were also found to be
capable of inducing root nodules, but there were fewer of
them and they were not involved in atmospheric nitrogen
fixation [98]. These results suggest that mediators of the
stringent response play an important role in successfully
establishing a symbiotic relationship and in the metabolic
adaptation of the cells to the conditions prevailing in root
nodules.

The bacterial stringent response is also involved in the
physiological processes of free-living R. etli cells [97].
R. etli rely,, mutants, which are incapable of synthesizing
(p)ppGpp, exhibited sensitivity to osmotic stress, heat
stress, and oxidative stress generated by H,O,, as well as to
stationary-culture conditions on a succinate minimal medi-
um. Cells of this mutant were incapable of the adaptive
change in shape from cylindrical to oval, which is charac-
teristic of the wild-type strain in the stationary phase of
growth. While bacteroids of this strain were characterized
by increased sensitivity to H,0,, they were more resistant
than wild-type strain bacteroids to higher temperatures and
osmotic stress.

These data indicate that the stringent response plays a
key role in the process of adaptation of free-living forms of
R. etli to the specific conditions of the soil environment.
The hypersensitivity of these cells may result from their
inability to form a biofilm, a protective structure typical of
free-living microbial cells in the natural environment. The
biofilm structure was observed in rhizobia for the first time
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by Seneviratne and Jayasinghearachchi [99]. According to
the present state of knowledge, it not only protects free-liv-
ing cells against harmful environmental factors, but also
seems to play an important role in initiating infection. It has
been suggested that the ability of rhizobial cells to attach to
the root surfaces of a sensitive plant and to aggregate facil-
itates the initial stages of infection. This was confirmed in a
study by Fujishige et al. [100], in which both exopolysac-
charide deficient mutants and mutants that overproduced it
exhibited reduced biofilm formation capability, and an
associated reduction in ability to induce root nodules.

The stress response is probably also involved in activat-
ing the mechanism of atmospheric nitrogen fixation and the
subsequent nitrogen-fixing growth of free-living bacteria,
although the general stress response mediated by the sigma
factor RpoS (8°) seems to play a greater role in this process
than the stringent response. A study by Howorth and
England [101] demonstrated that free-living atmospheric
nitrogen assimilators such as Azotobacter vinelandii and
Azomonas agilis, unlike some symbiotic strains, are inca-
pable of accumulating stringent response alarmones in con-
ditions of amino acid starvation, which is generally
believed to determine the metabolic shift in these bacteria
from nitrate and amino acid assimilation to atmospheric
nitrogen fixation.

The role of the general stress response in the nitrogen
fixation process in this group of bacteria was confirmed in
a study by Sandercock and Page [102], in which a poS
mutant of A. vinelandii incapable of RpoS synthesis had
lower viability in a nondesiccating, solid medium and in a
liquid medium in conditions of glucose starvation than the
wild-type strain. It also exhibited greater sensitivity than the
wild-type strain to stress induced by the presence of hydro-
gen peroxide. Stationary-phase cells of this mutant were
particularly susceptible, which was manifested by their
quick loss of viability induced by 15 mM of hydrogen per-
oxide. This hypersensitivity was probably due to a lack of
induction of catalase 1, a protein that breaks down hydrogen
peroxide, which is regulated by RpoS during the mid-expo-
nential to late-stationary phases. According to this study,
rpoS expression did not occur exclusively in the stationary
phase but was influenced by changes in carbon and nitrogen
source availability. A 26- to 28-fold induction of the RpoS
protein occurred during acetate-to-glucose and ammonium-
to-N, diauxic shifts. The reverse metabolic shift to acetate
and ammonium led to a decrease in the RpoS protein to its
basal level, but did not affect the level of 7poS mRNA in the
same manner. As the stability of this protein does not
change significantly in A. vinelandii cells, the most likely
explanation for this phenomenon is post-transcriptional reg-
ulations taking place in the cells of the bacteria under con-
ditions that restrict growth due to nutrient depletion.

Conclusions

This paper does not cover all of the questions connect-
ed with the role of the stress response in the functioning of
microbial communities in natural environments. Only some

phenomena involving stress response mechanisms of eco-
logical and agricultural significance have been discussed.
The conditions in which micro-organisms live in the soil
environment are variable and often harmful. Nutrient
reserves in the soil may undergo substantial fluctuations,
depending on the physical, chemical, and biological condi-
tions prevailing in it. On the other hand, compounds con-
stituting nutrients for micro-organisms influence some
physical and chemical characteristics of the natural envi-
ronment. Moreover, substances associated with human
activity may appear in the soil. For this reason, an extreme-
ly important aspect of the stress response is the activation
of adaptive resistance mechanisms to adverse environmen-
tal factors of both natural and anthropogenic origin. The
data presented in our paper show that the scope and level of
this resistance depend on many factors, including concrete
environmental circumstances, the type of micro-organism,
and even its strain.

Common to all micro-organisms is a form of adaptation
to starvation conditions — known in the literature as nutrient
stress — involving the generation of cells capable of func-
tioning in the stationary phase of growth. This cell type
appears as the result of a re-programming of the metabo-
lism, mediated by mechanisms of the general stress
response, the heat shock response, the stringent response,
the TA response, and activity of other regulators, e.g. QS.

Bacteria in the stationary phase are characterized by a
number of adaptations that enable them to utilize available
sources of energy and carbon sparingly. Most often this is
achieved by means of restricted energy expenditures for
growth and reproduction, a reduced metabolism rate, and
activation of autolysis processes that ensure the supply of
new food substrates. The capability of utilizing other food
sources present in the environment often appears as well.
Cell structures such as the cell envelope, the nucleoid, and
the ribosomes become modified in order to increase their
stability. As a result of these changes the cells become resis-
tant not only to the starvation conditions characteristic of
this phase of growth, but also to other harmful physical and
chemical agents.

Specialized forms of life are generated based on the
metabolic program activated in the stationary phase of
growth. Some of these, such as the fruiting body in
Myxococcus or endospores in Gram-positive bacteria, are
specific stages in the life cycle of these microbes, while oth-
ers, such as the GASP and SCDI phenotypes, appear to be
an irreversible and extreme adaptation to severe conditions.
The VBNC state and the biofilm are life forms common to
both prokaryotic and eukaryotic micro-organisms, and are
often observed in the environment.

The capability of forming a biofilm is probably typical
not only of soil micro-organisms but of other types as well,
e.g. intestinal bacteria, for which soil is a chance, temporary
environment [103]. The biofilm structure is the result of
microbial interaction not only with the abiotic soil environ-
ment, but also with the biotic component of the soil, which
includes plant roots. Rhizosphere micro-organisms are par-
ticularly sensitive to signals emitted by plants. Low-molec-
ular-weight plant exudates can stimulate some kinds of bac-
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teria to form a biofilm. This phenomenon can be beneficial
not only to the bacteria, which become resistant to harmful
environmental factors, but to the plants as well. The biofilm
structure formed by B. subtilis can form a protective layer
on the roots of tomato plants, while biofilms produced by
rhizobia on the surface of legume roots can facilitate the ini-
tiation of infection, which leads to the formation of an
active symbiotic relationship. Moreover, rhizobium biofilm
formation can be induced by root exudates from the symbi-
otic partner even when it is not present in the environment,
e.g. after harvesting or near the end of the growing season.
This indicates that this is a mechanism fixed by evolution
with the purpose of creating a niche enabling rhizobia to
survive in the soil environment when they cannot enter a
symbiotic relationship with a plant partner.

VBNC is another commonly occurring form in which
micro-organisms can live in the external environment. Cells
in the VBNC state, unlike those organized in a biofilm, are
characterized by low metabolic activity, which is probably
the main reason for their resistance to environmental fac-
tors. The inability of cells to proliferate in laboratory con-
ditions explains the discrepancies often observed by vari-
ous researchers (particularly microbial ecologists) between
the number of micro-organisms grown in soil and water
samples and the number determined using direct methods,
in which cells are counted under a microscope. This trait is
also the reason why knowledge of this form of microbial
life is limited.

Atmospheric nitrogen fixation is a form of adaptation of
bacteria to nitrogen-limiting conditions. This process is
mainly regulated by means of the alternative " factor,
although other stress mechanisms also play an important
role. The data presented show that the stringent response,
depending on the species or strain, determines the life func-
tions of free-living rhizobia, essential stages of infection,
and active symbiosis. The general stress response mecha-
nism mediates the adaptation of free-living atmospheric
nitrogen assimilators to the changeable conditions of the soil
environment.

The stress response also mediates activation of synthe-
sis pathways for antibiotic substances and induced mecha-
nisms of antibiotic resistance. Synthesis of antibiotics is
associated with the activation of alternative mechanisms for
acquiring carbon sources in stationary-phase conditions.
Production of secondary metabolites in the stationary phase
is exploited on an industrial scale in production not only of
antibiotics, but also of bacteriocins, various enzymes, and
polymers useful in industry. The phenomenon of antibiotic
resistance appearing as a result of the stress response plays
an important role in preserving biodiversity of microbial
communities in the natural environment.

The data presented indicate the important role of the
stress response program in microbial adaptation to the con-
ditions of the soil environment, the rhizosphere, or the inside
of the plant. This determines the life functions of free-living
microbial communities in the soil as well as those capable of
association with plants. Thus the metabolic program of the
environmental stress response is an important factor in shap-
ing the biological activity of the soil.
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