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PECULIARITIES OF BACILLI ONTOGENESIS 
DURING CYCLE FROM A SPORE TO A VEGETATIVE CELL
In the review, on the example of aerobic spore-forming bacteria, the problems of the development and ontogenesis of 
the bacterial cell are considered along with the possibilities of infl uencing the course of these processes. Th e characteris-
tics of the main concepts «growth», «diff erentiation», and «development» as independent processes with their dynamic 
interrelation are presented. Attention is focused on the analysis of literature data on the peculiarities of vegetative cell 
development, starting from a spore in a dormant state and fi nishing with vegetative form formation. In particular, the 
mechanisms that maintain the spore dormant state and subsequent processes of activation, initiation, outgrowth, and 
vegetative cell formation are described. Th ere are emphasized certain problems with research on the ontogenesis of bacte-
rial cells due to the defi ciency of appropriate methods, as well as the lack of a single opinion regarding individual stages of 
the development and vegetative form formation. It was concluded that the study of individual stages of the development 
of prokaryotes, which diff er in spore-forming and non-spore-forming microorganisms, is still relevant. Knowledge of 
these processes will help scientists to develop mechanisms of infl uence on the ontogenesis of microorganisms.
Keywords: spore-forming bacteria, growth, diff erentiation, development, ontogenesis, vegetative cells, spore.

Th e problems of microbial cell growth and its 
ontogenesis attract attention of researchers who 
are trying to understand the fundamental phe-
nomena of biology — growth, development, dif-
ferentiation of cells, and the possibility of infl u-
encing their course. Taking into consideration 
the exceptional complexity of the issue and the 

imperfection of methodological approaches, 
most scientists have studied the processes of 
microorganism development more oft en at the 
level of populations, sometimes at the level of 
individual cells, as well as passing into subcel-
lular and molecular biological studies. Th e most 
numerous peculiarities of the growth and diff er-
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entiation of bacterial cells have been established 
in the study of aerobic spore-forming bacteria 
(Gould & Hurst, 1969; Gould, 1971; Smirnov 
et al., 1993; Galperin et al., 2022; Setlow, 2006; 
Khanna et al., 2020; Eichenberger et al., 2004; 
Meeske et al., 2016; Zheng et al., 2016).

When analyzing the current data in the litera-
ture, attention was focused on two issues: the pe-
culiarities of vegetative cell growth and sporula-
tion processes. Let’s focus on the most convincing 
and debatable issues of microorganism growth.

Interpretation of the main conceptions of 
«growth», «diff erentiation», and «develop-
ment». When characterizing the processes of 
microorganism growth, some researchers em-
ploy far ambiguous terms, such as «growth», 
«diff erentiation», «ontogenesis», «develop-
ment», and others. Th ese terms are also widely 
used by representatives of various sciences and 
professions, but their essence does not always 
provide an objective assessment of the obtained 
experimental materials.

«Growth» is considered a well-ordered in-
crease in all components of a bacterial cell (Ja-
vets et al., 1982). Reproduction is the ability of 
bacteria to self-reproduce. Reproduction is a 
consequence of growth.

Th e philosophical defi nition of the concept 
of «development» as generalizing is suitable for 
microbiological objects. It considers any devel-
opment, regardless of its content, as a number of 
diff erent stages of development, related to each 
other, in such a way that each of them negates 
the other (Danilyan & Dzoban, 2020).

Th e term «development» in biology implies the 
process of formation of an organism or its parts. In-
dividual development, or ontogenesis, and histori-
cal development, or phylogeny, are distinguished. 
Th e term «development», in a broader sense, is 
closely related to growth and diff erentiation, im-
plies the process of transition from one state to an-
other, more perfect (Kalakutsky & Agre, 1977).

Th e terms «growth», «development», and 
«diff erentiation» are closely related. Growth, as 

a coordinated replication of all structures, or-
ganelles, and cell components, is naturally ac-
companied by diff erentiation, that is, the forma-
tion of morphologically and functionally diff er-
ent structures and forms, which, in general, are 
characterized as a process of development.

Th e concepts of «growth», «development», 
and «diff erentiation» should be considered as 
independent processes with a dynamic relation-
ship. Analysis of them in terms of methodology 
made it possible to defi ne «development» as a 
process of transition from one state to another, 
but necessarily to a more perfect one (Fig 1). 

In the process of the periodic growth of a mi-
crobial population, changes occur in those mor-
phological and, mainly, physiological properties 
of the cell, which are the most important charac-
teristics of the growth, reproduction, and viabil-
ity of organisms (DNA, RNA, protein content, 
enhancement of genetic exchange), which leads 
to their diff erentiation (Javets et al., 1982).

In the modern interpretation, the term «on-
togeny» means a complex of consecutive mor-
phological, physiological, and biochemical meta-
morphosis in an organism, starting from its birth 
and ending with its death. Th is defi nition of 
ontogenesis gained more and more justifi cation 
and recognition concerning the development of 
an individual microbial cell, although it needed 
new facts and evidences. For example, how to be 
in those cases when a complex of the same suc-
cessive changes in the same microbial cell is re-
peated under continuation of its viability?

In the process of individual development of 
prokaryotes, the fate of single cells is relatively 
easy to assess when it becomes possible to de-
tect certain elements of their diff erentiation. 
Th ere is less chance to fi nd out the individual 
fate of those prokaryotes that reproduce by di-
viding cells in half (Kalakutsky & Agre, 1977). 
Th is is due to the lack of adequate methods, the 
search for which becomes an urgent task of re-
searchers when studying the ontogenesis of a 
microbial cell.
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Objectively evaluating the literature data on 
peculiarities of individual cells development, 
there is a diffi  cult task of clarifi cation the level 
of «perfection» in description of separate stag-
es, their coverage by microbiological literature, 
which once again convinces of the need to man-
age the above-mentioned philosophical defi ni-
tion of the concept of «development».

Th e start position in the study of ontogeny of 
vegetative cells was a spore form of bacteria. Th e 
process of spore transformation into a primary 
vegetative cell is being studied in many scientifi c 
laboratories of highly developed countries of the 
world (USA, UK, France, Japan, etc.) (Secaira-
Morocho et al., 2020; Galperin et al., 2022; Qin 
& Driks, 2013; Boone et al., 2018; Paredes-Sabja 
et al., 2011; Subirana & Messeguer, 2021; Maayer 
et al., 2019).

Th e metabolically active cell is formed aft er 
awakening spores and includes three consecutive 
stages: activation, initiation, and growth, which 

are characterized by certain morphological, 
physiological, and biochemical features (Paul et 
al., 2019; Suitso et al., 2010; Wells-Bennik et al., 
2016; Nicholson et al., 2000; Setlow, 2014; Ze-
browska et al., 2022).Th e appearance of the next 
stage depends on the course of the previous one, 
which diff ers in its essence and mechanism of 
development (Gould & Hurst, 1969; Łubkowska 
et al., 2021; Barlass et al., 2002; Harry, 2001).

Dormant stage of the bacterial cell. A dor-
mant stage is characteristic of almost all cells of 
any microorganism. A stage of rest, or a dormant 
state, is considered a temporary break in the de-
velopment of an organism. For spore-forming 
microorganisms,  the dormant state is a spore. But 
even among non-spore-forming microorganisms, 
there is a biological heterogeneity of forms that 
are in the dormant state (Keynan, 1973). Among 
spore-forming bacteria, it has been established 
that, in addition to endospores, bacilli are capa-
ble of forming alternative morphological types of 
dormant forms, such as anabiotic cyst-like refrac-
tory cells and proliferative «stationary cells» in the 
resting stage that remain intact and viable for a 
long time. Spore can be either activated or in the 
initiation state. To characterize spore-forming 
bacteria, a state of the so-called constitutive spore 
rest is distinguished, which is characterized by cy-
tological, physicochemical, functional, and other 
diff erences from a vegetative cell (Paredes-Sabja 
et al., 2008a; Setlow, 2006; Gladka et al., 2015; Yu 
et al., 2023; Korza et al., 2023).

Endospores in the dormant stage are charac-
terized by a high index of light refraction, low 
permeability of basic dyes and fi xatives, extreme 
resistance to heat, drying, ultraviolet and radio-
active radiation, to chemical compounds, and 
other factors (Krawczyk et al., 2017; Wang et 
al., 2011; Berendsen et al., 2016a; Berendsen et 
al., 2016b; Berendsen et al., 2015a; Berendsen et 
al., 2015b; den Besten et al., 2018). Th e reasons 
for such features have not been fully elucidated. 
It is known that the stability of spores depends 
on the number of cross-links in peptidoglycan, 
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Fig. 1. «Growth», «development», and «diff erentiation» 
of cells in a schematic sketch (Kalakutsky & Agre, 1977).
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the production of stress proteins (or heat shock 
proteins), proteins of the α/β type which protect 
spore DNA, the degree of spore dehydration, etc 
(Nicholson et al., 2000; Melly & Setlow, 2001; Po-
pham et al., 1999a; Paredes-Sabja et al., 2008a).

Regarding the mechanism of the formation 
and preservation of the dormant state of bacte-
rial spores, there is currently no consensus, and 
individual explanations, although substantiated 
by scientifi c facts, remain largely hypothetical. 
Th e dormant state of spores is most oft en associ-
ated with the presence of numerous coats (espe-
cially with such a specifi c structure as the cortex), 
which ensure reduced selective permeability of 
the spore and dehydration of its core. In the pro-
cess of spore formation, the cortex becomes com-
pacted, resulting in dehydration of core spores 
(Melly & Setlow, 2001; Popham et al., 1999a).

Such a specifi c substance as dipicolic acid is 
important for the maintenance of the dormant 
state of endospora. Perhaps, the chelated com-
plexes of this acid with Са2+ ions, sulfur-con-
taining amino acids, and peptides act as «auto-
inhibitors» of metabolic enzymes. Th e dormant 
state of bacterial cell is also maintained by other 
specifi c components and structures such as a 
coat protein rich in cysteine and others (Popham 
et al., 1999b). A very small number of spore cells 
in the population of bacterial spores can be very 
stable. Such spores are characterized by a special 
response to the infl uence of factors that cause ac-
tivation and initiation of spores.

Th e state of spore activation. Mature spores 
are able to turn into vegetative cells again. How-
ever, the germination process is relatively slow, 
even under optimal conditions. Old spores, that 
is, those that have been stored for a long time, 
with reduced viability, germinate noticeably fast-
er (Keynan, 1973), and young spores germinate 
almost simultaneously and quickly enough only 
aft er exposure to certain physical and chemical 
factors. Such an infl uence that does not cause the 
initiation of spore by itself but promotes its rapid 
and complete germination is called activation 

(Gould & Hurst, 1969; Gould & Ordal, 1968; 
Keynan & Evenchik, 1969; Keynan et al., 1964).

Spore activation is a reversible process, unlike 
senescence. An activated spore can be returned 
to its original dormant state, whereas senescence 
does not restore the previous dormant level. It is 
considered that the mechanisms responsible for 
the reversibility of spore activation are disrupted 
during senescence. In our opinion, not all germi-
nation mechanisms take part in activation. Ac-
tivated spores are able to restore their previous 
properties, in particular during storage. Th e «ac-
tivation  — deactivation» cycle can be repeated 
many times. Th ere is a relationship between the 
rate of deactivation and the level of temperature 
decrease, particularly for B. cereus spores (Yu et 
al., 2023; Krawczyk et al., 2017).

Spore activation aft er the dormant stage can 
be caused by the following physical and chemical 
factors: heat (Gould & Hurst, 1969), γ-radiation 
(Keynan et al., 1964; Yu et al., 2023; Keynan & 
Evenchik, 1969), water vapour (Keynan et al., 
1964; Krawczyk et al., 2017), hydrostatic pres-
sure (Wanget et al., 2011; Berendsen et al., 2016a; 
Berendsen et al., 2016b), certain pH of the me-
dium (Berendsen et al., 2015a), mercaptoetha-
nol, dimethylsulfoxide, Ca/DPA (dipicolinic 
acid with Ca2+ ions) solutions, and other factors 
(Gould & Hurst, 1969; Krut’ et al., 2014; Berend-
sen et al., 2015a; Berendsen et al., 2015b). Oft en, 
to activate spores and also diff erent substances, 
heating at 60—90 °С for several minutes is used 
(Balko et al., 2019).

Th e thermal activation of spore forms of bac-
teria when determining the optimal regime has a 
clear individual character and depends on the spe-
cies, their age, and nutrient environment. Spore 
activation was diff erent in response to the action 
of factors depending on the hereditary character-
istics of representatives of the bacterial population 
(den Besten et al., 2018; Nicholson et al., 2000; Ol-
guín-Araneda et al., 2015; Xiao et al., 2011).

In the process of activation, spores acquire 
new properties, in particular, the ability to ger-
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minate faster and more synchronously in the 
same or changed conditions, to oxidize glucose. 
In spores, the activity of proteases and some oth-
er enzymes increases (Gould & Hurst, 1969), the 
permeability rises, and dipicolinic acid (DPA) 
secretion begins (Melly & Setlow, 2001). How-
ever, as before, the spores remain resistant to ex-
ternal infl uences, retain their refractoriness, and 
are poorly stained with basic dyes. Studies of the 
ultrastructure of spores activated by physical and 
chemical agents have revealed layering and po-
rosity in their coverings (Popham et al., 1999a).

Th us, in the current literature, spore activa-
tion is considered as a complex physicochemical 
process of cell development, the nature of which 
is not fully understood and therefore requires 
additional study. Th ere is no evidence that the 
activation is metabolically mediated, not inhib-
ited by metabolites, but can be interrupted by 
cations (Popham et al., 1999b). It is assumed 
that disulfi de bonds in proteins of surface struc-
tures are destroyed under the infl uence of the 
activation factors in spores. In turn, this causes 
a conformational rearrangement of the tertiary 
structure of proteins. Apparently, such changes 
in the spore coats provide better conditions for 
the penetration of ions and macromolecules, 
thereby promoting accelerated transition of the 
activated spore to its next phase of develop-
ment — the initiation stage.

Spore initiation is an irreversible stage of 
bacterial development. Activated spores, under 
the infl uence of certain germination inducers, 
turn into active vegetative cells within a short 
time. Spore initiation is the transition of acti-
vated spores into metabolically active cells, re-
sulting in irreversible hydrolytic changes: spore 
stability decreases, the depolymerisation and 
secretion of a number of substances (mainly 
DPA, calcium, magnesium, peptidoglycan com-
ponents) take place, as well as the destruction 
of coats and cortex, and spores lose refractivity 
(Nicholson et al., 2000; Setlow, 2014; Zebrowska 
et al., 2022; Berendsen et al., 2015a).

Kalakutsky L. V. proposed to combine all factors 
of initiation into three groups: 1) physiological ini-
tiators — normal cell metabolites (carbohydrates, 
amino acids, ribosides, metal ions); 2) chemical 
initiators (surfactants, peroxides, and others), the 
role of which in exchange processes has not been 
clarifi ed; 3) physical initiators, for example, me-
chanical processing (Kalakutsky & Agre, 1977).

Th e most convincing data were obtained in the 
study of В. subtilis. Th e studies of Paidhungat M. 
and co-workers showed that the germination of 
B. subtilis spores was actively triggered by special 
germinates — D-alanine and spores of B. anthra-
cis — by a mixture of adenosine, L-alanine, and 
D-, L-tyrosine (Paidhungat et al., 2001). Th e initi-
ation of spores when they were treated with L-al-
anine, adenosine, and glucose occurred as quickly 
as when spores were transferred to a complete nu-
trient medium. Th e inhibitory eff ect on L-alanine 
initiation was executed by such amino acids as D-
alanine, glycine, valine, cysteine, and methionine, 
which independently or in certain ratios caused 
the initiation (Keynan et al., 1964).

Subsequently, the idea that the classic L-alanine 
system is the main initiator of spores signifi cantly 
changed. Th e conditions of germination of spores 
of diff erent species and genera and even strains of 
the same bacterial species are signifi cantly diff er-
ent. In particular, for some В. mеgаtеrium, initia-
tive factors are glucose and metal ions, and for the 
spores of clostridiums ‒ D- and L-lactate, various 
inorganic and organic salts (Olguín-Aranedaet 
et al., 2015; Xiao et al., 2011; Bhattacharjee et 
al., 2016). В. fastidiosus spores germinated in the 
presence of uric acid, phosphates, and allantoin 
and, conversely, none of the previously known 
stimulants of spore germination for this culture 
was eff ective (Troiano et al., 2015).

When substantiating the mechanism of action 
of germination inhibitors, some authors (Bhat-
tacharjee et al., 2016; Troiano et al., 2015) con-
sidered this phenomenon associated with the 
penetration of metals into the corresponding 
areas of spore coats, assisted by complex organic 
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substances. However, the initiation of spores can 
be caused not only by various organic agents but 
also by mechanical processing. Shaking spores 
together with small glass beads, rubbing, or ap-
plying hydrostatic pressure (Wanget et al., 2011; 
Berendsen et al., 2016a; Warda et al., 2017) cause 
the so-called mechanical germination of spores. 
Many other factors, especially the mode of pre-
liminary activation, temperature, pH of the me-
dium, and aeration also promote the germina-
tion of spores (Qin & Driks, 2013).

Under the infl uence of initiating factors, phy-
sio lo gical, chemical, and cytological transforma-
tions successively occurred in spores at the ger-
mination stage (Łubkowska et al., 2021; Barlass 
et al., 2002; Harry, 2001; Keynan, 1973). Of the 
currently known signs of spore germination, 
the earliest is a decrease in the temperature re-
sistance. Following this, an increase in the sen-
sitivity to ultraviolet rays is observed, however, 
in some mutants of B. subtilis, this sensitivity, on 
the contrary, decreases, especially at the begin-
ning of germination (Barlass et al., 2002; Brunt 
et al., 2016). Th e resistance to ionizing radiation, 
pressure, chemical compounds,and other factors 
gradually decreases.

In the process of spore  initiation, calcium, 
magnesium, potassium, and other metal ions 
were excreted, as well as DPA, amino acids, and 
peptides that were formed during the depoly-
merisation of the murein cortex under the action 
of lytic enzymes (Wang et al., 2015; Alberto et al., 
2003; Varbanets et al., 2014; Brunt et al., 2014; 
Plowman & Peck, 2002). In general, a spore loses 
up to 30% of its dry weight during germination.

A number of cytological changes that occur 
in the spore coats and in its core under the in-
fl uence of initiating factors have been noted, in 
particular the detachment of the outer cover-
ing, swelling or changes in the cortex structure 
(fi brous, granular, and even its disappearance). 
During the period of germination, a rapid dark-
ening of spore peripheral layers is observed 
under a phase-contrast microscope, while the 

core remains transparent. Later, the inner layer 
degrades with the formation of gaps. Th e core 
swells, the ribosomal and nuclear zones become 
clearly visible in it, the beginning of the cell wall 
thickens, and the spore takes on a dark appear-
ance (Banawas et al., 2013; Paredes-Sabja et al., 
2008b; Setlow, 2013; Qin & Driks, 2013). Th e 
next phase of spore darkening is longer. Th e least 
changes concern the exosporium. Such structur-
al changes increase spore permeability to dyes.

Th e period of individual spore germination is 
staged. Th us, the fi rst phase — «microlag» lasts 
from the beginning of contact with the growth 
medium until the appearance of the fi rst signs of 
darkening, and the second phase — «microger-
mination» — until the complete darkening of the 
spore. Perhaps, the heterogeneity of the proper-
ties of individual spores explains the diff erence in 
the onset time and rate of both phases of germi-
nation. Diff erent concentrations of germinates 
are required for spore germination, and some of 
them are unable to germinate even under opti-
mal conditions for most ones (Paidhungat et al., 
2001; Francis et al., 2013; Yu et al., 2023).

Th e process of germination of endospores 
depends on the metabolism of bacterial cells, 
which is evidence of their complete loss of the 
cryptobiotic state. Metabolic processes, espe-
cially in the early stages of initiation, are realized 
by enzymes of spores that were in the dormant 
stage (Paidhungat et al., 2001). RNA synthesis 
begins a few minutes before protein synthesis 
and is controlled by transcription.

During the germination of B. megaterium 
spores, two stages of protein synthesis have 
been described (Gould & Hurst, 1969; Setlow 
& Setlow, 1996). At the fi rst stage (75 min), due 
to spore proteolysis, amino acids are excreted, 
which are partially used by the cell for protein 
synthesis, and the rest undergo catabolic trans-
formations. Th us, protein synthesis in the early 
stages completely depends on the base of those 
amino acids that were resulted from the destruc-
tion of its own protein material by enzymes kept 



120 ISSN 1028-0987. Microbiological Journal. 2024. (2)

V.G. Voitsekhovsky, L.V. Avdeeva, O.B. Balko, O.I. Balko

in the inactive spore (Keynan, 1972; Setlow et al., 
2003). Th e second stage is accompanied by the 
synthesis of all amino acids, and external sources 
of nitrogen are used for protein synthesis.

It is considered that the mechanism of spore 
germination is unique and designed to stop 
cryptobiosis (Keynan, 1972; Setlow et al., 2003), 
to create metabolically active forms and is not 
part of the metabolic process of a vegetative 
cell. Th ere is no unequivocal interpretation of 
the essence of initiation, but there is an assump-
tion that one spore has several mechanisms that 
induce the dormant state interruption. Th is hy-
pothesis is based on the presence of diff erent 
germinates eff ective for one or more spores.

 Spore germination is a multistage develop-
mental process based on a trigger reaction medi-
ated by enzymes. Th e lytic enzyme activated at 
this stage destroys a signifi cant part of the cortex 
and is excreted into the environment. Th e starter 
reaction of spore germination has an enzymat-
ic nature and is confi rmed by the fact that the 
germination can be stopped by specifi c antago-
nists of inducers or some metabolites (Vanek & 
Winter, 1977; Moriyama et al., 1999; Vepachedu 
& Setlow, 2007). Inducers are also destroyed by 
spore enzymes during the germination stage, 
and in the absence of appropriate enzymes, spore 
germination either does not occur or proceeds 
partially (Vanek & Winter, 1977).

In a generalized form, the available facts and 
versions of spore germination can be presented 
as follows. Th e chemical initiator triggers a se-
ries of metabolic reactions, as a result of which 
DPA is secreted with the formation of chelated 
cations, responsible for the dormant state of the 
cytoplasm. Spore enzymes that destroy the pep-
tidoglycan of the cortex are also activated. DPA 
chelates and products of peptidoglycan disso-
ciation are excreted, and the spore permeabil-
ity increases signifi cantly. However, triggering 
mechanisms of germination and, especially, the 
nature of the initial impulse in the development 
of spore-forming bacteria remain mysterious.

Outgrowth of the primary vegetative cell. 
Th e processes of spore activation and initia-
tion described above terminate its cryptobiotic 
state. As a result of germination, a vegetative cell 
is formed, which keeps some properties of the 
spore, for example, the typical shape of coats and 
enzymes. However, the cell acquires some new 
properties, in particular, the resistance to the in-
fl uence of environmental factors decreases, its 
refractivity disappears, and cell is easily dyed by 
simple methods. In a medium with water a nd 
necessary nutrients, the cell intensively absorbs 
them and begins to grow.

Th e outgrowth process includes the transfor-
mation of an initiated spore into a typical vegeta-
tive cell and is characterized by the active syn-
thesis of new macromolecules, especially RNA 
and protein, and the formation of a cell wall and 
other new structures that ensure the morpho-
logical and physiological independence of the 
primary vegetative cell (Gould & Hurst, 1969; 
Setlow, 2006; Paredes-Sabjaet et al., 2008a; Che-
botarev et al., 2013; Yu et al., 2023).

It is possible to distinguish the stages of ger-
mination and outgrowth of a spore by its early 
morphological feature  — swelling. As a result 
of intensive hydration of the core, the volume of 
the cell increases by 2—3 times compared to the 
size of the spore at the dormant state. Swelling is 
inhibited by specifi c inhibitors that do not aff ect 
germination and outgrowth.

On the example of B. subtilis, it was established 
that swelling of spores occurred aft er 30 minutes 
from the beginning of cultivation in a nutrient 
medium (Setlow et al., 2003; Vepachedu & Setlow, 
2007). During this period, cracks appeared in the 
spore coats, the cortex decreased, and the cell wall 
began to thicken around the core. Th e spore coats 
degraded, and the swollen core later fi lled the 
cortex area (Wanget et al., 2011; Berendsen et al., 
2015a; Berendsen et al., 2016a; Berendsen et al., 
2016b; Krawczyk et al., 2017; Korza et al., 2023).

In the process of spore germination, a large part 
of the peptidoglycan of the cortex is destroyed 
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and released into the medium, and the rest is 
located between the cytoplasm and spore coats. 
When studying the fate of the cortex marked by 
radioactive carbon, it was established that the 
products of the breakdown of murein are used for 
the synthesis of a new cell wall, the formation of 
which begins at the stage of swelling (Popham et 
al., 1999a; Nicholson et al., 2000; Melly & Setlow, 
2001; Berendsen et al., 2015b; den Besten et al., 
2018). During the next 40 min, a functionally ac-
tive cell wall is formed, which stabilizes the spore 
cytoplasm. As a result of the core swelling, the 
inner and outer coats of the spore are destroyed 
with the subsequent release of vegetative cell. Th is 
is how a primary vegetative cell is born. Under 
these circumstances, the exosporium does not 
create obstacles for the exit of the vegetative cell 
(Alberto et al., 2003; Paredes-Sabja et al., 2008c; 
Paredes-Sabja et al., 2011; Clauwers et al., 2016).

In other bacteria (B. asidoaltarius), the process 
of outgrowth of a vegetative cell from a spore 
proceeds in the following way: a limited nar-
row gap appears in the inner coat of the spore, to 
which the cytoplasm approaches. Aft er the en-
zymatic melting of the inner and then the outer 
spore coats, the appearance of the vegetative cell 
occurs (Handley & Knight, 1975).

Under optimal conditions for growth within 
50—60 min, the cell leaving occurs with the next 
stage of external growth  — its elongation. De-
pending on microorganism species, the spore 
coats can either remain or be absorbed by the 
cell during outgrowth. Parts of the spore coats 
remain attached to the cell for a long time. In 
the early stages of external growth, fragments of 
the spore coat perform a protective function, for 
example, they prevent the blockade of cell wall 
synthesis by antibiotics. In motile forms, the 
formation of fl agella was already observed aft er 
about 1 h. During cell outgrowth and elongation, 
the division of chromatin bodies is observed, 
and aft er another 1.5—2.5 h, the division and 
reproduction of the cell itself occurs. Th e syn-
thesis of RNA and protein, as before, precedes 

the synthesis of DNA, the appearance of which 
can be registered only about 60 min later the 
start of outgrowth. Sequential and orderly pro-
tein synthesis is controlled by transcription with 
the appearance of various types of i-RNA (Balko, 
2019). It is assumed that transcription is con-
trolled by changes in RNA polymerase, which is 
in the spore at the dormant stage and functions 
during its outgrowth (Keynan, 1973; Th ackray et 
al., 2001; Weedmark et al., 2015).

Th us, the transformation of a spore from the 
dormant state into a primary vegetative cell in-
volves 3 consecutive stages: activation, initiation, 
and outgrowth. Th e last of them, in turn, con-
sists of the following successive stages: swelling, 
cell outcoming, and its elongation to the size of a 
typical vegetative cell, which ends at the moment 
of division. According to Keynan A., the fi rst two 
stages correspond to the end of the cryptobiotic 
state of spores, followed by the activation of reac-
tions that give rise to the processes of cell devel-
opment and diff erentiation, and outgrowth is the 
process of their diff erentiation (Keynan, 1973).

Aft er germination, the spore acquires wide 
opportunities for diff erentiation and, under suit-
able conditions, can give off spring of vegetative 
cells capable of turning into new spores or form-
ing cyst-like cells.

Th e process of bacterial division, which is one 
of the most complex functions of the cell, is cov-
ered in detail in experimental works and many 
special reviews of the literature (Gould & Hurst, 
1969; Javets et al., 1982; Balko et al., 2018; Laza-
renko et al., 2023). However, in this review, it 
is important to analyze the process of Bacillus 
transformation from spore to vegetative cell. Th is 
is because the life cycle of the cell development 
of spore-forming bacteria ends with spore for-
mation. In addition, a spore is a product of spore 
formation and is the beginning of a new cycle of 
bacterial development. It is important to fi nd out 
the place and importance of the spore and pro-
cess of its formation in the fate of microorgan-
isms. Th e possibility of transforming a primary 
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vegetative cell into a spore remains the most de-
batable question. Th erefore, we consider it advis-
able to analyze materials about the formation of 
spores in the conditions of macrocyclic and mi-
crocyclic development of spore-forming bacteria.

Conclusions. It was shown that the study of 
individual stages of development of prokary-

otes, which diff er in spore-forming and non-
spore-forming microorganisms, is still relevant. 
Knowledge of these processes will help scientists 
develop mechanisms of infl uence on the onto-
genesis of microorganisms.

Confl ict of interest. Th e authors declare that 
there are no confl icts of interest.

REFERENCES
Alberto, F., Broussolle, V., Mason, D. R., Carlin, F., & Peck, M. W. (2003). Variability in spore germination response 

by strains of proteolytic Clostridium botulinum types A, B and F. Letters in applied microbiology, 36(1), 41—45. 
https://doi.org/10.1046/j.1472-765x.2003.01260.x

Balko, O. I., Avdeeva, L. V., Balko, O. B. (2018). Depositary Function of Pseudomonas aeruginosa Biofi lm on Me-
dia with Diff erent Carbon Source Concentration. Mikrobiolohichnyi Zhurnal, 80(6). 15-27. doi: https://doi.
org/10.15407/microbiolj80.06.015

Balko, O. B. (2019). Low Molecular Weight Pseudomonas aeruginosa Bacteriocins. Mikrobiolohichnyi Zhurnal, 
81(6), 97-109. https://doi.org/10.15407/microbiolj81.06.097

Balko, O. I., Balko, O. B., Avdeeva, L. V. (2019). Th ermoactivation of Pseudomonas aeruginosa Pyocins. Mikrobiolo-
hichnyi Zhurnal, 81(5), 85-97. https://doi.org/10.15407/microbiolj81.05.085

Banawas, S., Paredes-Sabja, D., Korza, G., Li, Y., Hao, B., Setlow, P., & Sarker, M. R. (2013). Th e Clostridium perfrin-
gens germinant receptor protein GerKC is located in the spore inner membrane and is crucial for spore germina-
tion. Journal of bacteriology, 195(22), 5084—5091. https://doi.org/10.1128/JB.00901-13

Barlass, P. J., Houston, C. W., Clements, M. O., & Moir, A. (2002). Germination of Bacillus cereus spores in response 
to L-alanine and to inosine: the roles of gerL and gerQ operons. Microbiology (Reading, England), 148(Pt 7), 2089—
2095. https://doi.org/10.1099/00221287-148-7-2089

Berendsen, E. M., Boekhorst, J., Kuipers, O. P., & Wells-Bennik, M. H. (2016a). A mobile genetic element profoundly 
increases heat resistance of bacterial spores. Th e ISME journal, 10(11), 2633—2642. https://doi.org/10.1038/is-
mej.2016.59

Berendsen, E. M., Koning, R. A., Boekhorst, J., de Jong, A., Kuipers, O. P., & Wells-Bennik, M. H. (2016b). High-
Level Heat Resistance of Spores of Bacillus amyloliquefaciens and Bacillus licheniformis Results from the Pres-
ence of a spoVA Operon in a Tn1546 Transposon. Frontiers in microbiology, 7, 1912. https://doi.org/10.3389/
fmicb.2016.01912

Berendsen, E. M., Krawczyk, A. O., Klaus, V., de Jong, A., Boekhorst, J., Eijlander, R. T., Kuipers, O. P., & Wells-Ben-
nik, M. H. (2015a). Bacillus thermoamylovorans Spores with Very-High-Level Heat Resistance Germinate Poorly 
in Rich Medium despite the Presence of ger Clusters but Effi  ciently upon Exposure to Calcium-Dipicolinic Acid. 
Applied and environmental microbiology, 81(22), 7791—7801. https://doi.org/10.1128/AEM.01993-15

Berendsen, E. M., Zwietering, M. H., Kuipers, O. P., & Wells-Bennik, M. H. (2015b). Two distinct groups within the 
Bacillus subtilis group display signifi cantly diff erent spore heat resistance properties. Food microbiology, 45(Pt A), 
18—25. https://doi.org/10.1016/j.fm.2014.04.009

Bhattacharjee, D., McAllister, K. N., & Sorg, J. A. (2016). Germinants and Th eir Receptors in Clostridia. Journal of 
bacteriology, 198(20), 2767—2775. https://doi.org/10.1128/JB.00405-16

Boone, T. J., Mallozzi, M., Nelson, A., Th ompson, B., Khemmani, M., Lehmann, D., Dunkle, A., Hoeprich, P., Rasley, 
A., Stewart, G., & Driks, A. (2018). Coordinated Assembly of the Bacillus anthracis Coat and Exosporium during 
Bacterial Spore Outer Layer Formation. mBio, 9(6), e01166-18. https://doi.org/10.1128/mBio.01166-18

Brunt, J., van Vliet, A. H., van den Bos, F., Carter, A. T., & Peck, M. W. (2016). Diversity of the Germination Appa-
ratus in Clostridium botulinum Groups I, II, III, and IV. Frontiers in microbiology, 7, 1702. https://doi.org/10.3389/
fmicb.2016.01702

Brunt, J., Plowman, J., Gaskin, D. J., Itchner, M., Carter, A. T., & Peck, M. W. (2014). Functional characterisation of 
germinant receptors in Clostridium botulinum and Clostridium sporogenes presents novel insights into spore ger-
mination systems. PLoS pathogens, 10(9), e1004382. https://doi.org/10.1371/journal.ppat.1004382



ISSN 1028-0987. Microbiological Journal. 2024. (2) 123

Peculiarities of Bacilli Ontogenesis During Cycle From a Spore to a Vegetative Cell

Chebotarev, A. I., Gordienko, A. S., & Kurdish, I. K. (2013). Growth peculiarities of Bacillus subtilis and streptomycin 
resistant mutant in the medium with saponite. Mikrobiolohichnyi Zhurnal, 75(5), 62—67.

Clauwers, C., Vanoirbeek, K., Delbrassinne, L., & Michiels, C. W. (2016). Construction of Nontoxigenic Mutants of 
Nonproteolytic Clostridium botulinum NCTC 11219 by Insertional Mutagenesis and Gene Replacement. Applied 
and environmental microbiology, 82(10), 3100—3108. https://doi.org/10.1128/AEM.03703-15

Danilyan, O. G., & Dzoban, O. P. (2020). Philosophy: textbook. (3rd ed.). Pravo. 
den Besten, H. M. W., Wells-Bennik, M. H. J., & Zwietering, M. H. (2018). Natural Diversity in Heat Resistance of 

Bacteria and Bacterial Spores: Impact on Food Safety and Quality. Annual review of food science and technology, 9, 
383—410. https://doi.org/10.1146/annurev-food-030117-012808

Eichenberger, P., Fujita, M., Jensen, S. T., Conlon, E. M., Rudner, D. Z., Wang, S. T., Ferguson, C., Haga, K., Sato, T., 
Liu, J.S., & Losick R. (2004). Th e program of gene transcription for a single diff erentiating cell type during sporula-
tion in Bacillus subtilis. PLoSBiol, 2(10), e328. doi: 10.1371/journal.pbio.0020328 

Francis, M. B., Allen, C. A., Shrestha, R., & Sorg, J. A. (2013). Bile acid recognition by the Clostridium diffi  cile 
germinant receptor, CspC, is important for establishing infection. PLoS pathogens, 9(5), e1003356. https://doi.
org/10.1371/journal.ppat.1003356

Galperin, M. Y., Yutin, N., Wolf, Y. I., Alvarez R.V., & Koonin, E.V. (2022). Conservation and Evolution of the Sporula-
tion Gene Set in Diverse Members of the Firmicutes. J Bacteriol, 204(6), Article e0007922. doi: 10.1128/jb.00079-22 .

Gladka, G. V., Romanovskaya, V. A., Tashyreva, H. O., & Tashyrev, O. B. (2015). Phylogenetic Analysis and Autecol-
ogy of Spore-Forming Bacteria from Hypersaline Environments. Mikrobiolohichnyi Zhurnal, 77(6), 31—38.

Gould, G. W. (1971). Methods for studing bacterial spores In J. R. Norris, & D. W. Ribbons (Eds.), Methods in micro-
biology (Vol. 6a, pp. 327—381). Academic Press. 

Gould, G. W., & Hurst, A. (1969). Th e bacterial spore. Academic Press. 
Gould, G. W., & Ordal, Z. J. (1968). Activation of spores of Bacillus cereus by gamma-radiation. Journal of general 

microbiology, 50(1), 77—84. https://doi.org/10.1099/00221287-50-1-77
Handley, P. S., & Knight, D. G. (1975). Ultrastructural changes occurring during germination and outgrowth of spores 

of the thermophile Bacillus acidocaldarius. Archives of microbiology, 102(2), 155—161. https://doi.org/10.1007/
BF00428361

Harry E. J. (2001). Coordinating DNA replication with cell division: lessons from outgrowing spores. Biochimie, 
83(1), 75—81. https://doi.org/10.1016/s0300-9084(00)01220-7

Javets, E., Melnyk, J., & Elderberg, E. A. (1982). Morphological changes in the process of bacterial growth: Guide to 
medical microbiology (Vol. 1). Medicine.

Kalakutsky, L. V., & Agre, N. S. (1977). Development of actinomycetes. Nauka.
Keynan, A. (1973). Th e transformation of bacterial endospores into vegetative cells. In Microbial. diff erentiation: 23 

symposium soc. gen. microbial (pp. 85—123). Cambridge univ. press.
Keynan, A. (1972). Criptobiosis: a review of the mechanisms ametabolic state in bacterial spores. In H. O. Halvor-

son, R. Hanson, & L. L. Campbell (Eds.), Spores (vol. 5, pp. 355—362). Am Soc Microbiol.
Keynan, A., & Evenchik, Z. (1969). Activation. In G. W. Gould, & A. Hurst (Eds.), Th e bacterial spore (pp. 359—396). 

Academic Press. 
Keynan, A., Evenchik, Z., Halvorson, H. O., & Hastings J. (1964). Activation of bacterial endospores. Journal of Bac-

teriology, 88(2), 313—318. https://doi.org/10.1128/jb.88.2.313-318.1964
Khanna, K., Lopez-Garrido, J., & Pogliano, K. (2020). Shaping an endospore: architectural transformations during 

Bacillus subtilis sporulation. Annu Rev Microbiol, 74, 361—386.doi: 10.1146/annurev-micro-022520-074650
Korza, G., DePratti, S., Fairchild, D., Wicander, J., Kanaan, J., Shames, H., Nichols, F. C., Cowan, A., Brul, S., & Setlow, 

P. (2023). Expression of the 2Duf protein in wild-type Bacillus subtilis spores stabilizes inner membrane proteins 
and increases spore resistance to wet heat and hydrogen peroxide. Journal of applied microbiology, 134(3), lxad040. 
https://doi.org/10.1093/jambio/lxad040

Krawczyk, A. O., de Jong, A., Omony, J., Holsappel, S., Wells-Bennik, M. H. J., Kuipers, O. P., & Eijlander, R. T. (2017). 
Spore Heat Activation Requirements and Germination Responses Correlate with Sequences of Germinant Recep-
tors and with the Presence of a Specifi c spoVA2mob Operon in Foodborne Strains of Bacillus subtilis. Applied and 
environmental microbiology, 83(7), e03122—16. https://doi.org/10.1128/AEM.03122-16

Krut’, V. V., Dankevych, L.A., Votselko, S. K., & Patyka, V. P. (2014). Infl uence of diff erent adhesive composition on spor-
ulation and protein synthesis by Bacillus thuringiensis collection strains. Mikrobiolohichnyi Zhurnal, 76(5), 34—41.



124 ISSN 1028-0987. Microbiological Journal. 2024. (2)

V.G. Voitsekhovsky, L.V. Avdeeva, O.B. Balko, O.I. Balko

Lazarenko, L. M., Babenko, L. P., Safronova, L. A., Demchenko, O. M., Bila, V. V., Zaitseva, G. M., & Spivak, M. Ya. 
(2023). Antimicrobial and Immunomodulatory Action of Probiotic Composition of Bacilli on Bacterial Vaginitis 
in Mice. Mikrobiolohichnyi Zhurnal, 85(3), 48—60. https://doi.org/10.15407/microbiolj85.03.048

Łubkowska, B., Jeżewska-Frąckowiak, J., Sobolewski, I., & Skowron, P. M. (2021). Bacteriophages of Th ermophilic 
‘Bacillus Group’ Bacteria-A Review. Microorganisms, 9(7), 1522. https://doi.org/10.3390/microorganisms9071522

Maayer, P., Aliyu, H., & Cowan, D. A. (2019). Reorganising the order Bacillales through phylogenomics. Systematic 
and applied microbiology, 42(2), 178—189. https://doi.org/10.1016/j.syapm.2018.10.007

Meeske, A. J., Rodrigues, C. D., Brady, J., Lim, H. C., Bernhardt, T. G., & Rudner, D. Z. (2016). High-throughput 
genetic screens identify a large and diverse collection of new sporulation genes in Bacillus subtilis. PLoSBiol, 14(1), 
e1002341. doi: 10.1371/journal.pbio.1002341 

Melly, E., & Setlow, P. (2001). Heat shock proteins do not infl uence wet heat resistance of Bacillus subtilis spores. 
Journal of Bacteriology, 183(2), 779—784. https://doi.org/10.1128/JB.183.2.779-784.2001

Moriyama, R., Fukuoka, H., Miyata, S., Kudoh, S., Hattori, A., Kozuka, S., Yasuda, Y., Tochikubo, K., & Makino, S. 
(1999). Expression of a germination-specifi c amidase, SleB, of Bacilli in the forespore compartment of sporulat-
ing cells and its localization on the exterior side of the cortex in dormant spores. Journal of bacteriology, 181(8), 
2373—2378. https://doi.org/10.1128/JB.181.8.2373-2378.1999

Nicholson, W. L., Munakata, N., Horneck, G., Melosh, H. J., & Setlow, P. (2000). Resistance of Bacillus endospores to 
extreme terrestrial and extraterrestrial environments. Microbiology and molecular biology reviews: MMBR, 64(3), 
548—572. https://doi.org/10.1128/MMBR.64.3.548-572.2000

Olguín-Araneda, V., Banawas, S., Sarker, M. R., & Paredes-Sabja, D. (2015). Recent advances in germination of Clos-
tridium spores. Research in microbiology, 166(4), 236—243. https://doi.org/10.1016/j.resmic.2014.07.017

Paidhungat, M., Ragkousi, K., & Setlow, P. (2001). Genetic requirements for induction of germination of spores 
of Bacillus subtilis by Ca(2+)-dipicolinate. Journal of Bacteriology, 183(16), 4886—4893. https://doi.org/10.1128/
JB.183.16.4886-4893.2001

Paredes-Sabja, D., Setlow, P., & Sarker, M. R. (2011). Germination of spores of Bacillales and Clostridiales species: 
mechanisms and proteins involved. Trends in microbiology, 19(2), 85—94. https://doi.org/10.1016/j.tim.2010.10.004

Paredes-Sabja, D., Setlow, B., Setlow, P., & Sarker, M. R. (2008a). Characterization of Clostridium perfringens 
spores that lack SpoVA proteins and dipicolinic acid. Journal of Bacteriology, 190(13), 4648—4659. https://doi.
org/10.1128/JB.00325-08

Paredes-Sabja, D., Torres, J. A., Setlow, P., & Sarker, M. R. (2008b). Clostridium perfringens spore germination: 
characterization of germinants and their receptors. Journal of Bacteriology, 190(4), 1190—1201. https://doi.
org/10.1128/JB.01748-07

Paredes-Sabja, D., Bond, C., Carman, R. J., Setlow, P., & Sarker, M. R. (2008c). Germination of spores of Clostridium 
diffi  cile strains, including isolates from a hospital outbreak of Clostridium diffi  cile-associated disease (CDAD). 
Microbiology (Reading, England), 154(Pt8), 2241—2250. https://doi.org/10.1099/mic.0.2008/016592-0

Paul, C., Filippidou, S., Jamil, I., Kooli, W., House, G. L., Estoppey, A., Hayoz, M., Junier, T., Palmieri, F., Wunderlin, 
T., Lehmann, A., Bindschedler, S., Vennemann, T., Chain, P. S. G., & Junier, P. (2019). Bacterial spores, from ecology 
to biotechnology. Advances in applied microbiology, 106, 79—111. https://doi.org/10.1016/bs.aambs.2018.10.002

Plowman, J., & Peck, M. W. (2002). Use of a novel method to characterize the response of spores of non-proteolytic 
Clostridium botulinum types B, E and F to a wide range of germinants and conditions. Journal of applied microbiol-
ogy, 92(4), 681—694. https://doi.org/10.1046/j.1365-2672.2002.01569.x

Popham, D. L., Gilmore, M. E., & Setlow, P. (1999a). Roles of low-molecular-weight penicillin-binding proteins in 
Bacillus subtilis spore peptidoglycan synthesis and spore properties. Journal of Bacteriology, 181(1), 126—132. 
https://doi.org/10.1128/JB.181.1.126-132.1999

Popham, D. L., Meador-Parton, J., Costello, C. E., & Setlow, P. (1999b). Spore peptidoglycan structure in a cwl-
DdacB double mutant of Bacillus subtilis. Journal of Bacteriology, 181(19), 6205—6209. https://doi.org/10.1128/
JB.181.19.6205-6209.1999

Qin, H., & Driks, A. (2013). Contrasting evolutionary patterns of spore coat proteins in two Bacillus species groups 
are linked to a diff erence in cellular structure. BMC evolutionary biology, 13, 261. https://doi.org/10.1186/1471-
2148-13-261

Secaira-Morocho, H., Castillo, J. A., & Driks, A. (2020). Diversity and evolutionary dynamics of spore-coat proteins 
in spore-forming species of Bacillales. Microb. Genom, 6(11), mgen000451. doi: 10.1099/mgen.0.000451 



ISSN 1028-0987. Microbiological Journal. 2024. (2) 125

Peculiarities of Bacilli Ontogenesis During Cycle From a Spore to a Vegetative Cell

Setlow P. (2014). Germination of spores of Bacillus species: what we know and do not know. Journal of Bacteriology, 
196(7), 1297—1305. https://doi.org/10.1128/JB.01455-13

Setlow P. (2013). Summer meeting 201 — when the sleepers wake: the germination of spores of Bacillus species. 
Journal of applied microbiology, 115(6), 1251—1268. https://doi.org/10.1111/jam.12343

Setlo w P. (2006). Spores of Bacillus subtilis: their resistance to and killing by radiation, heat and chemicals. Journal of 
applied microbiology, 101(3), 514—525. https://doi.org/10.1111/j.1365-2672.2005.02736.x

Setlow, B., Cowan, A. E., & Setlow, P. (2003). Germination of spores of Bacillus subtilis with dodecylamine. Journal of 
applied microbiology, 95(3), 637—648. https://doi.org/10.1046/j.1365-2672.2003.02015.x

Setlow, B., & Setlow, P. (1996). Role of DNA repair in Bacillus subtilis spore resistance. Journal of Bacteriology, 178(12), 
3486—3495. https://doi.org/10.1128/jb.178.12.3486-3495.1996

Smirnov, V. V., Osadchaya, A. I., Kudryavtsev, V. D., & Safronova L. A. (1993). Growth and sporulation of Bacil lus 
subtilis in various aeration conditions. Mikrobiol Journal, 55(3), 38—43.

Subirana, J. A., & Messeguer, X. (2021). Tandem Repeats in Bacillus: Unique Features and Taxonomic Distribution. 
International journal of molecular sciences, 22(10), 5373. https://doi.org/10.3390/ijms22105373

Suitso, I., Jõgi, E., Talpsep, E., Naaber, P., Lõivukene, K., Ots, M. L., Michelson, T., & Nurk, A. (2010). Protective ef-
fect by Bacillus smithii TBMI12 spores of Salmonella serotype enteritidis in mice. Benefi cial microbes, 1(1), 37—42. 
https://doi.org/10.3920/BM2008.1001

Th ackray, P. D., Behravan, J., Southworth, T. W., & Moir, A. (2001). GerN, an antiporter homologue important in 
germination of Bacillus cereus endospores. Journal of Bacteriology, 183(2), 476—482. https://doi.org/10.1128/
JB.183.2.476-482.2001

Troiano, A. J., Jr, Zhang, J., Cowan, A. E., Yu, J., & Setlow, P. (2015). Analysis of the dynamics of a Bacillus subti-
lis spore germination protein complex during spore germination and outgrowth. Journal of Bacteriology, 197(2), 
252—261. https://doi.org/10.1128/JB.02274-14

Vanek, Z., & Winter V. (1977). Processes of regulation during division, sporulation and synthesis of metabolites in 
microorganisms. Mikrobiolohichnyi Zhurnal, 39(1), 683—695.

Varbanets’, L. D., Matseliukh, O. V., Nidialkova, N. A., Hudzenko, O. V., Avdiiuk, K. V., Shmatkova, N. V., & Seĭfullina, 
I. Ĭ. (2014). Infl uence of coordination compounds of germanium (IV) and stannum (IV) on activity of some micro-
bial enzymes with glycolytic and proteolytic action. Mikrobiolohichnyi Zhurnal, 76(6), 11—18.

Vepachedu, V. R., & Setlow, P. (2007). Role of SpoVA proteins in release of dipicolinic acid during germination of Ba-
cillus subtilis spores triggered by dodecylamine or lysozyme. Journal of Bacteriology, 189(5), 1565—1572. https://
doi.org/10.1128/JB.01613-06

Wang, S., Shen, A., Setlow, P., & Li, Y. Q. (2015). Characterization of the Dynamic Germination of Individual Clos-
tridium diffi  cile Spores Using Raman Spectroscopy and Diff erential Interference Contrast Microscopy. Journal of 
Bacteriology, 197(14), 2361—2373. https://doi.org/10.1128/JB.00200-15

Wang, G., Yi, X., Li, Y. Q., & Setlow, P. (2011). Germination of individual Bacillus subtilis spores with alterations in 
the GerD and SpoVA proteins, which are important in spore germination. Journal of Bacteriology, 193(9), 2301—
2311. https://doi.org/10.1128/JB.00122-11

Warda, A. K., Xiao, Y., Boekhorst, J., Wells-Bennik, M. H. J., Nierop Groot, M. N., & Abee, T. (2017). Analysis of Germi-
nation Capacity and Germinant Receptor (Sub)clusters of Genome-Sequenced Bacillus cereus Environmental Isolates 
and Model Strains. Applied and environmental microbiology, 83(4), e02490-16. https://doi.org/10.1128/AEM.02490-16

Weedmark, K. A., Mabon, P., Hayden, K. L., Lambert, D., Van Domselaar, G., Austin, J. W., & Corbett, C. R. (2015). 
Clostridium botulinum Group II Isolate Phylogenomic Profi ling Using Whole-Genome Sequence Data. Applied 
and environmental microbiology, 81(17), 5938—5948. https://doi.org/10.1128/AEM.01155-15

Wells-Bennik, M. H., Eijlander, R. T., den Besten, H. M., Berendsen, E. M., Warda, A. K., Krawczyk, A. O., Nierop 
Groot, M. N., Xiao, Y., Zwietering, M. H., Kuipers, O. P., & Abee, T. (2016). Bacterial Spores in Food: Survival, 
Emergence, and Outgrowth. Annual review of food science and technology, 7, 457—482. https://doi.org/10.1146/
annurev-food-041715-033144

Xiao, Y., Francke, C., Abee, T., & Wells-Bennik, M. H. (2011). Clostridial spore germination versus bacilli: genome 
mining and current insights. Food microbiology, 28(2), 266—274. https://doi.org/10.1016/j.fm.2010.03.016

Yu, B., Kanaan, J., Shames, H., Wicander, J., Aryal, M., Li, Y., Korza, G., Brul, S., Kramer, G., Li, Y. Q., Nichols, F. C., 
Hao, B., & Setlow, P. (2023). Identifi cation and characterization of new proteins crucial for bacterial spore resis-
tance and germination. Frontiers in microbiology, 14, 1161604. https://doi.org/10.3389/fmicb.2023.1161604



126 ISSN 1028-0987. Microbiological Journal. 2024. (2)

V.G. Voitsekhovsky, L.V. Avdeeva, O.B. Balko, O.I. Balko

Zebrowska, J., Witkowska, M., Struck, A., Laszuk, P. E., Raczuk, E., Ponikowska, M., Skowron, P. M., & Zylicz-
Stachula, A. (2022). Antimicrobial Potential of the Genera Geobacillus and Parageobacillus, as Well as Endolysins 
Biosynthesized by Th eir Bacteriophages. Antibiotics (Basel, Switzerland), 11(2), 242. https://doi.org/10.3390/anti-
biotics11020242

Zheng, L., Abhyankar, W., Ouwerling, N., Dekker, H. L., van Veen, H., van der Wel, N. N., Roseboom, W., de Kon-
ing, L. J., Brul, S., & de Koster, C. G. (2016). Bacillus subtilis spore inner membrane proteome. J. Proteome Res, 
15(2), 585—594. doi:10.1021/acs.jproteome.5b00976 

Received 21.11.2023

В.Г. Войцеховський1, Л.В. Авдєєва2, О.Б. Балко2, О.І. Балко2 
1 Національний медичний університет імені О.О. Богомольця,

бульвар Тараса Шевченка, 13, Київ, 01601, Україна
2 Інститут мікробіології і вірусології ім. Д.К. Заболотного НАН України,

вул. Академіка Заболотного, 154, Київ, 03143, Україна

ОСОБЛИВОСТІ ОНТОГЕНЕЗУ БАЦИЛ ВПРОДОВЖ РОЗВИТКУ 
ВІД СПОРИ ДО ВЕГЕТАТИВНОЇ КЛІТИНИ 

В огляді на прикладі аеробних спороутворюючих бактерій розглянуто проблеми розвитку та онтогенезу 
бактеріальної клітини, а також описано можливості впливу на перебіг цих процесів. Представлено харак-
теристику основних понять «ріст», «диференціація», «розвиток» як самостійних процесів з динамічним 
взаємозв’язком. Зосереджено увагу на аналізі даних літератури щодо особливостей розвитку вегетативної 
клітини, починаючи від спори в стані спокою і завершуючи утворенням вегетативної форми. Зокрема, опи-
сано механізми, які забезпечують стан спокою спори та наступних процесів активації, ініціації, пророс-
тання і формування вегетативної клітини. Наголошено на існуванні певних проблем із проведенням до-
сліджень онтогенезу бактеріальної клітини через відсутність належних методів, а також відсутність єдиної 
думки щодо окремих етапів розвитку та утворення вегетативної форми. Зроблено висновок про те, що й 
досі залишається актуальним дослідження окремих стадій розвитку прокаріот, що відрізняються у споро-
утворюючих і неспороутворюючих мікроорганізмів. Знання цих процесів допоможе вченим розробляти ме-
ханізми впливу на онтогенез мікроорганізмів. 
Ключові слова: спороутворюючі бактерії, ріст, диференціація, розвиток, онтогенез, вегетативні клітини, 
спора. 


