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by persistent organic pollutants. Under special conditions,

Chapaevsk (Samara Region, Russia) is the Middle Volga chemical

actinobacteria of different genera are able to form speciﬁc

plant8. A number of large enterprises for the processing of potas-

forms, cyst-like resting cells (CLC), which maintain the

sium-magnesium and sodium salts are located in Perm Krai, Russia9.

viability during long-term storage (for at least 5–6 years,

Vast quantities of halides in wastewater and the brine sludge are

our unpublished results). These cells quickly germinate

formed as a result of the activities of such enterprises. These

when conditions become favourable for growth. As a result,

components, released by potassium salt mining and processing

actinobacteria can be used as a basis for creating highly

plants, pollute the environment with compounds of sodium,

efﬁcient biological preparations for cleaning up the soil

potassium, magnesium, and other elements, which leads to soil

with high levels of toxic contaminants such as (chloro)

salinisation. Hence, wastes generated during the production pro-

phenols, (chloro)biphenyls, polycyclic hydrocarbons, oil1.

cess of ﬂuorine- and bromine-containing organic and inorganic
compounds are major contributors to the pollution of soils and

Among the most important environmental concerns today is con-

water bodies5. These compounds are characterised by low water

tamination with toxic and persistent pollutants. Oceans, soils,

solubility and can be strongly adsorbed by biological tissues2.

groundwater, air, living organisms are increasingly polluted due

A strong technogenic impact on the environment is often aggra-
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to human activities . The most serious problem is created by the

vated by ecological factors that are unfavourable for microbial

presence of halogenated aromatic compounds, polycyclic aromatic

destruction of pollutants, such as low temperature, high contents
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. A great majority of

of mineral substances, and high or low pH of the substrate.

these compounds are by-products derived from manufacturing

Nevertheless, the unique soil microﬂora developing in such areas

processes and found in waste of by-product-coking and petro-

can both survive and decompose different classes of xenobiotics

hydrocarbons and various oil components

chemical industries . In some industrial regions, technogenic load

under extreme environmental conditions10,11.
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Actinobacteria are able to degrade a great variety of persistent

widely distributed in various natural habitats (including extreme

compounds, for instance, phenol, chlorophenols, (chloro)benzo-

ones) and, apparently, have the ability to rapidly and effectively

ates, chlorinated biphenyls, oil. Biopreparations for soil and water

adapt to structural rearrangements remaining in a viable state.

detoxiﬁcation contain bacteria of one or few strains. Generally,
these biopreparations include representatives of actinobacteria.
A combination of microorganisms with different viability and
metabolic strategy (e.g. Rhodococci and Pseudomonads) increases
the efﬁcacy of biopreparations.

It is shown that the studied non-spore-forming actinobacteria,
under unfavourable growth conditions, for example, depletion of
the growth substrate, are capable of entering into a resting state
(Figure 1). Model strains of bacteria of two genera: Arthrobacter
and Microbacterium, have the ability to form, under experimental

To date, there is limited research in microbiology on survival of
the species of non-spore-forming microorganisms in nature
under conditions of carbon, nitrogen and phosphorus deﬁciency,
species-speciﬁc growth factors necessary for growth and development, and under the inﬂuence of aggressive physical factors of
the environment that may be temporary or seasonal (ﬂuctuations
in temperature and humidity, pH of the medium, the presence of

conditions, small (volume 0.1 mm3) and ultra-small (from 0.01 to
0.02 mm3) viable cyst-like resting cells (US CLC). Experimentally
obtained CLC are characterised by a high density of the cytoplasm,
a compacted nucleoid and a dense cell wall with an external
additional cover in the form of a ﬁbrillar capsule (single CLCs of
M. foliorum BN52), or represented by conglomerates of such ultrasmall CLCs (A. agilis Lush13).

aggressive chemical compounds-contaminants of anthropogenic

Under favourable conditions, the process of germination of resting

origin, etc.). Cyst-like resting cells (CLC) of non-spore-forming

cells of non-spore-forming bacteria occurs. As a rule, the process of

actinobacteria, representatives of the genera: Rhodococcus12, Gor-

activation of growth is already discernible at the ultrastructural

were obtained in

cellular level during the ﬁrst 0.5–1 h after cell seeding procedure.

experimental laboratory conditions. These actinobacteria are

Intrapopulation variability of R. opacus was shown to be coupled

13

donia, Arthrobacter
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and Microbacterium

(a)

(b)

(c)

(d)

(e)

(f )

(g)

(h)

Figure 1. Vegetative (a,c,e,g) and cyst-like cell dormant (b, d, f, h) forms of Rhodococcus opacus 1CP (a, b), Gordonia polyisoprenivorans 135
(c, d), Arthrobacter agilis Lush 13 (e, f), and Microbacterium foliorum BN52 (g, h). Phase contrast microscopy. Scale bar: 10 mm.
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Cell - polyploid, the beginning of fragmentation

Cyst-like cell (CLC)
of M. foliorum BN 52

“Germination” of CLC

Figure 2. Germination of CLC form of M. foliorum BN52. Initial steps result in formation of large polyploid cells undergoing fission at the next stages
of germination. In the schematic image, ultra-thin sections of bacteria taken at the same magnification were used (figures in this scheme are taken
from Solyanikova et al.14).

with germination after dormancy stage, and diversity of the

number of ultra-small bacteria and bacterial cell forms (70–90%

emerged colonial variants depended upon the physiological age

according to various data)15–17. It is obvious that small and ultra-

(storage time) of CLC and additional stress impacts (thermal

small viable cell forms have the advantage of spreading in the

treatment)12.

environment, since they can penetrate into habitats that are inac-

The transition to the vegetative growth of conglomerates of ultrasmall CLC A. agilis Lush13 was accompanied by disintegration of
conglomerates into single US CLCs followed by their active growth
and division. A distinct feature of the process of ‘germination’ of the
CLC of this type is simultaneous formation of a dense extracellular
and intercellular ﬁbrillar matrix. The transition from a resting state
to vegetative growth of the A. agilis Lush13 CLC resulted in the
formation of microcolonies of vegetative cells enclosed within a
dense ﬁbrillar matrix, the ‘cocoon’. It can be assumed that in this
case, the bacterium realises the protective mechanism of rapid
multiplication within the ﬁbrillar matrix, which protects the population of young vegetative cells against sudden ﬂuctuations

cessible to large single-celled organisms18. Thus, our studies have
shown that the transition of the CLC to active growth differs
signiﬁcantly from conventional binary ﬁssion under cultivation
conditions on laboratory nutrient media. One can assume that in
natural conditions, bacterial cells implement the following mechanisms: (1) the mechanism of ‘protection of offspring’, realised in the
natural environment by forming a protective outer matrix-cocoon
around young dividing cells; (2) the mechanism of directed reduction in the size / volume of daughter cells to provide an advantage in
colonising hard-to-reach ecological niche; and (3) cell numbers
increasing by the division of giant polyploid cells, boosting the
growth of the cell population in a short time.

in external factors and unexpectedly unfavourable conditions.

The following properties of CLC are important for survival in nature:

In common laboratory practice A. agilis Lush13 cultivated cells do

(1) the ability to quickly reset active metabolism and cell division

not form a ﬁbrillar matrix13.

under favourable conditions; (2) stress resistance; and (3) in-

The transition to vegetative growth of the CLC strain M. foliorum
BN52 was followed at the ﬁrst stages by the formation of large
cellular forms, polyploids, where the cytoplasm and nucleoplasmic
volume was ~40 times greater than the volume of vegetative cells
under laboratory cultivation conditions (Fig. 2)14. In the subsequent stages of the ‘germination’ of the CLC of strain BN52, the
nucleoplasm was split into discrete nucleoids and multiple fragmentation of large cells into ultra-small ‘single nucleoid’ cell forms
(with a volume of 0.01–0.02 mm3). The process of ‘germination’ of
US CLC was complete when 15 to 20 ‘daughter’ vegetative cells
were formed. At the same time, under laboratory conditions of
cultivation binary ﬁssion is the most common form of reproduction
in bacteria; such ﬁssion is complete when two ‘daughter’ cells are
formed.

creased phenotypic variability, which is expressed after CLC germination as a spectrum of phenotypes, with one of them being
probably most adapted to the new environment12. Using the strain
R. opacus 1CP as an example, it was shown that the renewal of
growth after resting stage in actinobacteria can be accompanied by
an expansion of the range of utilisable substrates12. The most likely
explanation for this phenomenon is a change in the rate of induction/repression of genes responsible for different metabolic networks of the whole cell and facilitating the reorganisation of their
regulation.

Conclusion
Actinobacteria can degrade a wide range of compounds under
varied environmental conditions due to high metabolic rates, the
presence of highly speciﬁc enzymes, and the ability to transfer

The obtained experimental data are consistent with the literature

biodegradation genes. Under adverse conditions these bacteria are

data on the detection in a variety of natural biotopes of a large

able to form speciﬁc surviving forms, the so-called cyst-like resting
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cells (CLC). Thanks to the formation of the CLC, the actinobacteria
retain their viability for many years in starvation, drier, and higher
temperature conditions. Under favourable conditions, the CLC
can germinate quickly. The mechanism, which is based on the
formation of polyploid cells, can be accompanied by a structural
and functional reorganisation of the genomes of forming
‘daughter’ cells, which in turn can lead to the appearance of
new properties in forming cells, which can increase the adaptability
of cells to new environmental conditions.
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