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INTRODUCTION

The existence of a great number of bacteria called
ultramicrobacteria, nanobacteria, and dwarf cells,
which are found in the air, thunderclouds, minerals,
soils, etc., is well known [9, 13–15, 20, 22, 23, 27]. Spe�
cial attention is paid to the finest life forms on our
planet—bacteria measured in nanometers with diame�
ters of 0.05–0.2 μm. Using an epifluorescent micro�
scope, the least diameter of a bacterial cell, 0.2 μm, was
found [23]. The formation of nanobacteria as a
response of cells to unfavorable environmental condi�
tions and stress factors was studied basing on the behav�
ior of trivial bacterial forms in laboratory experiments
[10, 11]. The cultivation of nanoforms on rich nutrient
media leads to a return to their initial forms [1, 26]. The
majority of the available data concerns only the pres�
ence of ultrabacteria or nanobacteria in the soils and
other habitats [4, 3, 17, 24], but there is no information
on the number of bacteria different in size. 

The aim of this work is the determination of the total
number and the biomass of bacteria and cell sizes in dif�
ferent soils using the method of “cascade” filtration.

MATERIALS AND METHODS

The following soils and soil horizons were the
objects of the study:

(1) Soddy strongly podzolic soil (Moscow oblast).
The soil is cultivated, not eroded, loamy sandy–light

loamy on mantle loamy clay underlain by sandy–
loamy moraine under an aspen–maple forest. The
horizons are as follows: A, 0–10 cm—forest litter;
AE2, 10–40 cm—transitional; E, 40–50 cm—elu�
vial; Ebt, 50–60 cm—transitional; B1t, 60–90 cm—
illuvial clayey subhorizon; B2t, 90–110 cm—illuvial
clayey subhorizon.

(2) Gray forest soil (Tula oblast). The relief is a hilly
plain dissected by ravines. There were no signs of soil
salinity and waterlogging. The parent rock is loess�like
loam. The horizons are as follows: A, 0–20 cm—
humus�accumulative; AB, 20–40 cm—eluvial–illu�
vial; B1, 40–50 cm—illuvial; B2, 50–80 cm—illu�
vial; BC, 80–90 cm—transitional to the parent rock.

(3) Typical chernozem. The samples were taken in a
forest belt (Kursk oblast) composed of Quercus robur L.,
Fráxinus excélsior, and Acer platanoides. The horizons
are as follows: Asod, 0–12 cm—sod; A, 12–35 cm—
humus�accumulative; AB, 35–65 cm—humus�accu�
mulative transitional to the B horizon; B1, 65–
110 cm—carbonate�accumulative.

(4) Solonchak (Astrakhan oblast). The vegetation
is represented by rare small Artemisia bushes. In the
soil profile, some fine crystals of easily soluble salts are
observed. The degree of salinity decreases with the
depth. The horizons are as follows: Asalt, 0–20 cm—
surface saline; Bsalt, 20–50 cm—saline; B2, 50–
80 cm—transitional; C, 80–100 cm—parent rock.
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(5) Unsaturated loamy brown forest soil on elu�
vium–colluvium (Kamchatka). The vegetation is Bet�
ula ermanii, Populus suaveolens, and Sorbus sambuci�
folia. The horizons are as follows: O, 0–6 cm—friable
forest litter; A, 6–13 cm—humus�accumulative; AB,
13–23 cm—humus�accumulative podzolized; B1,
23–41 cm—illuvial–metamorphic; B2, 41–64 cm—
illuvial–metamorphic; BC, 64–94 cm—transitional;
C, 94–125 cm—parent rock.

(6) Primitive Antarctic soil of moist valleys (East�
ern Antarctic, Princess Elizabeth Land) in a moist
valley of the zone subject to the influence of snow�
melt water. The bottom of the valley is covered with
granitoid eluvium–colluvium; the relief is polygonal
with signs of frost heaving. The soil is excessively
moistened due to the stagnant melt water above the
frozen waterproof layer. In the B algae horizon, there
are many aggregations of unicellular algae (blue�
green and green). In the B1 fungi horizon, mineral
grains are densely covered with fungal (or actinomyc�
etal) mycelium so that the color of the horizon has a
whitish hue. From a depth of 45 cm, water stagnates
on the frozen layer; the pit is fast filled with water.
The horizons are as follows: Balgae, 0–2 cm—moss
litter; B1 fungi, 2–10 cm—mineral material, ocher�
ous�brown coarse�grained sand covered with whitish
mycelium; B2, 10–14 cm—mineral material, ocher�
ous�brown coarse�grained sand with signs of fungal
or actinomycetal mycelium; B3, 14–40 cm—sandy
layer under desert pavement without signs of macro�
biota; B3, 40–60 cm—coarse�grained sand without
macrobiota.

The method of “cascade” filtration was used for the
determination of the number and size of bacteria. The
soil suspensions were filtered through filters of 1.85,
0.43, 0.38, and 0.23 μm and membrane Synpor filters
(0.17 μm) using a Bunsen flask and a water jet pump.
The proper luminescence of the filters was quenched by
coloration with a saturated alcohol solution of Sudan
black (Feinchemie K.; H. Kallies KG, Germany). For
this purpose, the filters were placed into this solution for
several days and, then, they were washed in sterile water,
dried, and used for filtration [21]. 

Four layers of filter paper were placed on the metal�
lic filter screen of a Bunsen flask on which a nuclear or
membrane filter was forced with a metallic ring; there,
a suspension tested was added. The suspension was fil�
tered using filters sequentially from the filters with
great pores to those with smaller ones; the filter with
1.85�μm pores was applied only for the removal of
large soil particles from the suspensions.

The suspension stained with acridine orange (1 :
10000; for 2–3 min) was filtered, and the bacterial cells
were counted in 30 microscope fields. The size of a cell
was conventionally accepted equal to the diameter of
the filter pores where they were settled. The calculations
assumed that the cells had a spherical form [10].

The calculation of the number of cells per 1 g of soil
was performed using the formula

where N is the number of cells per 1 g of soil; S1 is the
area of the filter, μm2; a is the number of cells in one
microscope field (average of all the fields), n is the
index for the dilution of the soil suspension, mL; V is
the volume of the filtered suspension, mL; S2 is the
area of the microscopic field, μm2; and c is the soil
weight, g. Knowing the filter area and the area of the
microscopic field, the formula for the calculation of
the number of bacteria has the following form:

Nb = a × 1.13 × 107.

When calculating the weight of the bacteria using
the traditional method, the dry weight of a bacterial
cell with a volume of 0.1 μm3 was assumed to be 2 ×
10–14 [6]. In this work, the dry biomass was calculated
taking into account the size of the bacteria. The biom�
ass of a bacterial cell was found on each filter, and the
biomass of all the cells was obtained according to the
formula

where b is the size of each fraction, r is the radius, N is
the number of cells, and B is the biomass.

The mean volume of one cell was calculated by the
formula

where Btotal and Ntotal are the biomass and the number
of all the fractions, respectively; a is the density of one
cell, where a is 1 × 10–12 g/cm3; and V is the average
volume of one cell. 

The statistical processing of the results was per�
formed using the STATGRAPHICS and STATISTICA
programs. The average standard deviation (δn – 1) for the
bacterial number did not exceed 5–10%.

RESULTS AND DISCUSSION

In the soddy�podzolic soil, the highest number of
bacteria was observed in the AE2 and B2t horizons
(57–76 × 107 bacterial cell/g of soil; Fig. 1). With
depth, their number decreased, and, in the illuvial
horizon, it equaled 50 × 107 cell/g of soil. Bacteria with
a diameter of 0.23 μm predominated, and their maxi�
mum was observed in the transitional B2t horizon.
The bacterial number was maximal (34 × 107 cell/g) on
the filter (0.38 μm) when analyzing the suspension
from the eluvial horizon.

In the A humus horizon of the gray forest soil, the
number of bacteria was 88 × 107 cell/g; in the B2 hori�
zon, it sharply increased to 121 × 107 cell/g of soil. In
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the BC horizon, it amounted to 116 × 107 cell/g due to
the predominance of bacteria with diameters of 0.23
and 0.38 μm (50–68 × 107 cell/g). The number of
0.38�μm bacteria was maximal in the B1 horizon (61 ×
107 cell/g of soil). The number of 0.43�μm bacteria
was highest in the B1 horizon and minimal in the
AB horizon (0.50 × 107 cell/g). The number of bacte�
ria with a cell diameter of 0.17 μm increased in the
deeper soil layers; in the BC horizon, it reached the
maximum—19 × 107 cell/g of soil.

In the typical chernozem, the bacterial number
determined by the method of cascade filtration was
100 × 107 cell/g in the humus horizon and 49 × 107 in
the transitional AB horizon. In the B1 horizon, their
number was minimal (29 × 107 cell/g) corresponding
to the earlier obtained data on the maximal number of
bacteria in the humus horizons of chernozems [12].
The number of 0.23�μm bacteria was maximal in the
O, A, and AB horizons ((19–30) × 107 cell/g) and that
of bacteria with a diameter of 0.38 μm, in the A hori�
zon (73 × 107). Our results well agree with the previous
data [11]. In all the horizons, the number of the largest
(1.85 μm) and smallest (0.17 μm) bacteria was low and
did not exceed 2 × 107 cell/g of soil. 

In the profile of the solonchak, the total number
of bacteria decreased downward (Fig. 1). Their max�
imal number was observed in the B2 horizon (51 ×
107 cell/g of soil). The maximal number of bacteria

settled on the 0.38�μm filter was observed in the parent
rock (33 × 107 cell/g; in the surface saline Asalt horizon,
it amounted to 26 × 107 cell/g). It may be related to a
decrease in the soil salinity down the profile, i.e., to
the more favorable environmental conditions there.
The number of large bacteria (1.85 μm) was very low
in all the horizons; their number did not exceed 0.50 ×
107 cell/g and was minimal in the Bsalt horizon.

The total number of bacteria in the brown forest
soil was maximal in the illuvial–metamorphic
B1 horizon (66 × 107 cell/g of soil); in the deeper hori�
zons, their number decreased; and, in the parent rock,
it was 48 × 107. The number of bacteria (0.43 and
0.38 μm) was maximal in the A humus�accumulative
horizon, and that of the 0.23�μm bacteria was maxi�
mal in the illuvial–metamorphic B1 horizon (48 ×
107 cell/g). The number of large (1.85 μm) bacteria
was not so considerable and did not exceed 0.70 ×
107 cell/g of soil.

In the primitive Antarctic soil, the highest bacterial
number was recorded in the B1 fungi horizon (98 ×
107 cell/g) due to the active vital activity of fungi and
the input of nutrients necessary for the normal func�
tioning of bacteria. In this soil, bacteria with diameters
of 0.23 and 0.38 μm predominated. The number of
0.43�μm bacteria was maximal (31 × 107 cell/g) in the
B2 horizon. It is worth noting that only in the Antarc�
tic soil the number of bacteria settled on the 1.85�μm
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filter was maximal (15 × 107 cells/g soil). The B1
fungi horizon of this soil, as compared to the other
horizons and soils, has the most favorable medium
for the growth and development of bacteria.

Thus, one can say that the chernozem, gray forest
soil, and brown forest soils are the most favorable for
the growth and development of bacteria, and the least
favorable is the solonchak. The humus horizons are
the most suitable for the development of bacteria, and,
in the primitive Antarctic soil, it was the B1 fungi hori�
zon with a great number of large bacteria.

The bacterial biomass in 1 g of soil was calculated
in each soil horizon (Fig. 2). 

In the soddy�podzolic soil, the highest biomass was
determined in the AE2 and E horizons (57–75 μg/g);
down the profiles, the bacterial biomass decreased. In
the gray forest soil, the maximal biomass of bacteria
(70–75 μg/g) was recorded in the A and B1 horizons;
it decreased in the deeper horizons to 45 μg/g. In the
typical chernozem, the bacterial biomass was maximal
(85 μg/g) in the A horizon; in the B1 horizon, it
decreased to 65 μg/g. In the solonchak, the bacterial
biomass in the Bc horizon was lower than that in the
Ac horizon. However, it increased in the lowermost
C horizon to a maximum of 65 μg/g. In the brown for�
est soil, the highest biomass (60–70 μg/g) was found in
the A and AB horizons, in the deeper ones, it
decreased to 30 μg/g. In the primitive Antarctic soil, in
the B1 fungi horizon, the bacterial biomass increased
to 1060 μg/g and drastically decreased to 54 μg/g in
the deeper soil horizons.

For each horizon in all the soils, the mean average
diameters of one cell were calculated (table).

In the humus�accumulative (A) and eluvial (E)
horizons of the soddy�podzolic soil, the mean diame�
ter of the cells was 0.64–0.58 μm; in the B2t horizon,
it decreased down the profile to 0.50 μm. 

In the A horizon of the gray forest soil, the mean
diameter of a cell was 0.54 μm; it gradually decreased
downward; and, in the BC horizon, it was 0.42 μm.
Although the biomass in all the horizons of the cher�
nozem was approximately the same, in the B1 hori�
zon, the maximal diameter (0.78 μm) of the cells was
observed, while the bacterial number in this horizon
was minimal. In the A horizon, the diameter of one
cell was 0.56 μm; it corresponded to the earlier
obtained data [12].

In the solonchak, the greatest mean diameter of a
cell was observed in the parent rock (1.32 μm), and, in
the saline horizons, it was 0.5 μm. These fluctuations
in the size may be explained by the stress under strong
salinity.

In the A and AB horizons rich in organic matter,
the greatest mean diameter of the cells was observed in
the brown forest soil (0.64 and 0.56 μm, respectively).

In the primitive Antarctic soil, a drastic increase in
the bacterial volume (1.10 μm3) and diameter
(1.28 μm) was observed in the B1fungi horizon, where

the activity of fungi was high providing favorable con�
ditions for the development of bacteria (Fig. 3). Down
the profile, as the degree of freezing increased and the
conditions for life became poorer, the volume of the
bacterial cells decreased to 0.01 μm3. The diameter of
cells in the deeper soil horizons was 0.46 μm.

The table presents the mean diameters and volumes
of the bacterial cells in the soils studied. As one can see,
the mean diameter of a cell in the B1 horizon of the typ�
ical chernozem and in the B algae, B1 fungi, and
B2 horizons of the primitive Antarctic soil, as well as in
the C horizon of the solonchak, was 1.5–2.0 times
greater than that in all the horizons of the other soils.
Except for the soils mentioned above, the trends of the
changes in the diameter of the bacterial cells were simi�
lar; their sizes were greater in the humus�accumulative
horizons and decreased down the profiles. The mean
bacterial volumes calculated reflect the trends revealed
for the diameters of the bacteria. According to the liter�
ature data, bacteria with diameters of 0.38 [5], 0.58 [6],
0.76–0.84 [8, 19, 25], and 1.1–1.24 μm [2, 16] occur in
soils. The values obtained in the course of our work
coincide with those described in the literature.

CONCLUSIONS

The humus�accumulative horizons were shown to
be the most favorable for the growth and development
of bacteria. In the primitive Antarctic soil, it was the
B1 fungi (colonized by fungal mycelium) horizon and
in the solonchak, the less saline horizons. In all the
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soils, 0.38� and 0.23�μm bacteria predominated. In
the primitive Antarctic soil, in the B1fungi, the num�
ber of large bacteria (1.85 μm) significantly increased.
In all the soils, except for the solonchak and cher�
nozem, the maximal diameters were observed in the

horizons rich in organic matter. In the B1fungi of the
primitive Antarctic soil, due to the presence of fungi,
the diameter of the bacterial cells was much greater. In
the solonchak, the diameter increased as the soil salin�
ity reduced down the profile; in the chernozem, it
increased as the number of bacteria decreased. 
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