
 

ISSN 0026-2617, Microbiology, 2006, Vol. 75, No. 2, pp. 219–225. © Pleiades Publishing, Inc., 2006.
Original Russian Text © V.S. Guzev, B.A. Byzov, 2006, published in Mikrobiologiya, 2006, Vol. 75, No. 2, pp. 264–270.

 

219

 

That invertebrates play an important role in decom-
posing dead vegetable material is generally acknowl-
edged [1]. However, invertebrates are only directly
involved in 1 to 10% of the carbon flow that passes
mainly through populations of microorganisms [2].
Therefore, the role of invertebrates in the saprotrophic
process is usually associated rather with medium-form-
ing activity for microorganisms than with their direct
involvement in the utilization of organic compounds
[3]. It was established that the food substrate in the
intestines of invertebrates is ground and mixed, alkalin-
ized and moistened, special redox conditions are pro-
vided for enzymes [1, 4], and the excretory products of
nitrogenous metabolism are supplemented [5]. 

The composition and role of microorganisms in the
digestive tract of soil invertebrates have not yet been
studied in detail. Most of the relevant evidence was
obtained by an indirect method of microbiological
inoculation, enumerating only a part of the microbial
populations. The method of scanning electron micros-
copy offers unique possibilities for the investigation of
microorganisms in situ. The combination of high
resolving power and a wide field of view, together with
the possibility to examine massive and nontransparent
objects, allows valuable and reliable information con-
cerning the activity of microorganisms in their natural
habitats to be obtained [6]. 

The aim of these studies was to reveal the specific
features of the bacterial community associated with soil

 

millipedes

 

 using scanning electron microscopy. 
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MATERIALS AND METHODS

The objects of this study were bacterial cells which
were developed in the intestines and excrement of 

 

mil-
lipedes

 

. The 

 

millipedes

 

 were collected in the litter of for-
est and forest–steppe ecosystems; 

 

Pachyiulus flavipes

 

C.L. Koch was from brown soil under the broad-leaved
forest near Gurzuf, Ukraine; 

 

Glomeris connexa

 

C.L. Koch, 

 

Leptoiulus polonicus

 

 Jawlowski, and 

 

Mega-
phyllum projectum

 

 (Verhoeff) were from brown soil
under the broad-leaved forest near Mukachevo,
Ukraine; 

 

Megaphyllum rossicum

 

 (Tim) was from a typ-
ical chernozem under the broad-leaved forest in Kursk
oblast; and 

 

Megaphyllum rossicum

 

 (Tim) and 

 

Rossiulus
kessleri

 

 (Lohm.) were from a typical chernozem under
acacia plants in the Rostov oblast.

Under laboratory conditions, the 

 

millipedes

 

 were
kept in natural substrates in groups of 30 to 50 per
100

 

 

 

g of substrate in the desiccators at room tempera-
ture. The 

 

millipedes

 

 were then killed by immersing them
in boiling water for 1 s or by decapitation. They were
dissected under sterile conditions, and their digestive
tracts were excised. The tract was then cut into frag-
ments, washed in sterile tap water, and then dried either
in the air or by the critical point method. The specimens
were then attached to preparative tables with the D-550
conducting glue, their inner surface on the outside.
Using a JSM-2 scanning electron microscope, the epi-
thelium of the middle intestinal division and the cuticle
of the anterior and posterior intestinal divisions, as well
as the inner surface of the peritrophic membrane, were
examined. The average dry mass of a 

 

millipede

 

 digestive
tract was from 1 to 10 mg.
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Abstract

 

—Scanning electron microscopy revealed that the average cell size of bacteria associated with the
digestive tract of soil millipedes was 0.65 

 

µ

 

m in diameter, 1.36 

 

µ

 

m in length, and 0.60 

 

µ

 

m

 

3

 

 in volume. An exam-
ple of millipedes illustrated that the intestinal tract bacteria of soil invertebrates share the following features:
(1) a high density level in this habitat; (2) existence mostly in the form of vegetative cells; (3) a cell size signif-
icantly smaller than that of bacteria functioning in soil; (4) a cell size closer to the lower limits of the size range
characteristic for bacterial cultures grown in laboratory media. All this suggests that the bacterial community
of the digestive tract differs from the typical soil community not only in composition but also in a higher level
of physiological activity. 
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The fresh excrement of the 

 

millipedes

 

 were air-dried,
glued onto preparative tables, and their outer surface
was examined. The dry mass of one excrement consti-
tuted 1 to 2 mg.

The size of the bacteria was measured in the sam-
ples, from the chernozem soils from Kursk, Voronezh,
and Samara oblasts, and of the soddy podzolic soils from
Moscow, Perm’, and Bryansk oblasts. Each of the soils
studied was represented by several samples of the upper
humus-containing horizon (5–20 cm). The development
of heterotrophic microorganisms was initiated by the
introduction of various organic substrates (plant offal,
potato starch, glucose, and certain other carbohy-
drates); the surface of soil plates was examined under
laboratory conditions (

 

25°C

 

, field moisture capacity).
A detailed description of the methods of electron
microscopic study of soils and invertebrates was given
earlier [6–8].

The bacteria were photographed, and when the cell
length and diameter measurements were measured on
the prints; the image scale was taken into account. Only
cells, which exhibited distinct signs of colonial growth,
were considered; single cells were excluded. The goal
of this procedure was to ensure enumeration mostly of
the microorganisms functioning under soil conditions,
while excluding allochthonous microorganisms. The
results were statistically processed using the Statistica
software package.

RESULTS

 

Morphological diversity of bacterial cells

 

. The
cell size of the bacteria associated with soil 

 

millipedes

 

and of those that independently developed in soil were
determined using a scanning electron microscope. The
micrographs (Fig. 1) illustrate the diversity of the cell
shape of bacteria revealed in the 

 

millipede

 

 intestines and
excrement, as well as the population density of this
habitat; coccoid, oval, rod-shaped, and filamentous
cells occurred. The cocci differed both in their size and
by the number of division planes (Fig. 1a); the rods dif-
fered in size, diameter to length ratio, and curvature
(Figs. 1a, 1b). In aggregations, rods sometimes formed
branching structures resembling pseudomycelium
(Fig. 1c). Fine coenocytic hyphae and the hyphae frag-
menting into individual rods were revealed (Fig. 1d). It
should be noted that, in 

 

millipede

 

 excrement, the micro-
bial cells sometimes appeared to be completely
immersed in a mucous mass (Fig. 1b). This method,
therefore, does not allow for the exact qualitative char-
acteristics of the microbial population density to be
obtained. However, as seen in the micrographs pre-
sented, the bacteria form multilayered aggregations in
some loci along the digestive tract, while only individ-
ual microcolonies occurred in other parts. All this
allows us to consider this habitat as eutrophic with a
high population density. 

While drying, the excrement sometimes revealed
new crystalline formations (Fig. 1d), which, though
indirectly, give evidence to a rate of the mineralization
of deciduous plant material in the digestive tract of soil
invertebrates. These formations are most likely derived
from the excrement of nitrogen metabolism.

 

Ranking of bacterial cells by size.

 

 Bacterial cells
(2911) associated with 

 

millipedes

 

, including intestinal
and excrement bacteria, were measured. The range of
cell diameter was from 0.18 to 2.30 

 

µ

 

m

 

; cell length
(excluding mycelial organisms) ranged from 0.20 to
4.40 

 

µ

 

m

 

. Ranking this set into a variation series with a
0.5 

 

µ

 

m

 

length of the class interval (Fig. 2a) allowed a
three-dimensional dome-shaped histogram with a sin-
gle apex corresponding to the maximum rate of occur-
rence of the cells 0.5–1.0 

 

µ

 

m

 

 in diameter and 1.0–
1.5 

 

µ

 

m

 

 in length to be obtained. The average cell size
was 

 

0.65 

 

±

 

 0.01

 

 

 

µ

 

m

 

 in diameter, 

 

1.36 

 

±

 

 0.02

 

 

 

µ

 

m

 

 in
length, and 

 

0.60 

 

±

 

 0.02

 

 

 

µ

 

m

 

3

 

 in volume.
2623 bacterial cells whose active functioning was

directly connected with soil were studied (Fig. 2b). The
range of their diameter was 0.2–2.5 

 

µ

 

m

 

, and their length
(excluding mycelial organisms) ranged from 0.3–7.3 

 

µ

 

m

 

.
The cell-size distribution histogram was markedly dome-
shaped with a maximum rate of occurrence for the cells
0.5–1.0 

 

µ

 

m

 

 in diameter and 1.0–1.5 

 

µ

 

m

 

 in length. The
average bacterial cell measured 

 

0.85 

 

±

 

 0.01 

 

×

 

 1.54 

 

±

 

 0.02

 

µ

 

m

 

; its average volume was 

 

0.94 

 

±

 

 0.02

 

 

 

µ

 

m

 

3

 

. A compari-
son between microorganisms from different habitats
revealed that the distinctions occurred, mainly in the
first horizontal row, represents the group of bacteria
with diameters not more than 0.5

 

 

 

µ

 

m

 

. In the subset of

 

millipede

 

-associated bacteria, it accounts for 48%,
whereas in the group of soil bacteria, it accounts for
less than 15%.

The 1917 bacterial cells from the intestines of inverte-
brates ranged from 0.2 to 2.0 

 

µ

 

m

 

 in diameter and from 0.2
to 4.4 

 

µ

 

m

 

 in length. Ranking this subset into a variation
series with a length of the class interval also of 0.5

 

 

 

µ

 

m

 

(Fig. 3a), resulted in a three-dimensional dome-shaped
histogram, with an apex corresponding to the maxi-
mum rate of occurrence for cells 0.5–1.0 

 

µ

 

m

 

 in diame-
ter and 1.0–1.5 

 

µ

 

m

 

 in length. The average cell size was

 

0.63 

 

±

 

 0.02

 

 

 

µ

 

m

 

 in diameter, 

 

1.40 

 

±

 

 0.02

 

 µ

 

m

 

 in length,
and 

 

0.64 

 

±

 

 0.01 

 

µ

 

m

 

3

 

 in volume.
The distribution histogram by the cell size of 994 bac-

teria revealed that the excrement of 

 

millipedes

 

 was simi-
lar (Fig. 3b). The average cell size was 

 

0.69 

 

±

 

 0.01

 

 in
diameter, 

 

1.30 

 

±

 

 0.02

 

 

 

µ

 

m

 

 in length, and 

 

0.55 

 

±

 

 0.03

 

 

 

µ

 

m

 

3

 

in volume.
The size characteristics of the hyphae of actino-

mycete mycelium are presented separately (Fig. 4). The
hyphal diameter of actinomycetes in soil varied from 0.30
to 1.56 

 

µ

 

m, with an average value of 

 

0.76 

 

±

 

 0.02

 

 

 

µ

 

m; the
hyphal diameter of those from invertebrates intestines
varied from 0.18 to 1.06 

 

µ

 

m, with an average value of

 

0.46 

 

±

 

 0.01 µm. A true mycelium was not revealed in the
excrement of the animals.
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Fig. 1. Morphological diversity of bacteria associated with soil millipedes: (a) coccoid and oval cells in the intestine; (b) rod-shaped
cells in the excrement; (c) branched rod-shaped cells, forming rudimentary mycelium, in the intestine; and (d) filamentous hyphae
before and after fragmentation into short rods in the intestine and crystalline new formations in the excrement.
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In the diagrams (Fig. 5), the biometric characteristics
of the subsets of all the bacterial cells studied were com-
pared. The averaged bacterial cell associated with milli-
pedes, including their intestinal and excremental bacte-
ria, is evidently a slightly elongated rod 0.65 µm in
diameter and 1.36 µm in length. Intestinal and excre-
ment cells slightly differ in size. In the intestine, bacte-
rial cells are longer by an average of 7% and thinner by
an average of 6% than in excrement. Significant differ-
ences between the average-volume value between intes-
tinal and excremental cells were not found. However,
the ave rage cell sizes of millipede-associated bacteria
are significantly smaller in diameter (Fig. 5a), length

(Fig. 5b), and volume (Fig. 5c) than those of the bacteria
directly functioning in soil. Taking the average size of
soil microorganisms to be 100%, a decrease in diameter
was 26 and 19%, in length it was 10 and 16%, and in
volume was 33 and 42%, respectively. These differences
are significant with a high degree of probability.

DISCUSSION

The results of the biometric analysis of the micro-
bial population of the intestinal tract of invertebrates
may be useful for understanding the specific features of
this specific habitat. The main difference between the

Fig. 2. Histogram of distribution by size of bacterial cells
associated with millipedes (a) and functioning directly in
soil (b).

Fig. 3. Histogram of distribution by size of bacterial cells
functionally associated with the intestine (a) and the excre-
ment of millipedes (b).
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state of the microbes associated with the intestinal tract
of invertebrates and of soil microbes proper consists in
that the former are always present in the form of vege-
tative cells (Fig. 1), whereas part of the bacteria in soil
are present as spores [8]. The transition to a resting
state in microorganisms is directly connected with the
synthesis of low molecular weight autoregulators limit-
ing their growth [9]. A comparison of these data leads
to the conclusion that the intestinal tract of inverte-
brates acts as a sort of a flow system, where microor-
ganisms are more prone to vegetative growth, without
the accumulation of high concentrations of growth-
inhibiting metabolites.

The general biological rule, according to which the
metabolic rate is inversely proportional to body size is
believed to be true at all the levels of biological com-
plexity. Therefore, a small size gives bacteria a biolog-
ical advantage in many situations, when they compete
for nutrients with larger organisms [10]. Since cells dif-
fer greatly in their shape, cell volume may serve as a
suitable parameter for comparing their magnitudes.

The mean value of the volume of the cells inhabiting
the millipede intestinal tract is less than the volume of
those inhabiting soil, by 36% (Fig. 4). The finding of
these differences confirms the previously formulated
proposition that increased bacterial metabolic activity
is not only accompanied by concentration changes, but
also by allometric changes in a microbial community.
In loci with higher microbial activity, as in the intestine of
invertebrates in our case, not only do bacteria have denser
populations, but the cells are also smaller in size [8].

In order to identify microorganisms by size and
morphology, we compared our results to the literature
data on the taxonomic composition of millipede intesti-
nal bacteria, revealed by the inoculation method. The
taxa earlier revealed were assigned to one or another
morphological group using the generic morphological
characteristics of Bergey’s Manual of Determinative
Bacteriology [12]. According to the results of this
study, cocci account for about 20% of the microbial
population of millipede intestines. According to the lit-
erature data, this group, in the order of increasing cell
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Fig. 4. Histogram of distribution by the size of the hyphal
diameter of the actinomycetes revealed in the millipede
intestine (a) and directly in soil (b).
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diameter, may be represented by bacteria of the genera
Micrococcus [13, 14], Rhodococcus [15], Sarcina [13,
14], and Azotobacter [15]. Nonsporeforming rods with
a diameter not exceeding 1 µm and a length of less than
2 µm predominate in the intestinal community of milli-
pedes. The genera Alcaligenes [15], Enterobacter,
Erwinia [13–15], Vibrio, and Flavobacterium [15] may
represent the group of smaller rods. The group of
medium-sized rods may be represented by Escherichia
[15], Pseudomonas [14, 15], Klebsiella, and Mycobac-
terium [14, 15]. The group of cells with a more elon-
gated form may be represented by bacteria of the gen-
era Beijerinckia [13], Salmonella, Corynebacterium
[15], and Cytophaga [13]. Since the portion of this mor-
phological type of bacteria is more than 50%, these
organisms may be assigned to the typical representa-
tives of the intestinal microflora of soil millipedes.

Organisms with mycelial cell organization should
be considered among the typical bacteria of the milli-
pede intestine. These are both the actinomycetes proper
and the bacteria assigned to the actinomycetes line, but
differing from them in either the absence of a true
mycelium or its presence only at the early stages of
development, with subsequent fragmentation into rod-
shaped elements. The representatives of the genera
Micromonospora and Promicromonospora [13, 15–17]
may form a group with thinner hyphae, while the organ-
isms of the genera Streptomyces, Streptoverticillium,
Streptosporangium [16], and Nocardia [13] could rep-
resent a group with thicker hyphae (Fig. 4). Finally, the
inoculation of medium with the millipede intestinal
material frequently revealed bacteria attributed to genus
Bacillus [13–15, 18]. Microscopy revealed the portion of
these comparatively large rods to account for no more than
10% (Fig. 3).

As for a taxonomic position of the microorganisms
inhabiting the millipede excrement, we succeeded in
finding only fragmentary evidence in the literature. The
presence of bacteria of the genus Promicromonospora
is noted in some publications [16, 18]. However, in our
investigations, not once were the mycelial forms of bac-
teria revealed in the excrement. Therefore, we suggest
that these organisms cannot be considered typical for
this habitat, and may be soundly assigned to transitory
ones. A biometric analysis of the microbial population of
the intestine and excrement shows their close similarity
(Fig. 3). A decline in the portion the so-called thin rod
groups, in the excremental microbial community (the
lower horizontal row in Fig. 3b), should be considered
the main distinction. The bacteria of the genera Coryne-
bacterium, Cytophaga, Klebsiella, and Mycobacterium
may have such sizes. Based on the aforesaid, it can be
stated that the results obtained by means of microscopy
and the inoculation method do not contradict each
other.

It is interesting to compare the results of the in situ
biometric analysis of the microbial population of the
invertebrate intestinal tracts, with the size ranges that

are indicated as characteristics of the generic taxa of
bacteria grown in nutrient media in the laboratory.
Thus, for example, in the mycelial microorganism
groups, ones that are commonly isolated from the intes-
tine are representatives of the following three genera:
Micromonospora, in which hyphae about 0.5 µm in
diameter are inherent according to Bergey’s Manual of
Systematic Biology [11]; Streptomyces whose hyphal
sizes vary between 0.5 and 2.0 µm; and, finally, Strep-
toverticillium actinomycetes whose hyphal diameter is
in the range of 1.0–2.0 µm. The results of measuring
actinomycete hyphae obtained in our work (Fig. 4) indi-
cate that all the hyphae revealed in the intestine fit in the
0.25–1.0 µm range, which corresponds to the lower
range values typical for cultures grown in nutrient
media. The same conclusion follows from comparing
the size characteristics for other morphological groups,
small cocci, thin short or elongated rods.

Thus, this experimental study, exemplified by the
bacterial community of the millipede intestine, showed
the bacteria of the intestinal tract of soil invertebrates to
have the following features: (1) they are present in this
habitat at high densities; (2) they are predominantly
present in the form of vegetative cells; (3) they are sig-
nificantly smaller in size than bacteria functioning in
soil; (4) their sizes are close to the lower limits of the
range typical of cultures grown in laboratory nutrient
media. These characteristics suggest that a bacterial
community of a digestive tract differs from a typical
soil community not only in composition, but also in a
higher level of physiological activity. In summarizing,
we would like to stress the fact that new experimental
evidence was obtained in this work, in favor of the con-
cept of a medium-forming role of soil invertebrates in
the saprotrophic process.

ACKNOWLEDGMENTS

This work was supported in part by the President of
the Russian Federation grant for supporting the leading
scientific schools, project no. NSh-1518.203.4.

REFERENCES

1. Striganova, B.R., Pitanie pochvennykh saprofitov
(Nutrition of Soil Saprophytes), Moscow: Nauka, 1980.

2. Macfadyen, A., The Contribution of Soil Fauna to Total
Soil Metabolism, in Soil Organisms, Doeksen, J. and
Drif, J., Eds., Amsterdam: North-Holland, 1963, pp. 3–
17.

3. Anderson, J.M., Food Web Functioning and Ecosystems
Processes: Problems and Perception of Scaling, in Inver-
tebrates as Webmasters in Ecosystems, Coleman, D.C.
and Hendrix, P.F., Eds., Oxon: CABI, 2000, pp. 3–24.

4. Bignell, D.E., The Arthropod gut as an Environment for
Microorganisms, in Invertebrate-Microbial Interactions,
Anderson, J.M., Rayner, A.D.M., and Walton, D.W.H.,
Eds., Cambridge: Cambridge University Press, 1984,
pp. 206–227.



MICROBIOLOGY      Vol. 75      No. 2     2006

MORPHOMETRIC ANALYSIS OF BACTERIA ASSOCIATED WITH SOIL MILLIPEDES 225

5. Hopkin, S.P. and Read, H.J., The Biology of Millipedes,
Oxford: Oxford Univ. Press, 1992.

6. Guzev, V.S., Byzov, B.A., Guzeva, L.N., and Zvyagint-
sev, D.G., Scanning Electron Microscopy for the Study of
Microbe–Invertebrate Interaction, in Ekologicheskaya
rol’ mikrobnykh metabolitov (The Ecological Role of
Microbial Metabolites), Zvyagintsev, D.G., Ed., Mos-
cow: Mosk. Gos. Univ., 1986.

7. Guzev, V.S., Bondarenko, N.G., Byzov, B.A.,
Mirchink, T.G., and Zvyaginthsev, D.G., A Method for
Direct Study of the Microbiotical Soil State by the Struc-
ture of the Initiated Microbial Community, Pedobiolo-
gia, 1982, vol. 24, no. 2, pp. 65–79.

8. Guzev, V.S. and Zvyagintsev, D.G., The Biometric Anal-
ysis of Bacterial Cells in Soil, Mikrobiologiya, 2003,
vol. 72, no. 2, pp. 221–227 [Microbiology (Engl.
Transl.), 2003, vol. 72, no. 2, pp 187–192.]

9. Khokhlov, A.S., Nizkomolekulyarnye autoregulyatory
mikroorganizmov (Low molecular weight microbial
autoregulators), Moscow: Nauka, 1988.

10. Stanier, R.Y., Adelberg, E.A., and Ingraham, J.L., The
Microbial World, Englewood Cliffs: Prentice-Hall,
1976, 4th ed.

11. Bergey’s Manual of Systematic Bacteriology, Staley, J.T.
et al., Eds., Baltimore: Williams & Wilkins, 1989.

12. Baleux, B. and Vivares, Ch.P., Etude Préliminaire de la
flore bactérienne intestinale de Schizophyllum sabulo-
sum var. rubripes Lat. (Myriapoda, Diplopoda), Bull.
Soc. Zool. Fr., 1974, vol. 99, pp. 771–779.

13. Jarosz, J. and Kania, G., The Question of Whether Gut
Microflora of the Millipede Ommatoiulus sabulosus
Could Function as a Threshold to Food Infections, Pedo-
biologia, 2000, vol. 44, no. 6, pp. 705–708.

14. Byzov, B.A., Intestinal Microbiota of Millipedes, in
Intestinal microorganisms of termites and other inverte-
brates, Konig, H. and Varma, A., Eds., Heidelberg:
Springer, 2005, pp. 89–114.

15. Dzingov, A., Jager, K., Contreras, E., Marialigeti, K.,
and Szabo, I.M., Studies on the Microflora of Millipedes
(Diplopoda). I. A Comparison of Actinomycetes Iso-
lated from Surface Structures of the Exoskeleton and the
Digestive Tract, Pedobiologia, 1982, vol. 24, no. 1,
pp. 1–7.

16. Szabó, I.M., Jager, K., Contreras, E., Marialigeti, K.,
Dzingov, A., Barabás, G., and Pobozsny., M., Composi-
tion and Properties of the External and Internal Microf-
lora of Millipedes, in New Trends in Soil Biology, Leb-
run, Ph., et al., Eds., Ottignies-Louvain-la-Neuve:
Imprimeur Dieu-Brichart, 1983, pp. 97–205.

17. Gebhardt, K.J., Schimana, J., Müller, J., Fiedler, H.-P.,
Kallenborn, H.G., Holzenkämpfer, M., Krastel, P.,
Zeeck, A., Vater, J., Hotzel, A., Schmid, D.G., Rheinhe-
imer, J., and Dettner, K., Screening for Biologically
Active Metabolites with Endosymbiotic Bacilli Isolated
from Arthropods, FEMS Microbiol. Lett, 2002, vol. 217,
pp. 199–205.

18. Jager, K., Marialigeti, K., Hauck, M., and Barabás, G.,
Promicromonospora enterophila sp. nov., a New Species
of Monospore Actinomycetes, Int. J. System. Bacteriol,
1983, vol. 33, pp. 525–531.


