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Summary

Intranuclear bacteria inhabiting macronucleus of Paramecium caudatum isolated from three
populations from North America and Eastern Europe were studied. Interference contrast and
electron microscopy was used to describe symbiont morphology. Symbiotic bacteriafrom such
distant populations are rather similar. They are rod-shaped with 1-2 um length and 0.3-0.4 um
diameter; cell wall istypica for gram-negative bacteria; membrane vesicles on the surface of
some bacteria indicate the secretion of some periplasm materia into the nucleus. According to
the in situ hybridization with group-specific probes, these symbionts belong to a-Proteobacteria
subdivision. The proposal of a-Proteobacteria advantages for intracellular and intranuclear life

are discussed.
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Introduction

The first description of symbiotic bacteriain ciliates
was made more than a century ago (Hafkine, 1890). Since
then alot of various kinds of symbionts have been found
(Ball 1969; Ossipov et a., 1997; Gortz and Brigge, 1998).
Most of them are uncultivable, so the determination of their
systematic relationship faced problems and, usualy, sys-
tematic position of these bacteria is unclear. After
development of the macrosystem of Prokaryote based on
rRNA sequence comparison (Woese, 1987) and powerful
express method for the attribution of the given bacteriato
a particular group had been proposed (Stahl and Amann,
1991; Amann et al., 1995). Asaresult of an accumulation
of thousands of RNA gene sequences from different bac-
teria specific short sequences — oligonucleotide
“signatures’ —werediscovered. They areidentical for rep-
resentatives of particular groups and are absent in rRNAs
of other bacteria. Up to now dozens of “signatures’ spe-
cificfor groupsof different rank —main domains, divisions
and subdivisions, genera etc. —have been found. Using in
situ hybridization with the set of 1abelled oligonucleotides
it is possible to dtermine systematic position of bacteria.
This approach is especially useful for uncultivable bacte-
rig, e.g. intracellular symbionts.

The present work is devoted to the description of new
intranuclear symbiontsfound in P. caudatum. The ciliates
were collected in the natural populations on different con-
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tinents separated by thousands of kilometres. We used light
and electron microscopy and some physiological testsfor
symbiont description and FISH for their systematic attri-
bution.

Material and Methods

P. caudatum strains were collected on two different
continents: North America (94AB 4-1, 94AB 4-3, 94AB
4-6, 94AB 4-7, 94AB 4-12, 94AB 4-15, 94AB 4-16,
and 94AB 8-3, 94AB 8-4 are from two different ponds of
the city of Boston, Massachusetts, USA, 1994), and East-
ern Europe (97KM 3-23 and 97KM 3-24 in the lake in
the Kainingrad region, near the village Morskoye, 1997).
All these clones are maintained in the Culture Collection
of the free-living unicellular organisms at the Laboratory
of Protozoan Karyology of Biological Research Institute
of St.Petersburg University.

The ciliates were cultivated at room temperature on
standard lettuce buffered medium inoculated with Kleb-
siella aerogenes as a prey organism.

Light-microscopic observationswere carried out with
amicroscope Polyvar (Reichert-Jung, Austria), using dif-
ferential interference contrast. For electron microscopy,
the ciliates (with symbionts) were fixed with 2,5 % glut-
araldehyde and postfixed 1 % solution OsO, in 0.1 M
phosphate buffer, pH 7.4.
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Attribution of symbionts to a particular group of
Prokaryotes has been done using fluorescein- and
rhodamin-labeled oligonucleotide “signatures” for
Eubacteria, a-, b-, g-Proteobacteria and for genus
Holospora(Amannet a., 1995). Thewholeparameciacells
with symbionts were fixed with fresh 4% paraformalde-
hyde in PBS, pH 7.2, and hybridized according to the
protocol published by Amann and coworkers (Amann et
al., 1991).

Results

With the light microscope, a long-standing monitor-
ing of ciliate clones from the laboratory collection of
unicellular organisms has allowed to find in the macronu-
clel (Ma) of P. caudatumfrom several clones(97KM 3-23,
97KM 3-24, 94AB 4-1, 94AB 4-3, 94AB 4-6, 94AB 4—
7,94AB 4-12, 94AB 4-15, 94AB 4-16, 94AB 8-3, 94AB
8-4) very small bacteria. They could be seenin Mawhile
micronucleus and cytoplasm of infected cellswere free of
symbionts (Figs 1 a, b). The appearance of micro- and
macronuclei did not differ from the typical morphology of
uninfected paramecia.

Inthe Maof al strains studied the symbionts could be
distributed more or less uniformly throughout caryoplasm,
or organized in the dense groups of the various size and
shape. Sometimes such groups occupied up to 1/4-1/2 of
Mavolume.

The symbictic bacteria have rod-like shape (length
about 1 and diameter about 0.3 mm). Sometimes their
length could range up to 4-5 microns. Some of such cells
possessed atransverse fission which may be anindication
of division process.

Ciliates of strains 97KM 3-23 and 97KM 3-24, un-
like the American strains, in addition to symbionts of
typical shape and size also had elongated and curved ones
up to extreme variants — open-ended rings or spirals. At
the same clones some of the symbionts, especially elon-
gated ones, had refractive spherical structures.

For electron-microscopic study one clone from each
group (97KM 3-24, 94AB 4-7 and 94 AB 8-3) was used.
Symbiotic bacteria of ciliate clones 94AB 4-7 and 94AB
8-3 had similar morphology (Figs 2, 4). The cells were
rod-shaped with the length varied from 1 up to 5 microns,
and thediameter has0.2-0.3 microns. Theelongated cells,
as arule, were at different stages of division. Symbiont
cell wall had adightly wavy outline. Its structureis char-

acteristic for gram-negative bacteria: there is a thin elec-
tron-transparent peptidoglycan layer between outer and
plasma membranes. There are no appendages outside the
bacteria wall. The cytoplasm has heterogeneous contents.
There are el ectron-dense strands of irregular shape. Simi-
lar structures were earlier found in motile intranuclear
symbionts of P. multimicronucleatum which were inter-
preted as nucleoid elements (Vishnyakov and Rodionova,
1999).

The ultrastructure of infected Ma, besides the pres-
ence of symbionts, did not differ from the uninfected
Paramecium Ma: small chromatin bodiesand nucleoli had
typical size and distribution. The majority of bacteria of
all clones had no direct contact with chromatin elements
and were surrounded by €electron-transparent area.

The symbiont cells in ciliate clone 97KM 3-24 had
the characteristics described above for clones 94AB 4-7
and 94AB 8-3 (Figs 3, 5). However they had some differ-
ences. There were homogeneous spherical structures of
moderate el ectron density in the cytoplasm of some bacte-
ria(Fig. 5). These structures had the diameter about 80-100
nm. Probably these elements correspond to refractive struc-
tures, which occurred in some cellsand werevisible at the
level of light microscope.

On the surface of the cells small membrane vesicles
(blebbs) are recognized (Fig. 3).

The cytoplasm of elongated and curved cellswasless
electron-dense and more homogeneous (Fig. 5). In the
same cellsinthe cytoplasmin close proximity to the plasma
membrane el ectron-lucent area appeared (Fig. 5). In some
bacteria both inside and outside the cell the vesicles of
various size could be seen. Finally, the separate fragments,
as well as the vesicles, were found in the area between
normal symbionts. It is possible that the described struc-
tures appeared as the result of cell destruction (Fig. 5).

For determination of symbiont systematic position in
macrosystem of Prokaryotathe symbiontsof ciliate strains,
97KM 3-24, 94AB 4-7 and 94AB 8-3, were used. All
these bacteriahad apositive signal with fluorescent probes
specific for Eubacteria (positive control) and a-
Proteobacteria (Fig. 1b). However, the signal was absent
with probes for b-Proteobacteria and g-Proteobacteria
(negative control).

The sequence used as a probe for a-Proteobacteria,
can befound in 16S RNA of all a-Proteobacteria, and also
afew representatives of s-Proteobacteriaand spirochaetes
(Stahl and Amann, 1991; Amann et a., 1995).

Fig. 1. a—Part of P. caudatum cell infected with symbiotic bacteria, strain 94 AB4—7 (arrows— groups of symbiotic bacteriain Ma);
b — the same Paramecium cell: symbiotic bacteria visualised with the oligonucleotide probe specific for a-Proteobacteria

Fig. 2. Ultrastructure of symbiotic bacterium of the strain 94AB 8-3; bw — bacteriawall; ds — electron dense strands.

Fig. 3. Ultrastructure of symbiotic bacterium of the strain 97KM 3-24; mv — membrane vesicles, for other explanations see Fig. 2.

Fig. 4. Ultrastructure of the Ma P. caudatum infected with symbiotic bacteria, strain 94 AB 8-3; cb — chromatine body; n —

nucleolus; sb — symbiotic bacterium.

Fig. 5. Ultrastructure of the Ma P. caudatum infected with symbiotic bacteria, strain 97 KM 3-24; ip — invagination of plasm
membrane; ss— spherical structure, for other explanations see Figs 3 and 4.
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Discussion

Intranuclear symbionts isolated in two very distant
natural populations, in North Americaand Eastern Europe,
were shown to have many common features. Symbionts
from both locations are rod-shaped gram-negative bacte-
riawith similar size; they occupy the Ma and often form
dense aggregations; inside the aggregation chromatin bod-
ies are less dense and nucleoli are absent, while outside
the group of symbionts the structure of Ma doesn’t differ
fromthat of the uninfected Ma. Asit was shown by insitu
hybridization with group-specific oligonucleotides, both
symbionts belong to a-Proteobacteria. All these proper-
ties are nearly the same as those described previously for
Nonospora macronucleata (Fokin et a., 1987) and ms-2
(Gortz, 1980) According to our data, N. macronucleata is
also arepresentative of aProteobacteria (Vishnyakov and
Rautian, 1999). Nevertheless, there are some differences
between symbionts from two populations as well as be-
tween both of them and N. macronucleata. Some bacteria
cells from 97KM3-23 and 97KM3-24 possess refractive
structure. The proportion of the cells with this structure
could change during the life span of the host strain. Thus,
thismay be areaction of the symbiontsto various external
and/or internal factors. As it was seen with electron mi-
croscope, these structuresdon’t have ultrastructure features
characteristic for so-called R-bodies of Caedibacter (Preer
et al.,1966; Pond et al., 1989). There is some correlation
between the presence of these structuresand different vari-
ants of the cell shape and obvious various stages of
symbiont destruction: they were more frequent in elon-
gated cells, which were more often subject to lysis.
Alternativeinterpretation of thesefindingsisaso possible.
The membrane vesicles which were seen on the surface of
symbiotic bacteriawith that el ectron dense body, might be
amorphological manifestation of secretion process. This
was shown for many gram-negative bacteria (Beveridge,
1999). This interpretation is attractive because such se-
cretion might be aform of host-symbiont communication;
obvioudly, more information is necessary to support his
presumption. Anyway, the presence of refractive structures
inside the cells as well as membrane vesicles and frag-
mented (distracted?) bacterial cellsininfected nuclel were
never observed in American populations. Comparison with
N. macronucleata also reveals some differences. For ex-
ample, N. macronucleata formschains (Fokinet a ., 1987),
while we never observed them in symbionts studied here.

To sum up, at the present stateit isimpossible to say,
whether N. macronucleata isaworldwide distributed vari-
able symbiont or whether there are several different bacteria
with more or less similar morphology caused by the same
host intranuclear habitat.

An attribution of both symbionts to a-Proteobacteria
raised up another interesting aspect of intranuclear sym-

biosis. At present the systematic position of several intra-
nuclear bacterial symbionts is known. For Caedibacter
caryophila and Holospora obtusa the complete sequenc-
ing of 16S and 23S rRNASs had been done (Amann et
a.,1991; Springer et al., 1993) and they were found to be
members of a-Proteobacteria. Using the same approach as
we applied here, another 6 Holospora species, namely H.
undulata, H. elegance, H. acuminata, H. recta, H.
curviuscula and H. caryophila (Fokin et al., 1996;
Vishnyakov and Rautian, 1999) were attributed to a-
Proteobacteria. Another recently described bacteria
inhahiting the Maof P. multimicronucleatum (Vishnyakov
and Rodionova, 1999) was also found to be a-
Proteobacteria. Finally, N. macronucleata and symbionts
described in this study also belong to this subdivision. It
should be stressed that there is no any other intranuclear
symbiont of Ciliateswith known systematic position which
would be a representative of another bacterial group.
Whether it isacoincidence or representatives of thisgroup
have properties promoting formation of intranuclear rela
tionships, further research can show.

a-Proteobacteria include a lot of intracellular bacte-
ria, either symbionts or pathogens, inhabiting plant or
animal cells. Also mitochondria, according to 16S rRNA
sequencing and properties of many other genes, have a
common phylogenetic root with other a-Proteobacteria
(Woese, 1987; Lang et a., 1999). Recently very similar
gene complexes that are necessary for penetration and es-
tablishment of relationships with eukaryotic cell were
identified in plant symbiont Rhizobium meliloti and in
animal intracellular pathogen Brucella abortus (Sola-
Landa, et al., 1998; LeVier et al., 2000). Numerous
intracellular bacteria are well known among all divisions
of Proteobacteria. For well studied Enterobacteria (bel ong-
ing to g-Proteobacteria) it was shown that the ability to
penetrate host cell and thus become intracellular pathogen
depends on a set of genes which are incorporated into the
genomeasasingleblock. These blockswere named “ patho-
genicity islands” and, because of different from therest of
the genome G+C content, they are believed to have been
gained by lateral transfer not long ago (Hensel, 2000). In
contrast to Enterobacteriaces, intracel lular a-Proteobacteria
have the same G+C content in “symbictic genes’ and in
the other parts of genome. Thisallowed Moreno (1998) to
proposed, that, perhaps, in a-Proteobacteriasincethe origi-
nation of this subdivision (that is to say, long ago), the
general secretary pathway 111 was used to establish symbi-
otic relations with eukaryotic cells. As an ancient system,
this may have evolved in different ways and, probably,
lead to establishment of intranuclear symbiosis. Accumu-
lation of new data on intranuclear symbionts and their
genes, involved in the control of symbiotic relations, will
show whether these speculations are close to redlity.



Acknowledgements

We thank Prof. H.-D.Gortz for oligonucleotides for
bacteria group identification.

The original work was supported by grants RFBR *
98-04-49761 and RFBR 1 00-04-49611.

References

Amann R.N., Springer N., Ludwig W., Gértz H.-D. and
Schleifer K.-H. 1991. Identification and phylogeny of
uncultured bacterial endosymbionts. Nature. 351, 161—
164.

Amann R., Ludwig W. and Schleifer K.-H. 1995. Phylo-
genetic identification and in situ detection of individual
microbial cells without cultivation. Microb. Rev. 59,
143-169.

Ball G.H. 1969. Organismsliving on and in protozoa. In:
Researchin protozoology (Ed. Chen T.T.). Pergamon,
London. pp. 565-718.

Beveridge T.J. 1999. Structuresof gram-negative cell walls
andtheir derived membranevesicles. J. Bacteriol. 181,
16, 4725-4733.

Fokin S.I., Ossipov D.V. Skoblo I.I., Rautian M.S. and
Sabaneeva E.V. 1987. Nonospora macronucleata g.
n., sp. n. —avegetative nucleus symbiont of theciliate
Paramecium caudatum. Tsitologiya. 29, 8, 963-970.

Fokin S.I., Brigge T., Brenner J. and Gortz H.-D. 1996.
Holospora speciesinfecting the nuclei of Paramecium
appear to belong into two groups of bacteria. Eur. J.
Protistol. 32, Suppl. I, 19-24.

Gortz H.-D. and Brigge T. 1998. Intracellular bacteriain
Protozoa. Naturwissenschaften. 85, 359-368.

Gortz H.-D. 1980. Nucleic specific symbiontsin Parame-
cium caudatum. Endocytobiol. 1, 381-392.

HafkineW.M. 1890. Maladiesinfectieuses des paramecies.
Ann. Inst. Pasteur (Paris). 4, 148-162.

Hensel M. 2000. Salmonella pathogenicity island 2. Mal.
Microbiol. 36, 5, 1015-23.

Lang B.F, Gray M.W. and Burger G. 1999. Mitochon-
drial genome evolution and the origin of eukaryotes.
Annu. Rev. Genet. 33, 351-97.

LeVier K., Phillips R.W., Grippe V.K. and Roop R.M.
2000. Similar requirements of a plant symbiont and a

Protistology - 67

mammalian pathogen for prolonged intracellular sur-
vival. Science. 287, 5462, 2492-2493.

Moreno E. 1998. Genome evolution within the alpha
Proteobacteria: why do some bacterianot possessplas-
mids and others exhibit more than one different
chromosome? FEM S Microbiol Rev. 22, 4, 255-75.

Ossipov D.V., Karpov SA., Smirnov A.V. and Rautian
M.S. 1997. Peculiarities of the symbiotic systems of
protists with diverse patterns of cellular organization.
Acta Protozool. 36, 3, 3-23.

Preer JR. Jr., Hufnagd L.A. and Preer L.B.1966. Struc-
ture and behavior of R bodies from killer paramecia.
J. Ultrastruct. Res. 15, 1, 131-43.

Pond F.R., Gibson I., Lalucat J. and Quackenbush R.L.
1989. R-body-producing bacteria. Microbiol. Rev. 53,
1, 25-67.

Sola-Landa A., Pizarro-Cerda J., Grillo M.J., Moreno E.,
Moriyon |., Blasco J.M., Gorvel J.P. and Lopez-Goni
I.1998. A two-component regulatory system playing
acritical role in plant pathogens and endosymbionts
is present in Brucella abortus and controls cell inva
sion and virulence. Mol. Microbiol. 29, 1, 125-38.

Springer N., Ludwig W., Amann R., Schmidt H.J., Gortz
H.-D. and Schleifer K.-H. 1993. Occurence of frag-
mented 16S RNA in an obligate bacterial
endosymbiont of Paramecium caudatum. Proc. Natl.
Acad. Sci. USA. 90, 9892-9895.

Stahl D.A. and Amann R. 1991. Development and appli-
cation of nucleic acid probesin bacterial systematics.
In: Nucleic acid techniques in bacterial systematics
(Eds. Stackenbrandt E. and Goodfellow M.). John
Willey and Sons Ltd. Chichester, England. pp.205—
248.

Vishnyakov A. and Rautian M. 1999. Systematic position
of some intracellular bacteria of ciliates. Proceed. of
the 3 Europ. Congr. Pratistol., 9" Europ. Conf. Cili-
ate Biol. Helsingor. Denmark, p.79.

Vishnyakov A. and Rodionova G. 1999. Matile intra-
nuclear symbionts of ciliate Paramecium
multimicronucleatum. In: Symbiosisto Eukaryotism.
Endocytobiology, VII (Eds. E.Wagner et al.). Geneva
University Press. pp 169-177.

Woese C.R. 1987. Bacteria evolution. Microbiol .Rev. 51,
221-271.

Address for correspondence: Andrew Vishnyakov, Biological Research Ingtitute of St. Petersburg State University,
Oranienbaumskoye sch., 2, St.-Petersburg 198904, Russia. E-mail: andrey @AV 1125.spb.edu

The manuscript is presented by A.V.Goodkov



