


























FIG. 7. Tubules in other bacterial taxa. (A) Arthromitus endospores with spore appendages. Courtesy of David G. Chase. (B) Cytoplasmic
tubules in unidentified bacterium from Incisitermes minor. Courtesy of David G. Chase. (C) Transverse section of cytoplasmic tubular pairs in a
rod-shaped bacterium from Incisitermes schwartzi (12a). (D) Clusters of tubules in an unidentified bacterial symbiont of Incisitermes minor.
Courtesy of David G. Chase. (E) Cytoplasmic tubule in the actinobacterium Frankia sp., symbiotic with Casuarina roots. Magnification, X86,000.
Courtesy of Susan Lancelle and Peter K. Hepler. Panel E reprinted from reference 71 with permission of the publisher.
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several mycoplasms has been argued by Nikonov et al. (101,
102). This work suggests that a 40-kDa protein associates with
a 70-kDa subsurface component in Mycoplasma gallisepticum
S6, R, 5969, and MR, especially at the blebs thought to be
related to cell division (39, 101, 102). Nikonov’s group also
claims that the 40-kDa protein can be phosphorylated in vitro
and that these tubules may be the same as the ‘“helical
ribosome structures” (39). The molecular weights and anti-
tubulin reactivity are similar to those of the S1 and S2 proteins
of spirochetes (11), with the higher-molecular-weight spiro-
chete protein now known to be a heat shock protein.

(ii) Other bacterial taxa. Tubules or fibers are also seen in
Arthromitus spp. and in other unidentified termite gut bacteria
(Fig. 7). In Arthromitus spp. they occur as endospore append-
ages (88) (Fig. 7A). The actinobacterium Frankia strain
HFPCcI3, symbiotic with Casuarina cunninghamiana, pos-
sesses tubules which are well preserved by freeze-substitution
(Fig. 7E) but are larger than those of eukaryotes (71). A tubule
seen in group D streptococcal L-forms which extended beyond
the cell is probably cell wall material (23). Cores, which are
tubules postulated to be of membranous origin, were also seen
in group D streptococci (22).

Archaebacteria

Halobacteria. Although no tubules were observed in thin
section, whole-cell extracts of the archaebacterium Halobacte-
rium halobium reacted positively with an anti-tubulin antibody
to a 55-kDa band. Growth was inhibited by tubulin-binding
drugs: vincristine, podophyllotoxin, and nocodazole (117).
Probing of genomic digests of H. halobium with a labeled
plasmid containing the yeast o-tubulin gene gave a faint
positive response indicating potential sequence homology be-
tween Saccharomyces tubulin and genes of H. halobium (117).

DISCUSSION

Cytoplasmic tubules, fibers, and tubulin-like proteins have
been reported to occur in over 50 taxa of prokaryotes (Table
1). Most entries in Table 1 are restricted to descriptive
morphology; lacking definitive molecular biological data, none
of the reports is adequate to conclude the presence of tubulin
in any prokaryote. However, the report of a conserved tubulin
motif in a GTP-binding protein, the ftsZ gene product of E. coli
and other bacteria, suggests that proteins ancestral to tubulins
may have originated in bacteria prior to the evolution of
eukaryotes. Other reports, including those concerning Azoto-
bacter and Halobacterium strains, also seem promising and
warrant further investigation.

The term “microtubule” should be reserved for tubulin-
containing structures. No report of bacterial “microtubules”
conforms to the standard biochemical, morphological, and
sequence definition used by cell biologists who study eu-
karyotes. Prokaryotic tubules must be assumed nonhomolo-
gous to eukaryotic microtubules until sequence homologies are
confirmed. Because they seem to differ greatly even from each
other, we conclude that most prokaryotic hollow structures are
probably not tubulin microtubules. The evolutionary homology
of eukaryotic microtubules is well established now that se-
quence data are available for more than 50 representative
organisms (78, 104). Microtubules develop from MTOCsS in
eukaryotic cells. Some of these MTOCs, like the [9(3)+0]
kinetosomes, are highly organized and evolutionarily con-
served, whereas others, like those of fungi (41) and certain
protists (123) (Fig. 2), are much more amorphous, at least at
certain stages in cell development. If an evolutionary relation-
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ship exists between eukaryotic microtubules and their MTOCs
and any of the various cytoplasmic prokaryotic tubules (or
proteins such as FtsZ), it remains to be demonstrated.

Certain drugs that specifically inhibit tubulin polymerization
or depolymerization can aid in identifying microtubules. How-
ever, drug insensitivity results can never definitively exclude
the possibility that prokaryotic tubules are homologous to
microtubules. Tubulin inhibitor drugs are taxon dependent;
e.g., colchicine-insensitive tubulin is common in cells from
protists or fungi, and plant tubulin is far more sensitive to
oryzalin and benomyl than is mammalian brain tubulin. Drug
resistance can occur as a result of single amino acid substitu-
tions (63, 64). Some of the tubulin-active drugs can be metab-
olized by bacteria, showing that inhibitors may not necessarily
reach their potential sites of action. Any claim about “bacterial
tubulin” based on drug inhibition requires direct methods of
detection. Similarly, attempts to identify tubulin in prokaryotes
by use of antibodies have been misleading (98). Some of the
previous reports of antibodies to tubulin reacting with pro-
karyotes are attributable to hsp65. Sequence analyses would be
necessary to prove that cytoplasmic tubules of prokaryotes are
indeed homologous to eukaryotic microtubules.

The regularity with which tubules in cyanobacteria, spiro-
chetes, and other bacteria have been observed suggests that
they should not be dismissed as artifacts. Cyanobacterial
tubules in particular and bacterial tubules in general exhibit
varied morphology. Whatever the composition of prokaryotic
tubules, their presence poses questions concerning their func-
tion. Some, such as those of Vibrio psychroerythrus, traverse the
septum during cell division. Many of the tubules and fibers
exist in wall-less bacteria, larger cells, or elongate bacteria and
are oriented longitudinally. Such structures may be involved in
a variety of functions such as intracellular transport, genome
segregation, gliding or other movement, and cytoskeletal func-
tions including generation of cell asymmetry during morpho-
genesis. These questions will remain unanswered until bio-
chemical characterization permits physiological and genetic
analysis.

The origin of tubulin and microtubules is unknown. No
tubulin has yet been definitively detected in any bacterium.
However, it would be premature to conclude that they are
absent in prokaryotes. The presence of cytoplasmic tubules in
selected genera of azotobacteria, cyanobacteria, enteric bacte-
ria, mycoplasms, spirochetes, and possibly archaebacteria is
evident; whether or not any are homologous to eukaryotic
tubulin microtubules has yet to be established with certainty.
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ADDENDUM IN PROOF

Bramhill and Thompson (D. Bramhill and C. M. Thompson,
Proc. Natl. Acad. Sci. USA 91:5813-5817, 1994) report that the
purified FtsZ GTPase from E. coli forms tubules (14 to 20 nm,
outer diameter) that are estimated to be composed of 12 or 13
protofilaments in parallel alignment. The rate of FtsZ poly-
merization is approximately 100 times more rapid than that of
tubulin. This property together with those previously described
makes FtsZ the best-known candidate in prokaryotes for the
evolutionary precursor of eukaryotic tubulin protein.

9.

REFERENCES

. Adams, G. M. W. 1983. Microtubule-like structures in the bacte-

rium Azotobacter vinelandii. J. Cell Biol. 97:209a.

. Adams, G. M. W,, and M. R. Kelley. 1984. A tubulin-like gene in

the bacterium Azotobacter vinelandii. J. Cell Biol. 99:237a.

. Adhikari, P. C., and S. N. Chatterjee. 1972. Rhapidosomes in

Vibrio species. Can. J. Microbiol. 18:541-542.

. Ahn, T. I, H. K. Leeu, I. H. Kwale, and K. W. Jeon. 1991.

Nucleotide sequence and temperature-dependent expression of
X-groEL gene isolated from symbiotic bacteria of Amoeba
proteus. Endocytobiosis Cell Res. 8:33—44.

. Allen, R. D., D. G. Weiss, J. H. Hayden, D. T. Brown, H. Fujiwake,

and M. Simpson. 1985. Gliding movement of and bidirectional
transport along single native microtubules from squid axoplasm:
evidence for an active role of microtubules in cytoplasmic
transport. J. Cell Biol. 100:1736-1752.

. Amos, L. A. 1978. Structure of microtubules, p. 1-64. In K.

Roberts and J. S. Hyams (ed.), Microtubules. Academic Press,
Ltd., London.

. Ashen, J. B. 1992. Ultrastructure of new microbial mat and

termite spirochetes and the symbiotic origins of undulipodia.
M.S. thesis. University of Massachusetts, Amherst.

. Bailey-Watts, A. E., and M. E. Bindloss. 1968. Freshwater

primary production by a blue-green alga of bacterial size. Nature
(London) 220:1344-1345.

Bairoch, A. 1991. PROCITE: a dictionary of sites and patterns in
proteins. Nucleic Acids Res. 19:2241-2245.

9a.Bermudes, D. Unpublished data.

10.

11.

12.

Bermudes, D., D. Chase, and L. Margulis. 1988. Morphology as
a basis for taxonomy of lafge spirochetes symbiotic in wood-
eating cockroaches and termites: Pillotina gen. nov., nom. rev.;
Pillotina calotermitidis sp. nov., nom. rev.; Diplocalyx gen. nov.,
nom. rev.; Diplocalyx calotermitidis sp. nov., nom. rev.; Hollandina
gen. nov., nom. rev.; Hollandina pterotermitidis sp. nov., nom. rev.;
and Clevelandina reticulitermitidis gen. nov., sp. nov. Int. J. Syst.
Bacteriol. 38:291-302. v
Bermudes, D., S. P. Fracek, Jr., R. A. Laursen, L. Margulis, R.
Obar, and G. Tzertzinis. 1987. Tubulinlike protein from Spiro-
chaeta bajacaliforniensis. Ann. N. Y. Acad. Sci. 503:515-527.
Bermudes, D., L. Margulis, and G. Tzertzinis. 1987. Prokaryotic
origin of undulipodia: application of the Panda Principle to the
centriole enigma. Ann. N. Y. Acad. Sci. 503:187-197.

12a.Bermudes, D., and J. F. Stolz. Unpublished data.

13.

14.

15.

16.

17.

18.

Berner, T., and T. E. Jensen. 1982. Ultrastructure of two hypo-
lithic cyanobacteria from the Negev Desert of Israel. Cytobios
35:7-18.

Bertolini, G. 1982. Attempts to demonstrate tubulin structures in
an Acholeplasma strain, p. 391-398. In P. Cappuccinelli and N. R.
Morris (ed.), Microtubules in microorganisms. Marcel Dekker,
New York.

Bi; E., and J. Lutkenhaus. 1992. FtsZ ring structure associated
with division in Escherichia coli. Nature (London) 354:161-164.
Birch-Andersen, A., K. Hovind-Hougen, and C. Borg-Petersen.
1973. Electron microscopy of Leptospira. 1. Leptospira strain
Pomona. Acta Pathol. Microbiol. Scand. Sect. B 81:665-676.
Bisalputra, T., B. R. Oakley, D. C. Walker, and C. M. Shields.
1975. Microtubular complexes in blue-green algae. Protoplasma
86:19-28.

Borgers, M., and M. de Brabander (ed.). 1975. Microtubules and

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

MICROBIOL. REV.

microtubule inhibitors. North-Holland Publishing Co., Amster-
dam.

Burchard, A. C., R. P. Burchard, and J. A. Kloetzel. 1977.
Intracellular periodic structures in the gliding bacterium Myxo-
coccus xanthus. J. Bacteriol. 132:666—-672.

Cavalier-Smith, T. 1982. The evolutionary origin and phylogeny
of eukaryotic flagella. Symp. Soc. Exp. Biol. 35:465-493.

Cole, R. M., J. G. Tully, T. J. Popkin, and J. M. Bore. 1973.
Morphology, ultrastructure, and bacteriophage infection of the
helical mycoplasma-like organism (Spiroplasma citri gen. nov., sp.
nov.) cultured from “stubborn” disease of citrus. J. Bacteriol.
115:367-386.

Coleman, S. E., and A. S. Bleiweis. 1977. Ultrastructural, physi-
ological, and cytochemical characterization of cores in group D
streptococci. J. Bacteriol. 129:445-456.

Cornfield, P. S., and D. G. Smith. 1968. Microtubular structures
in group D streptococcal L-forms. Arch. Mikrobiol. 63:356-361.
D’Aoust, J. Y., and D. J. Kushner. 1976. Tubular structures of
Vibrio psychroerythrus. Arch. Microbiol. 107:71-73.

de Boer, P., R. Crossley, and L. Rothfield. 1992. The essential
bacterial cell division protein FtsZ is a GTPase. Nature (London)
359:254-256.

Delk, A. S., and C. A. Dekker. 1972. Characterization of rhapi-
dosomes of Saprospira grandis. J. Mol. Biol. 64:287-295.
Dettori, G., G. Amalfitano, L. Polorelli, A. Rossin, R. Grillo, and
P. Plaisant. 1987. Electron microscopy studies of human intesti-
nal spirochetes. Eur. J. Epidemiol. 3:187-195.

Deysson, G. 1968. Antimitotic substances. Int. Rev. Cytol. 24:99-
148.

Dustin, P. 1978. Microtubules. Springer-Verlag KG, Berlin.
Eda, T., Y. Kanda, C. Mori, and S. Kimura. 1979. Core-like and
microtubular structures in a stable L-form of Escherichia coli.
Microbiol. Immunol. 23:915-920.

Eipert, S. R., and S. H. Black. 1979. Characterization of the
cytoplasmic fibrils of Treponema refringens (Nichols). Arch. Mi-
crobiol. 120:205-214.

Elms, M. L., D. G. Scraba, and J. H. Weiner. 1986. Formation of
fumarate reductase tubular organelles in Escherichia coli, abstr.
K-127. Abstr. 86th Annu. Meet. Am. Soc. Microbiol. 1986.
American Society for Microbiology, Washington, D.C,

Felter, R. A,, S. F. Kennedy, R. P. Colwell, and G. B. Chapman.
1970. Intracytoplasmic membrane structures in Vibrio marinus. J.
Bacteriol. 102:552-560.

Fliesser, S. B., and T. E. Jensen. 1982. Observations on the fine
structure of isolates of the blue-green bacteria Calothrix, Fremy-
ella and Floetrichia. Cytobios 33:203-222.

Fracek; S. P., Jr., and J. F. Stolz. 1985. Spirochaeta bajacaliforni-
ensis sp. n. from a microbial mat community at Laguna Figueroa,
Baja California Norte, Mexico. Arch. Microbiol. 142:317-325.
Fulton, C., and P. A. Simpson. 1978. Tubulin pools, synthesis and
utilization, p. 117-174. In K. Roberts and J. S. Hyams (ed.),
Microtubules. Academic Press, Ltd., London.

Gharagozlou, I. D. 1966. Les bactéries symbiotiques du tissu
adipeux des blattes: ultrastructure et mode de transmission. Ann.
Sci. Nat. Zool. Biol. Anim. 12:567-576.

Gharagozlou, 1. D. 1968. Aspect infrastructural de Diplocalyx
calotermitidis nov. gen. nov. sp., spirochaetale de Iintestin de
Calotermes flavicollis. C. R. Acad. Sci. Ser. D 266:494-496.
Ghosh, A., J. Maniloff, and D. A. Gerling. 1978. Inhibition of
Mycoplasma cell division by cytochalasin B. Cell 13:57-64.
Guerrero, R., J. Ashen, M. Séle, and L. Margulis. 1993. Spirosym-
plokos deltaeiberi nov. gen., nov. sp.: variable diameter composite
spirochetes from microbial mats. Arch. Microbiol. 160:461-470.
Heath, 1. B. 1980. Variant mitoses in lower eukaryotes: indicators
of the evolution of mitosis? Int. Rev. Cytol. 64:1-80.

Hinkle, G. 1991. Current status of the theory of the symbiotic
origin of undulipodia (cilia), p. 135-142. In L. Margulis and R.
Fester (ed.), Evolution and speciation: symbiosis as a source of
evolutionary innovation. MIT Press, Cambridge, Mass.

Hinkley, R. E., and P. R. Burton. 1976. Tannic acid staining
axonal microtubules. J. Cell Biol. 63:139a.

Hollande, A., and I. Gharagozlou. 1967. Morphologie infrastruc-
turale de Pillotina calotermitidis nov. gen. nov. sp., spirochaetale

AINN JLV1S VINHOLITvD Ad 8T0Z ‘€T [Udy uo /Bio°wse iquiw//:dny woly papeojumod


http://mmbr.asm.org/

VoL. 58, 1994

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

de lintestin de Calotermes praecox. C. R. Acad. Sci. Ser. D
265:1309-1312.

Hovind-Hougen, K. 1972. Further observations on the ultrastruc-
ture of Treponema pallidium Nichols. Acta Pathol. Microbiol.
Scand. Sect. B 80:297-304.

Hovind-Hougen, K. 1974. The ultrastructure of cultivable trepo-
nemes. 1. Treponema phagedensis, Treponema vencentii, and
Treponema refrigens. Acta Pathol. Microbiol. Scand. Sect. B
82:495-507.

Hovind-Hougen, K. 1974. The ultrastructure of cultivable trepo-
nemes. 2. Treponema calligyrum, Treponema minutium, and
Treponema microdentium. Acta Pathol. Microbiol. Scand. Sect. B
82:495-507.

Hovind-Hougen, K. 1975. The ultrastructure of cultivable trepo-
nemes. 3. Treponema genitalis. Acta Pathol. Microbiol. Scand.
Sect. B 83:91-99.

Hovind-Hougen, K. 1976. Determination by means of electron
microscopy of morphological criteria of value for classification of
some spirochetes, in particular treponemes. Acta Pathol. Micro-
biol. Scand. Sect. B Suppl. 255:1-41.

Hovind-Hougen, K. 1979. Leptospiraceae, a new family to include
Leptospira Noguchi 1917 and Leptonema gen. nov. Int. J. Syst.
Bacteriol. 29:245-251.

Hovind-Hougen, K. 1984. Ultrastructure of spirochetes isolated
from Ixodes ricinus and Ixodes dammini. Yale J. Biol. Med.
57:543-548.

Hovind-Hougen, K., and A. Birch-Anderson. 1971. Electron
microscopy of endoflagella and microtubules in Treponema rei-
teri. Acta Pathol. Microbiol. Scand. Sect. B 79:37-50.
Hovind-Hougen, K., A. Birch-Andersen, R. Henrik-Nielsen, M.
Orholm, J. O. Pedersen, P. S. Teglbjaerg, and E. H. Thaysen.
1982. Intestinal spirochetosis: morphological characterization
and cultivation of the spirochete Brachyspira aalborgi gen. nov.,
sp. nov. J. Clin. Microbiol. 16:1127-1136.

Hovind-Hougen, K., A. Birch-Andersen, and H. J. Jensen. 1976.
Ultrastructure of cells of Treponema pertenue obtained from
experimentally infected hamsters. Acta Pathol. Microbiol. Scand.
Sect. B 84:101-108.

Hovind-Hougen, K., A. Birch-Andersen, and H. J. S. Jensen.
1973. Electron microscopy of Treponema cuniculi. Acta Pathol.
Microbiol. Scand. Sect. B 81:15-26.

Jensen, T. E. 1984. Cyanobacterial cell inclusion of irregular
occurrence: systematic and evolutionary implications. Cytobios
39:35-62.

Jensen, T. E. 1985. Cell inclusions in the cyanobacteria. Arch.
Hydrobiol. Suppl. 71:33-73.

Jensen, T. E. 1991. Autogenous bacterial origin of the eukaryotic
cell. Endocytobiosis Cell Res. 8:1-16.

Jensen, T. E., and R. P. Ayala. 1976. The fine structure of a
microplate-microtubule array, microfilaments and polyhedral
body associated microtubules in several species of Anabaena.
Arch. Microbiol. 111:1-6.

Jensen, T. E., and R. P. Ayala. 1976. The fine structure of striated
microtubules and sleeve bodies in several species of Anabaena. J.
Ultrastruct. Res. 57:185-193.

Jensen, T. E., and R. P. Ayala. 1980. Microtubule-like inclusions
in isolates of the blue-green bacteria Anabena and Nostoc.
Cytologia 45:315-326.

Jensen, T. E., and C. C. Bowen. 1970. Cytology of blue-green
algae. II. Unusual inclusion in the cytoplasm. Cytologia 35:132-
152.

Jung, M. K., and B. R. Oakley. 1990. Identification of an amino
acid substitution in the bend, B-tubulin gene of Aspergillus
nidulans that confers thiabendazole resistance and benomyl
supersensitivity. Cell Motil. Cytoskeleton 17:87-94.

. Jung, M. K,, L. B, Wilder, and B. R. Oakley. 1992. Amino acid

alterations in the ben4 (B-tubulin) gene of Aspergillus nidulans
that confers benomyl resistance. Cell Motil. Cytoskeleton 22:
170-174.

Kelleher, J. K., and R. A. Bloodgood. 1979. Microtubules, p.
151-180. In M. Levandowsky and S. H. Hutner (ed.), Biochem-
istry and physiology of protozoa, vol. 2. Academic Press, Inc.,
New York.

DO PROKARYOTES CONTAIN MICROTUBULES? 399

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.
78.
79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

Kellenberger, E., and B. De la Tour. 1964. On the fine structure
of normal and “polymerized” tail sheath of phage T4. J. Ultra-
struct. Res. 11:545.

Kessel, M., L. Peleg, A. Muhlrad, and I. Kahane. 1981. Cytoplas-
mic helical structure associated with Acholeplasma laidlawii. J.
Bacteriol. 147:653-659.

Khakhina, L. N. 1992. Concepts of symbiogenesis: a historical
and critical study of the research of Russian botanists. English
translation. L. Margulis and M. McMenamin (ed.). Yale Univer-
sity Press, New Haven, Conn.

Khan, Z. N. T., and M. B. E. Godward. 1977. Tubular ele-
ments—a new structure in blue-green algal cells. J. Cell Sci.
28:303-308.

Klingmiiller, G., Y. Ishibashi, and K. Radke. 1968. Der elek-
tronenmikroskopishe aufbau des Treponema pallidum. Arch.
Klin. Exp. Dermatol. 233:197-205.

Lancelle, S. A., J. G. Torrey, P. K. Hepler, and D. A. Callaham.
1985. Ultrastructure of freeze-substitution of Frankia strain
HFPCcI33, the actinomycete isolated from root nodules of
Casuarina cunninghamiana. Protoplasma 127:64-72.

Lewin, R. A. 1963. Rod-shaped particles in Saprospira. Nature
(London) 198:103-104.

Lewin, R. A,, and J. Kiethe. 1965. Formation of rhapidosomes in
Saprospira. Can. J. Microbiol. 11:935-938.

Linck, R. W., and R. E. Stephens. 1987. Biochemical character-
ization of tectins from sperm flagellar doublet microtubules. J.
Cell Biol. 104:1069-1075.

Liss, A. 1981. Release of a group 1 mycoplasma virus from
Acholeplasma laidlawii after treatment with mitomycin C. J.
Virol. 40:285-288.

Little, M. 1985. An evaluation of tubulin as a molecular clock.
BioSystems 18:241-247.

Little, M., J. Ponstingl, and E. Krauhs. 1981. Tubulin sequence
and conservation. BioSystems 14:239.

Little, M., and T. Seehaus. 1988. Comparative analysis of tubulin
sequences. Comp. Biochem. Physiol. B 90:655-670.

MacRae, T. H., and H. D. McCurdy. 1975. Ultrastructural studies
of Chondromyces crocatus vegetative cells. Can. J. Microbiol.
21:1815-1826.

Maniloff, J. 1981. Cytoskeletal elements in mycoplasmas and
other prokaryotes. BioSystems 14:305-312.

Maniloff, J., and U. Chudhuri. 1979. Gliding mycoplasmas are
inhibited by cytochalasin B and contain a polymerizable protein
fraction. J. Supramol. Struct. 12:299-304.

Margulis, L. 1980. Undulipodia, flagella, and cilia. BioSystems
12:105-108.

Margulis, L. 1988. Serial endosymbiotic theory (SET): undulipo-
dia, mitosis and their microtubule systems preceded mitochon-
dria. Endocytobiosis Cell Res. 5:133-162.

Margulis, L. 1993. Symbiosis in cell evolution: microbial commu-
nities in the Archean and Proterozoic eons, 2nd ed. W. H.
Freeman & Co., New York.

Margulis, L., J. O. Corliss, M. Melkonian, and D. J. Chapman
(ed.). 1990. Handbook of Protoctista: the structure, cultivation,
habitats and life histories of the eukaryotic microorganisms and
their descendants exclusive of animals, plants and fungi. Jones
and Bartlett, Boston.

Margulis, L., R. Guerrero, J. B. Ashen, and M. Séle. 1993.
Composite, large spirochetes from microbial mats: spirochete
structure review. Proc. Natl. Acad. Sci. USA 90:6966—6970.
Margulis, L., and G. Hinkle. 1991. Large symbiotic spirochetes:
Clevelandina, Cristispira, Diplocalyx, Hollandina, and Pillotina,
p- 3965-3978. In A. Balows, H. G. Trueper, M. Dworkin,
W. Harder, and K.-H. Schleifer (ed.), The prokaryotes. A hand-
book on the biology of bacteria: ecophysiology, isolation, identi-
fication, applications, 2nd ed., vol. 4. Springer-Verlag, New
York.

Margulis, L., L. Olendzenski, and B. A. Afzelius. 1990. Endo-
spore-forming filamentous bacteria symbiotic in termites: ultra-
structure and growth in culture of Arthromitus. Symbiosis 8:95—
116 and cover page figures.

Margulis, L., L. Olendzenski, and H. McKhann. 1993. Illustrated
glossary of the Protoctista. Jones and Bartlett, Boston.

AINN JLV1S VINHOLITvD Ad 8T0Z ‘€T [Udy uo /Bio°wse iquiw//:dny woly papeojumod


http://mmbr.asm.org/

400

90.
91.
92.

93.

94.

95.

96.

97.

BERMUDES ET AL.

Margulis, L., L. To, and D. Chase. 1978. Microtubules in
prokaryotes. Science 200:1118-1124.

Mazia, D. 1984. Introduction to microtubules. Ann. N. Y. Acad.
Sci. 500:500-510.

Meloni, G. A., G. Bertoloni, F. Busolo, and L. Conventi. 1980.
Colony morphology, ultrastructure and morphogenesis in Myco-
plasma hominis, Acholeplasma laidlawii and Ureaplasma urealyti-
cum. J. Gen. Microbiol. 116:435-443.

Meng, K. E,, and R. M. Pfister. 1980. Intracellular structures of
Mycoplasma pneumoniae after membrane removal. J. Bacteriol.
144:390-399.

Mercado-Blanco, J., and J. Olivares. 1994. A protein involved in
stabilization of a large non-symbiotic plasmid of Rhizobium
meliloti shows homology to eukaryotic cytoskeletal proteins and
DNA-binding proteins. Gene 139:133-134.

Mohler, B. J., and R. M. Pfister. 1986. Production of an antibody
to the cytoskeleton of Mycoplasma pneumoniae, abstr. G-22.
Abstr. Annu. Meet. Am. Soc. Cytoskeleton.

Morejohn, L. C., and D. E. Fosket. 1986. Tubulins from plants,
fungi, and protists, a review, p. 257-329. In J. W. Shay (ed.), Cell
and molecular biology of the cytoskeleton. Plenum Publishing
Corp., New York.

Mukherjee, A., K. Dai, and J. Lutkenhaus. 1993. Escherichia coli
cell division protein FtsZ is a guanine nucleotide binding protein.
Proc. Natl. Acad. Sci. USA 90:1053-1057.

97a.Munson, D., and L. Margulis. Unpublished data.

98.

99.

100.

101.

102.

103.
104.

10s.
106.

107.

108.

109.

110.
111.
112.

Munson, D., R. Obar, G. Tzertzinis, and L. Margulis. 1993. The
‘tubulin-like’ S1 protein of Spirochaeta is a member of the hsp65
stress protein family. BioSystems 31:161-167.

Nagaro, H. C.,, and F. Suzuki. 1975. Microtubules with 15
subunits in cockroach epidermal cells. J. Cell Biol. 64:242-245.
Neimark, H. C. 1977. Extraction of an actin-like protein from the
prokaryote Mycoplasma pneumoniae. Proc. Natl. Acad. Sci. USA
74:4041-4045.

Nikonov, A. V., J. J. Komissarchik, P. 1. Ivanov, and S. N.
Borchsenius. 1990. Tubulin-like protein from M. gallisepticum, p.
296-297. 8th Int. Congr. Int. Org. Mycoplasmol.

Nikonov, A. V,, E. V. Korolev, E. S. Snigirevskaya, M. S.
Brudnaya, Y. Y. Kommissarchik, P. I. Ivanov, and S. N. Borch-
senius. 1992. Tubular structures of Mycoplasma gallisepticum and
tubulin-like protein localization. Tsitologiya 34:31-38. (In Rus-
sian with English summary.)

Oakley, B. R. 1992. y-Tubulin: the microtubule organizer?
Trends Cell Biol. 2:1-5.

Oakley, C. E., and B. R. Oakley. 1989. Identification of -y-tubulin,
a new member of the tubulin superfamily encoded by mipA4 gene
of Aspergillus nidulans. Nature (London) 338:662—664.
Ov¢innikov, N. M., and V. V. Delektorskij. 1966. Morphology of
Treponema pallidum. Bull. W.H.O. 35:223-229.

Ov¢innikov, N. M., and V. V. Delektorskij. 1968. Further study of
ultrathin sections of Treponema pallidum under the electron
microscope. Br. J. Vener. Dis. 44:1-34.

Ov¢innikov, N. M., and V. V. Delektorskij. 1969. Further studies
of the morphology of Treponema pallidum under the electron
microscope. Br. J. Vener. Dis. 45:87-116.

Ov¢innikov, N. M., and V. V. Delektorskij. 1970. Treponema
pertenue under the electron microscope. Br. J. Vener. Dis.
46:349-379.

Pate, J. L., J. L. Johnson, and E. J. Ordal. 1967. The fine
structure of Chondrococcus columnaris. 11. Structure and forma-
tion of rhapidosomes. J. Cell Biol. 35:15-35.

Pickett-Heaps, J. 1974. The evolution of mitosis and the eukary-
otic condition. BioSystems 6:37—48.

Pope, L. M., and P. Jurtshuk. 1967. Microtubule in Azotobacter
vinelandii strain O. J. Bacteriol. 94:2062-2064.

RayChaudhuri, D., and J. T. Park. 1992. Escherichia coli cell-
division gene ftsZ encodes a novel GTP-binding protein. Nature

113.
114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.
126.
127.
128.

129.

130.
131.

132.
133.

MICROBIOL. REV.

(London) 359:251-254.

Robrish, S. A., and A. G. Marr. 1962. Location of enzymes in
Azotobacter agilis. J. Bacteriol. 83:158-168.

Rodwell, A. W., J. E. Peterson, and E. S. Rodwell. 1975. Striated
fibers of the rho form of Mycoplasma: in vitro reassembly,
composition, and structure. J. Bacteriol. 122:1216-1229.
Seravin, L. N., and A. V. Goodkov. 1987. The flagella of the
freshwater amoeba. Cytologia 29:722-724. (In Russian.)
Shinnick, T. M. 1991. Heat shock proteins as antigens of bacterial
and parasite pathogens, p. 100~150. In S. H. E. Kaufman (ed.),
Heat shock proteins and the immune response. Springer-Verlag
KG, Berlin.

Sioud, M., G. Baldacci, P. Forterre, and A.-M. de Recondo. 1987.
Antitumor drugs inhibit the growth of halophilic archaebacteria.
Eur. J. Biochem. 169:231-236.

Stearns, T., L. Evans, and M. Kirschner. 1991. y-Tubulin is a
highly conserved component of the centrosome. Cell 65:825-925.
Stearns, T., and M. Kirschner. 1994. In vitro reconstitution of
centrosome assembly and function: the central role of y-tubulin.
Cell 76:623-637.

Szathmary, E. 1987. Early evolution of microtubules and undu-
lipodia. BioSystems 20:115-131.

Townsend, R., D. B. Archer, and K. A. Plaskett. 1980. Purification
and preliminary characterization of spiroplasma fibrils. J. Bacte-
riol. 142:694-700.

Townsend, R., J. Burgess, and K. A. Plaskett. 1980. Morphology
and ultrastructure of helical and nonhelical strains of Spiroplasma
citri. J. Bacteriol. 142:973-981.

Tucker, J. B. 1971. Development and deployment of cilia, basal
bodies, and other microtubular organelles in the cortex of the
ciliate Nassula. J. Cell Sci. 9:539-567.

Van Iterson, W., J. F. M. Hoeniger, and E. N. van Zenten. 1966.
Basal bodies of bacterial flagella in Proteus mirabilis. 1. Electron
microscopy of sectioned material. J. Cell Biol. 31:585-601.

Van Iterson, W., J. F. M. Hoeniger, and E. N. van Zenten. 1967.
A “microtubule” in a bacterium. J. Cell Biol. 32:1-10.

Vela, G. R., G. D. Cagle, and P. R. Holmgren. 1970. Ultrastruc-
ture of Azotobacter vinelandii. J. Bacteriol. 104:933-939.
Walker, R. A., and M. P. Sheetz. 1993. Cytoplasmic microtubule-
associated motors. Annu. Rev. Biochem. 62:429-451.

Wall, F., R. M. Pfister, and N. L. Somerson. 1983. Freeze-fracture
confirmation of the presence of a core in the specialized tip
structure of Mycoplasma pneumoniae. J. Bacteriol. 154:924-929.
Wiegand, S. E., P. L. Strobel, and L. H. Glassman. 1972. Electron
microscopic anatomy of pathogenic Treponema pallidum. J. In-
vest. Dermatol. 58:186-204.

Williamson, D. L. 1974. Unusual fibrils from the spirochete-like
sex ratio organism. J. Bacteriol. 117:904-906.

Wilson, L. 1970. Properties of colchicine-binding protein from
chick embryo brain. Interactions with vinca alkaloids and podo-
phyllotoxin. Biochemistry 9:4999-5007.

Wilson, L., and J. Bryan. 1973. Biochemical and pharmacological
properties of microtubules. Adv. Cell Mol. Biol. 3:21-72.
Wilson, M. H., and A. M. Collier. 1976. Ultrastructural study of

* Mycoplasma pneumoniae in organ culture. J. Bacteriol. 125:332-339.

134.

135.

136.
137.
138.

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

Yamamota, T. 1967. Presence of rhapidosomes in various species
of bacteria and their morphological characteristics. J. Bacteriol.
94:1746-1756.

Yanagawa, R., and S. Faine. 1966. Morphological and serological
analysis of leptospiral structure. Nature (London) 211:823-826.
Zahn, R. K. 1984. A green alga with minimal eukaryotic features:
Nanochlorum eukaryoticum. Origins Life 13:289-303.

Zheng, Y., M. K. Jung, and B. R. Oakley. 1991. y-Tubulin is
present in Drosophila melanogaster and Homo sapiens and is
associated with the centrosome. Cell 65:817-823.

AINN JLV1S VINHOLITvD Ad 8T0Z ‘€T [Udy uo /Bio°wse iquiw//:dny woly papeojumod


http://mmbr.asm.org/

