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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 Incisiterines 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 MRJ, 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 bephosphorylated 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 theS1 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 a-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, theftsZ 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 MTOCs 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-

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 Vibriopsychroerythrus, 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.
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