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Escherichia coli can form linear trails and move in a
‰agellum-independent manner on semisolid agar
containing carbon sources. Trail formation seemed to
correlate with the growth speed andWor carbon
metabolism. Cell morphology in linear trails changed
into larger cell sizes. We speculate that the ‰agellum-
independent trail formation is a new mechanism for
migration of E. coli cells.
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Bacteria can sense contact to their growth surface
and adapt to their environment by changing their
growth mode. Several bacteria can translocate on the
their growth surface in an inherent manner. Surface
translocation of bacteria is relevant to symbiosis and
pathogenicity to their host.1–5) Translocation is also
important for ˆnding nutrients or colonization sites
within the host and for avoiding toxic substrates.

Several diŠerent types of bacterial surface translo-
cation have been observed and classiˆed into the
following six types: (i) swimming, (ii) swarming, (iii)
gliding, (iv) twitching, (v) sliding and (vi) darting.6)

Each of these modes of surface translocation requires
speciˆc structures such as ‰agella, pili, surfactants,
slime, or capsules. Flagella, which contribute to
swimming and swarming ability, are the best charac-
terized locomotive organelles. On the other hand,
there are many cases of ‰agellum-independent
surface translocation. Serratia marcescens secretes
an extracellular surfactant, called serrawettin, which
enables cells to spread on a semisolid agar plate by
reducing the friction between the cell and the semi-
solid agar surface.7,8) Mycobacterium smegmatis, a
non-‰agellated Gram-positive bacterium, can also
spread on semisolid agar plates.9,10) Spreading of M.
smegmatis requires glycopeptidelipid (GPL), which
exists in the outermost layer of the cell wall.

In Escherichia coli, surface translocation has been
described during cell diŠerentiation, when the cells
are hyper‰agellated and elongated, similar to swarm-
ing cells.11) Flagellum-independent surface transloca-
tion of E. coli has been reported to be an active
process.12) In this regard, we identiˆed ‰agellum-
independent surface translocation in non-‰agellated
strains of E. coli, which form linear trails of cells on
soft agar containing either glucose or other carbon
sources which E. coli can metabolize.

When the CSH26 (ara thiD(lac-pro))13) ‰agellated
strain was inoculated onto×0.5LB (-NaCl) soft agar
plates (0.3z agar) and incubated at 379C, CSH26
formed a halo in the soft agar (Fig. 1D). This translo-
cation phenotype is based on the ability of cells to
swim by making use of ‰agella.6) The strain MC4100
(relA D(argF-lac)U169 deoC araD rpsL thiA ptsF
‰hD tonA),14) on the other hand, did not form a halo
(Fig. 1B), because this strain is defective in the ‰hD
gene, the master gene for ‰agellar gene expression.
However, we did observe that MC4100 cells formed
some white trails and spread on soft agar containing
150 mM glucose, despite the absence of ‰agella
(Fig. 1A). Similar trails were observed in CSH26 cells
on soft agar containing 150 mM glucose (Fig. 1C).
Although CSH26 is a ‰agellated strain, ‰agella syn-
thesis would be repressed by high concentrations of
glucose. These results suggest that trail formation is a
‰agellum-independent mode of surface transloca-
tion.

Initially, the MC4100 and CSH26 strains grew at
the inoculation position on the surface of the plate.
After 3 hours, we could observe trails that began to
extend from the original point and spread over the
entire plate after 24 hours. The trails are probably
formed by the grown cells. The MC4100 strain did
not form trails in the absence of glucose, even after
48 hours. The trails extended on the soft agar plate,
appearing to sink into grooves. In the early stage of



1803

Fig. 1. E. coli Trail Formation on Soft Agar.
E. coli cultures (1 ml) were inoculated onto 0.3z soft agar

plates in the presence (A, C) or absence (B, D) of 150 mM glu-
cose and incubated at 379C for 24 hours (A, B, C) or 8 hours
(D). A, B; MC4100, the ‰agella-defective mutant (the ‰hD
mutant). C, D; CSH26, the ‰agellated strain.
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incubation, a transparent region appeared around
the trails, but not around colonies that formed
without trail formation (data not shown).

To conˆrm whether trail formation is due to a
spontaneous mutation, cells were picked up from the
trail and spotted on a soft agar plate in the presence
or absence of glucose. A new trail formed on plates
containing glucose, but not on plates lacking glucose
(data not shown). This indicates that trail formation
is not the result of a mutation, but is rather a
response to environmental stimuli.

We investigated whether trail formation is strain-
speciˆc or a common phenotype among E. coli. We
used JM10315) or YK41016) as well as derivative
strains defective in one of the ‰agellar genes. JM103
formed trails on soft agar plates containing glucose.
On the other hand, the YK strains, YK410 (WT),
YK4130 ( ‰iC ), YK4131 ( ‰hD), and YK4136 ( ‰hC ),
did not form trails (data not shown).

Various environmental factors such as viscosity,
growth temperature, osmolarity, and nutrients aŠect
bacterial phenotype. We studied whether trails
formed under various growth conditions. First, we
investigated the agar concentration of the plate. A
culture of the MC4100 strain was spotted onto 0.3z
–0.8z agar containing 150 mM glucose, and incubat-
ed at 379C. Trail formation was observed at 0.3z
agar, but not when agar was higher than 0.4z. In
0.4z agar in the absence of glucose, the CSH26
strain was able to swarm, by ‰agellum-dependent
translocation, although the swarm size was smaller

than in 0.3z agar. This result suggests that the
hardness of the plate is critical for trail formation
and ‰agellum-dependent translocation. Second, the
MC4100 strain was incubated at 259C, 309C, and
379C on 0.3z soft agar containing 150 mM glucose.
Compared to incubation at 379C, branching and trail
length were reduced at 309C. At 259C, trail forma-
tion was not observed even with a longer incubation
time (72 hours). This result suggests that the trail
formation may correlate with growth speed, because
379C is the optimal growth temperature for E. coli.
Third, the glucose concentration of the soft agar
plates was changed. The MC4100 strain was incubat-
ed at 379C on 0.3z soft agar containing 150 mM,
15 mM, 5 mM, and 1.5 mM glucose. Trail formation
was observed on agar containing at least 5 mM

glucose, but not on agar containing 1.5 mM glucose.
This indicates that the lower threshold glucose
concentration for trail formation was between 5 mM

and 1.5 mM. Trails were also noted to be straighter
and shorter at lower glucose concentrations.

We also tested the involvement of cAMP and the
cAMP receptor protein (CRP) on the trail formation,
using the TB100 (WT), TB102 (crp), and TB105 (cya)
strains (provided by Dr. H. Aiba).17) Although trail
shape appeared to be diŠerent from MC4100, trail
formation was observed in all the strains on plates
containing glucose (data not shown). Thus, cAMP
and cAMP receptor protein are not likely to be
required for trail formation.

We investigated whether trail formation was
induced by carbon sources other than glucose.
Galactose, maltose, trehalose, pyruvate, or glycerol
induced trail formation while fructose, lactose,
sucrose, and cellobiose did not. E. coli cannot
metabolize sucrose and cellobiose. In addition, the
MC4100 strain cannot metabolize lactose, due to a
mutation in the lac gene. When MC4100 was grown
in a medium containing fructose as the sole carbon
source, the growth rate was very slow compared to
growth in media supplemented with glucose at the
same concentration. These results suggest that trail
formation correlates with the growth speed andWor
metabolic activity of E. coli.

E. coli produces acetic acid when grown in medium
containing high concentrations of glucose.18) The pH
of the medium around the cells was measured with
pH test papers. In almost all media, pH was reduced
to 4–5 from the original pH of 7 around the trails
except in the case of pyruvate (pH 9). On the other
hand, the pH of the medium around the colony that
could not form trails was 7. Therefore, low pH
appears to not be directly correlated with trail
formation.

When bacteria swarm on soft agar, cells have been
observed to develop excessive numbers of ‰agella and
to elongate their cell bodies.12) We investigated the
morphology of cells that form trails (Fig. 2). Cells
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Fig. 2. Microscopic Analysis of MC4100 Cells in Trails.
Cells from the plates in Fig. 1-A and Fig. 1-B, from trails in

0.3z soft agar plates containing 150 mM glucose (A), and from
colonies in 0.3z soft agar plates containing no glucose (B),
respectively, were picked up by pipette and observed under a
microscope (OLYMPUS BX60). Photographs were taken with a
digital camera (OLYMPUS DP10). Bar, 10 mm.
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forming trails (on agar containing 150 mM glucose)
appeared larger than cells forming colonies (on agar
containing no glucose): about 10 mm long and 2 mm
wide (maximal size) for trails and about 2 mm long
and 1 mm wide for colonies. We observed that cells
were enlarged anywhere in trails and in the original
inoculation point. Cells grown in liquid media with
or without 150 mM glucose have the same morpholo-
gy. There is a possibility that a change in cell
morphology contributes to trail formation. Little is
known about the mechanism and regulation of this
putative morphological transformation.

The E. coli MC4100, non-‰agellated strain formed
trails on soft agar containing glucose. The trail
formation is probably the movement of whole cells
and we do not know about the movement of individ-
ual cells. In other words, the trail formation may be
the expansion of the cell population by cell division.
Trail formation seemed to correlate with the growth
speed in MC4100 because it was greatest at 379C, the

optimal growth temperature for E. coli and, in
addition, trail formation was only observed on agar
containing carbon sources that can be metabolized by
E. coli. Flagellum-independent migration of E. coli
has been reported, but the described migration
proˆles are very diŠerent from one another.12)

Currently, we do not know whether these phenotypes
are due to a similar mode of migration. Many ‰agel-
la-independent migration phenomena have been
observed in various species. In ‰agellum-independent
surface translocation, secreted surfactants or slime
materials are thought to be essential for reducing
friction between the attached surface and the cell sur-
face.8,19) We observed a transparent region around
the trails at an early stage of incubation. From this
result, there is a possibility that E. coli also secretes
materials that might assist in trail formation.

In ‰agellum-dependent translocation of Proteus
mirabilis and Salmonella typhimurium, mutants
defective in the biosynthesis of polysaccharide
(Proteus) or lipopolysaccharide (Salmonella) cannot
swarm.19–21) Similarly, lipopolysaccharide has been
shown to be important for ‰agella-independent
surface translocation of Vibrio cholerae,12) and
glycopeptide lipids (GPL), a component of mycobac-
teria cell walls, are required for sliding.9,10) The
biosynthesis of lipopolysaccharide is known to be
aŠected by environmental signals.22) Thus, the struc-
ture andWor the components of bacterial cell walls
may be essential for surface translocation in both
‰agellum-dependent and independent translocation.

During trail formation, changes in cell morpholo-
gy were observed. These phenotypes might be
induced by carbon catabolism on the soft agar. We
have shown that E. coli can migrate by trail forma-
tion in an environment without the locomotive
organelle, the ‰agella. This translocation ability can
be expressed in the host and extended to a new,
nutrient-rich environment. To further elucidate the
mechanism of trail formation or ‰agellum indepen-
dent migration, we are presently trying to isolate
transposon mutants defective in trail formation.
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