JOURNAL OF BACTERIOLOGY, June 2001, p. 3784-3790
0021-9193/01/$04.00+0 DOI: 10.1128/JB.183.12.3784-3790.2001

Vol. 183, No. 12

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Flagellum-Independent Surface Migration of Vibrio cholerae
and Escherichia coli

IGOR I. BROWN'? axp CLAUDIA C. HASE'*

Infectious Diseases, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105," and Odessa Branch of
Institute of the Southern Seas Biology, National Academy of Science of Ukraine, Odessa, Ukraine, 650117

Received 18 December 2000/Accepted 19 March 2001

Surface translocation has been described in a large variety of microorganisms, including some gram-
negative enteric bacteria. Here, we describe the novel observation of the flagellum-independent migration of
Vibrio cholerae and Escherichia coli on semisolid surfaces with remarkable speeds. Important aspects of this
motility are the form of inoculation, the medium composition, and the use of agarose rather than agar.
Mutations in several known regulatory or surface structure proteins, such as ToxR, ToxT, TCP, and PilA, did
not affect migration, whereas a defect in lipopolysaccharide biosynthesis prevented translocation. We propose
that the observed surface migration is an active process, since heat, protease, or chloramphenicol treatments
of the cells have strong negative effects on this phenotype. Furthermore, several V. cholerae strains strongly
expressing the hemagglutinin/protease but not their isogenic hap-negative mutants, lacked the ability of
surface motility, and the treatment of migrating strains with culture supernatants from hkap strains but not

hap-null strains prevented surface translocation.

Bacterial translocation is arguably one of the most impres-
sive features in the bacterial life. Perhaps the planktonic or
free-swimming bacterial phase is primarily a mechanism of
translocation from one surface to another, since in nature
microbial activity is probably mostly associated with surfaces
(4). Surface translocation enables the bacteria to establish sym-
biotic and pathogenic associations with plants and animals, and
potential benefits of translocation include increased access to
nutrients, avoidance of toxic substances, access to preferred
colonization sites within hosts, and increased efficiency of
transmission. The study of bacterial interactions with various
surfaces is a newly emerging field and especially the remark-
able ability of bacteria to form surface-associated structured
and cooperative consortia, called biofilms, has received in-
creasing attention in recent years (30).

Movement in aqueous environments by swimming or along
surfaces by using different modes of translocation has been
classified into several distinct forms. Six different types of
translocation have been recognized by Hendrichsen (13) as (i)
swarming, dependent on excessive development of flagella and
partly on cell-to-cell interaction; (ii) swimming, dependent on
flagella and fluid; (iii) gliding, dependent on intrinsic motive
force and partly on cell-to-cell interactions; (iv) twitching, de-
pendent on intrinsic motive force and, as we know now, type
IV pili; (v) sliding, dependent on growth and reduced friction
(i.e., spreading by expansion); and (vi) darting, dependent on
growth of capsulated aggregates (i.e., spreading by ejection).
All of these different modes of translocation require special
surface structures or components, such as flagella, pili, surfac-
tants, slime, or capsules. The flagellum-independent surface
spreading of Serratia marcescens can be classified as sliding
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since it was dependent on growth and the production of the
extracellular wetting agent serrawettin (21, 24). Surface trans-
location of Escherichia coli and some Vibrio spp. characterized
as swarming have been reported and are associated with the
differentiation of the bacteria into elongated hyperflagellated
swarm cells (10). In fact, some Vibrio spp. produce special
lateral flagella in addition to their single polar flagella that are
required for swarming. Vibrio cholerae, the causative agent of
cholera, is capable of swimming motility via a single polar
flagellum but, to date, no surface translocation has been re-
ported for this organism.

In the present report, we demonstrate flagellum-indepen-
dent surface translocation on semisolid media by V. cholerae
and E. coli that does not appear to fall into any of the known
classifications of motility.

MATERIALS AND METHODS

Strains, media, and culture condition. Table 1 summarizes the strains used in
this study. Some strains were transformed with the plasmid pGFP-2 carrying a
gene for green fluorescent protein (GFP) (kindly provided by S. Falkow). Stan-
dard motility plates were made with Luria-Bertani (LB) medium and 0.25% agar
(Difco) and, in some cases, 0.3% agarose. Motility plates for surface transloca-
tion were made on the basis of a special mineral medium containing (in g/liter):
K,HPO, - 3H,0, 0.04; NaNO,, 1.5; MgSO, - 7H,0, 0.076; CaCl, - 2H,0, 0.036;
Na,CO3, 0.02; yeast extract, 0.1; Bis-Tris Propane, 11.3; succinic acid, 5.9;
Casamino Acids (Difco), 10; and NaCl, 8.76 (pH 7.0). The media were typically
hardened with 0.3% low-melting-temperature agarose (SeaPlaque) and, in some
cases, agar. All motility plates were kept in a humid chamber at 4°C. The bacteria
were grown in standard K,HPO, - 3H,O LB broth for 20 to 22 h in an orbital
shaker at 250 rpm at 37°C. Then, 1 to 10 ml of bacterial suspension was centri-
fuged for 10 min at 5,100 X g at 20°C. The supernatants were carefully aspired,
and the bacterial pellets were vortex mixed. In some cases, the cells were washed
twice in different media or supernatants.

Motility assays. Next, 1.5 to 2.0 pl of a highly concentrated bacterial suspen-
sion was inoculated onto the surface of the motility plates by pipette. In some
cases a toothpick was used for inoculation. The inoculated plates were incubated
at 37°C for various times.

Microscopy. Epifluorescens was viewed on an Olympus BX60 microscope
attached to a charge-coupled device Hamamatsu C5810 camera. Electron mi-
croscopic (EM) analyses were performed by the St. Jude Children’s Research
Hospital Scientific Imaging Shared Resource Facility.
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TABLE 1. Bacterial strains

Strain Relevant phenotype(s) Source or reference

V. cholerae

0O395N1 O1 serotype, classical biotype, parental 23

0O395N1 AmotX Nonmotile, paralyzed flagellum 8

0395N1 AfliG Nonmotile, nonflagellate 11

O395N1 AcheA Chemotaxis deficient This study

SC512 0395 rfbB::pSCY5, LPS negative S. L. Chiang (2)

TCP-2 0395 tcpA::TnphoA, TCP negative 14

O395N1 AroxR ToxR negative 12

O395N1 AtoxT ToxT negative 12

KFV9 O395N1 ApilA, PilA negative K. J. Fullner (6)

N16961 O1 serotype, El Tor biotype, parental 15

N16961 Ahap HAP negative This study

Peru-2 O1 serotype, El Tor biotype, parental 28

Peru-2 Ahap HAP negative This study

Bengal-2 0139 serotype, parental 3

Bengal-2 Ahap HAP negative This study

CA401 O1 serotype, classical biotype, parental 7

CA401 Ahap HAP negative This study

. coli

RP437 parental J. S. Parkinson

RP6665 RP437 AmotAB, paralyzed flagella J. S. Parkinson

DFB225 RP437 AfliG, nonflagellate D. F. Blair (18)

RP9535 RP437 AcheA, chemotaxis deficient J. S. Parkinson (25)

TA17 Parental J. S. Parkinson

RESULTS

Surface migration of different V. cholerae and E. coli strains.
We observed that cells of the V. cholerae classical biotype strain
0395N1 moved outward from an inoculum onto the semisolid
surface of a mineral medium hardened with 0.3% agarose (Fig.
1A, see movie at www.stjuderesearch.org/ids/chase/index.html).
Furthermore, cells of a chemotaxis-deficient mutant derivative
as well as nonmotile mutant derivatives of this strain deleted in
motX (paralyzed flagellum) or in fliG (nonflagellate) also
moved on the surface of these plates (Fig. 1A, see movies
at www.stjuderesearch.org/ids/chase/index.html). Mutation in
various other genes, including toxR, toxT, tcpA, or pilA, did not
significantly affect the ability of O395N1 to migrate on this
surface (data not shown). In contrast, a mutant derivative
strain of V. cholerae O395N1 carrying an insertion in the rfb
gene cluster (SC512) was not able to translocate on this semi-
solid surface (Fig. 1B). However, most tested V. cholerae
strains, including classical biotype strain CA401 (see Fig. 7),
and several El Tor biotype strains, including N16961 (Fig. 1B)
and Peru-2, as well as the O139 serotype strain Bengal-2 (see
Fig. 7), did not show surface migration in most of the experi-
ments.

We also observed that cells of E. coli RP437 and its cheA,
motAB, and fliG mutants (Fig. 2), as well as another E. coli
strain, TA17 (data not shown), translocated on this semisolid
surface.

Macrocolony formation. Significant speeds (Ca. 14 mm/h)
are achieved by the bacteria during the first 1 to 3 h, and the
diameters of the bacterial zones continued to increase rapidly
during the first 6 h. The moving cells were able to form arrays
of spots and stripes that arise sequentially, and in most cases
the macrocolonies had a fractal structure (22) (Fig. 1 and 2).
The average size of the macrocolonies was dependent on the

strain, the substrate, the agarose concentration, and the time of
incubation.

An investigation of the macrocolonies under the microscope
showed that migrating spots are cell suspensions in surface
liquid (see movies at www.stjuderesearch.org/ids/chase/index
.html). It was easy to observe regular swimming of the parental
bacteria inside wet spots and its branches, whereas the non-
motile strains did not show detectable motility of individual
cells (see movies at www.stjuderesearch.org/ids/chase/index
.html). Analysis of the bacterial cells recovered from the plate
following surface migration by EM did not reveal any elon-
gated or hyperflagellated cells for either V. cholerae or E. coli.

Conditions for surface migration. Unlike most investigators
studying bacterial surface migration, we spot a dense cell sus-
pension obtained after centrifugation of liquid cultures onto
the surface of the semisolid plates rather than using a tooth-
pick for inoculation. All available liquid is removed from the
bacterial pellet, and the cells are “resuspended” by vortexing.
In fact, we noted that dilution of the cells by either fresh LB
broth (Fig. 3) or culture supernatants inhibited the rate of cell
migration outward from the inoculation place. No surface mi-
gration of either V. cholerae or E. coli was observed after
inoculation via a toothpick. Bacterial pellets of both V. cholerae
and E. coli did not display any migration following heat treat-
ment at 80°C for 15 min. Furthermore, the treatment of cells
with pronase or proteinase K prevented any surface migration.
Treatment of the bacterial cells with chloramphenicol during
the last hour of growth, combined with the addition of chlor-
amphenicol in the plates, resulted in the loss of surface migra-
tion of both V. cholerae and E. coli cells.

An increase of agarose concentration in the plates of up to
0.7% significantly decreased the speed of surface migration
roughly proportional to the amount of agarose. Using agar
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FIG. 1. Surface translocation of different V. cholerae strains. (A)
Saturated bacterial suspensions of the parental (wt) strain O395N1, as
well as a chemotaxis-deficient strain (che4 ™) and two nonmotile mu-
tant derivative strains with paralyzed flagella (motX ™) or no flagella
(fliG™) were inoculated onto the surface of semisolid plates. (B) Sur-
face translocation of the classical biotype strain O395N1 was compared
to that of its LPS-negative rfbB insertion derivative (SC512) and the El
Tor biotype strain N16961. Plates were incubated at 37°C for 4 h.

instead of agarose to harden the mineral media resulted in the
loss of surface migration; similarly, semisolid plates made of
LB medium solidified with agarose did not sustain surface
migration. Different stocks of carbon, including glucose, glyc-
erol, fumarate, and succinate were found to support surface
migration of both V. cholerae and E. coli.

Mixing experiments. To better understand the lack of mi-
gration by most V. cholerae strains, we mixed 80% of V. chol-
erae O395N1 with 20% of V. cholerae N16961 carrying the gene
encoding GFP and vice versa. When these composite pellets
were inoculated onto the semisold surface of plates, the
“green” cells of the nonmigrating N16961 strain were found to
migrate together with the O395N1 cells (Fig. 4B), whereas
20% of O395N1 cells were not sufficient for the surface migra-
tion of the N16961 cells (Fig. 4A). The mixing of E. coli RP437
cells with V. cholerae N16961 cells in a 4:1 proportion showed
virtually no migration (Fig. 4A).

Effects of a surfactant. To start investigating the possible
mechanism of this flagellum-independent surface migration,
we tested for the production of a wetting agent by the cells that
would lower the surface tension of the water and create a

J. BACTERIOL.

FIG. 2. Surface translocation of different E. coli strains. Saturated
bacterial suspensions of the parental (wt) strain PR437, as well as a
chemotaxis-deficient strain (che4 ™) and two nonmotile mutant deriv-
ative strains with paralyzed flagella (motAB™) or no flagella (fiG™)
were inoculated onto the surface of semisolid plates. Plates were in-
cubated at 37°C for 4 h.

conditioning film for the bacteria to move on. However, we
have been unable to detect the presence of surfactants in the V.
cholerae or E. coli cultures by the drop collapsing test (14a).
However, the addition of surfactin (Sigma), produced by B.
subtilis, to the bacterial pellets stimulated surface migration of
the E. coli strain and both the V. cholerae O395N1 and the
N16961 strains (Fig. SA, B, and D). In contrast, the derivative
strain of O395N1 carrying an insertion in the 7fbB gene did not
show any surface translocation even in the presence of surfac-
tin (Fig. 5C).

Effects of culture supernatants. If the cells produce some
extracellular compound necessary for this surface migration,
we might be able to complement the nonmigrating strains by
the addition of sterile culture supernatants from the migrating
strain. However, washing the cell pellet of N16961 with culture
supernatants from O395N1 did not greatly enhance the surface
translocation of this strain compared to a washing step with LB
medium (Fig. 6). However, it does not appear that the washing
with LB medium or O395N1 supernatant leads to slightly im-

FIG. 3. Surface translocation of V. cholerae strain O395N1 follow-
ing dilution of the bacterial suspension in LB medium. The effects of
no dilution, as well as 5-, 10-, and 50-fold dilutions, are shown. The
plate was incubated at 37°C for 2 h.
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0O395N1(80%)/N16961(20%)

RP437(80%)/N16961(20%)

N16961(80%)/0395N1(20%)

0

0395N1(80%)/N16961, pGFP-2 (20%)

FIG. 4. Surface translocation of mixed bacterial suspensions. (A) A
mixture of 80% V. cholerae O395N1 cells with 20% V. cholerae N16961
cells and vice versa was inoculated onto the semisolid surface of the
plate. Similarly, 80% E. coli RP437 mixed with 20% V. cholerae
N16961 cells were spotted. (B) Epifluorescent microscopy of the edge
of a macrocolony derived from an inoculate consisting of 80% O395N1
mixed with 20% N16961 harboring a plasmid encoding GFP (pGFP-2).

proved movement of the N16961 cells outward from the inoc-
ulation site, compared to treatment with supernatants from
N16961 which does not result in any migration (Fig. 6). Inter-
estingly, washing with the supernatants of the nonmigrating
strain N16961 inhibited the migration of O395N1 cells (Fig. 6),
whereas heat treatment of this supernatant at 65°C for 10 min
prevented this inhibitory property. Similarly, the N16961 su-
pernatants inhibited the surface migration of E. coli RP437,
whereas LB medium, O395N1 supernatants, or N16961 Ahap
supernatants did not (Fig. 6). By using sizing spin columns, we
demonstrated that this inhibitory compound is retained by
10-kDa and 30-kDa, but not by a 100-kDa, cutoff membrane.

Effects of HAP. Since we had found that protease treatment
prevented surface migration (see above), we postulated that
the inhibitory factor observed in the culture supernatants of
nonmigrating V. cholerae strains might be one of the several
proteases produced by V. cholerae. Indeed, mutant derivatives
of several nonmigrating V. cholerae strains deleted in the hap
gene, encoding hemagglutinin/protease (HAP), showed sur-
face migration comparable to the O395N1 strain (Fig. 7). Fur-
thermore, treatments of V. cholerae O395N1 or E. coli RP437
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with supernatants of the hap deletion strains, unlike the pa-
rental supernatants, did not inhibit their surface translocation

(Fig. 6).

DISCUSSION

The ability to move on solid surfaces is widespread among
bacteria. The swarming of Proteus spp., the gliding of Myxo-
coccus spp., and the twitching of Pseudomonas spp. are well-
known examples of bacterial surface translocation and, in all
cases, the production of various special surface structures are
required for motility. Several flagellated gram-negative species
including Serratia spp., Vibrio alginolyticus, Vibrio parahaemo-
yticus, E. coli, Salmonella enterica serovar Typhimurium and,
more recently, Yersinia and Pseudomonas spp. (5, 16, 26, 31),
have been shown to display swarming behavior. For swarming,
the bacteria form specialized elongated swarm cells, and the
production of flagella is required for this type of surface mi-
gration. Flagellum-independent spreading has been reported
for S. marcescens and requires growth and the production of
the extracellular wetting agent serrawettin (21, 24) and thus
can be classified as sliding. Here, we report the novel finding of
flagellum-independent surface translocation of V. cholerae and
E. coli on semisolid surfaces.

Unlike most investigators, we used a highly saturated bac-
terial pellet recovered following growth in liquid media rather
than a toothpick to inoculate the surface of a medium plate.
Thus, in our system the bacteria initially migrate outward from
the inoculation point very rapidly without the requirement for
growth. Indeed, the density of the bacterial pellet seems to be
important for this phenomenon, as dilutions significantly re-
duce the ability of the cells to migrate. Following growth in LB
medium, the cells are ready for this migration since spreading
occurs almost immediately after inoculation. Another intrigu-
ing aspect of this surface migration is the remarkable speed of
about 14 mm/h by which the bacteria can travel during the first
few hours of incubation. Interestingly, regular swimming be-
havior, i.e., movement of the bacteria within the semisolid
plates, is only observed after several hours in strains that do
not show this surface migration or if the surface migration is
artificially inhibited. The combination of a relatively low nu-
trient media solidified by agarose rather than agar is also im-
portant for this phenomenon, as has been observed in several
other motility systems (17, 19, 20). We therefore propose that
this type of surface translocation requires specific interactions
between the surface of the bacteria and the surface of the
medium plate.

A series of V. cholerae mutants defective in known regula-
tory proteins or surface structures were analyzed for this mi-
grating behavior. No effects were observed in strains deficient
in the ToxR, ToxT, TcpA, or PilA proteins. However, the loss
of lipopolysaccharide (LPS) production in a strain with an
insertion in the rfbB gene completely abolished surface migra-
tion. Similarly, LPS was found to be important for the swarm-
ing of Salmonella (29), and the surface-exposed glycopeptido-
lipids (GPL), a component of the mycobacterial cell wall, was
required for the sliding of this nonflagellated microorganism
(19). In addition to LPS, it appears that the production of an
as-yet-unknown surface protein(s) is required for the surface
migration of V. cholerae and E. coli, since chloramphenicol
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No surfactin
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+ i : i
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FIG. 5. Surface translocation in the presence or absence of surfactin. A total of 5 pl of LB medium or 5 pg of surfactin per ml diluted in LB
medium was were added to 100 wl of bacterial cell suspensions of V. cholerae O395N1 (A), N16961 (B), or SC512 (C) or E. coli RP437 (D). Then,

2 ul of the treated cell suspensions was inoculated onto the surface of the plates and incubated at 37°C for 4 h.

Supernatants 8

Strains

FIG. 6. Effects of washing on the surface translocation of V. cholerae O395N1 and N16961 and E. coli RP437. Treatments with LB medium or
sterile supernatants from V. cholerae O395N1, N16961, or N16961 Ahap are shown. The plate was incubated at 37°C for 2 h.
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0O395N1

Bengal-2

Peru-2 Ahap

FIG. 7. Surface translocation of several parental and hap-deleted V. cholerae strains. Strains O395N1, Peru-2, Peru-2 Ahap, Bengal-2, Bengal-2
Ahap, CA401, and CA401 Ahap are shown. The plate was incubated at 37°C for 2 h.

treatment, as well as heat or protease treatment, of the cells
prevented migration. Most intriguingly, production of the V.
cholerae HAP or treatment with culture supernatants from
HAP-producing, but not hap-negative mutant strains inhibited
migration. This strongly suggests the production of a protein-
aceous factor involved in this process. In the nonflagellated
cyanobacterium Synechococcus, a cell-surface-associated poly-
peptide, SwmA, has been shown to be required for motility (1).
Analysis of the bacterial cells by EM did not show hyperflag-
ellation or any kind of obvious surface structure, such as pili,
that might be associated with this surface migration.

Although we were not able to demonstrate the production of
a surfactant by the V. cholerae or E. coli strains by using the
drop collapse test, the addition of surfactin, a surfactant pro-
duced by B. subtilis, further enhanced the surface translocation
of the migrating V. cholerae and E. coli strains. Moreover, it
enabled the nonmigrating strain N16961, but not the LPS-
deficient mutant, to move outward from the inoculation site.
Similarly, several different surfactants did not complement the
nonsliding phenotype of GPL-negative Mycobacterium strains
(27). In contrast, the addition of surfactin did rescue the swarm
defect of an LPS-negative Salmonella strain (29). Although we
do not yet understand the mechanism of this novel type of
surface translocation, we propose the production of some sur-
face tension-reducing compound by the bacteria that allows
the cells to migrate. In addition to intact LPS, some unknown
surface protein(s) appears to be required for this surface trans-
location. Clearly, further experiments, such as transposon mu-
tagenesis and characterization of the protease-sensitive surface
structure, are required to elucidate the mechanism underlying
this novel phenotype.

V. cholerae, unlike some closely related Vibrio species, does
not appear to differentiate into swarm cells and showed no
evidence of lateral flagellum production or laf gene homologs
in its genome. Its infection cycle includes colonization of the
human gut as well as an environmental phase. This type of

surface translocation might play a role in either or both of
these phases of this pathogen’s life cycle.
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