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Nongliding mutants of Flexibacter FS-1 are unable to flex; revertants regain
both forms ofmovement. A variety of conditions and treatments reversibly inhibit
both gliding and flexing.

Members of the genus Flexibacter, whose
basic biology has been described previously (4,
5, 8, 12, 13), demonstrate three apparently dif-
ferent types of movement. On a surface Flexi-
bacter filaments demonstrate. relatively rapid
gliding motility. In suspension they undergo ac-
tive flexing and straightening. In a wet mount
short filaments adhering at one end to the slide
can be observed to gyrate around their point of
attachment. The mechanism(s) of gliding, flex-
ing, and gyration in these and other gliding
bacteria is not known. Other than the goblets
observed on the surface of the marine Flexibac-
terpolymorphus, for which some gliding-related
function has been proposed (10, 11), no morpho-
logical basis for any of these movements has
been reported.

In this report we present genetic and physio-
logical evidence which suggests that gliding mo-
tility and active flexing of Flexibacter FS-1 are
manifestations of the same mechanism.

Flexibacter FS-1 was isolated from soil by
Simon and White (12) and subsequently further
characterized (2, 8, 12). Bacteria were grown at
300C in YE/2 broth, containing one-half the
yeast extract of YE (12). In this medium, the
bacteria have a generation time of 90 to 100 min.
Log-phase cells at an optical density of <0.3
(Bausch and Lomb Spectronic 20, 540 nm),
grown on a rotary shaker (60 rpm) were gener-
ally long filaments (up to 200 um).

Flexing was visualized in cell suspensions in a
Hawksley counting chamber. The chamber was
mounted in a hot stage on a Wild phase-contrast
microscope. To observe gliding, cell suspensions
or pellets of centrifuged bacteria were spotted
on YE/10 medium (2) with 1.5 or 2.5% agar
(Difco). After incubation at 300C for 25 h, the
plates were examined by phase-contrast micros-
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copy for single cells and groups of cells (swarms)
which had glided from the spot peripheries. On
2.5% agar we were able to see phase-bright trails
marking the paths over which cells had moved.
To isolate nongliding mutants, bacteria grown

in YE/2 were centrifuged and suspended in 5 x
10-3 M KPO4 buffer (pH 7.0). A 10-ml volume of
suspension was irradiated, with continuous stir-
ring in a 9-cm-diameter petri dish, 35 cm under
a 30-W GE germicidal lamp for 60 s. After ad-
dition of2% yeast extract to a final concentration
of 0.5%, the bacteria were incubated for 24 to 48
h. Subsequently, they were plated on YE/2 me-
dium containing 2% agar (Difco). This agar con-
centration limits colony spreading. After 48 h of
incubation at 300C, the plates were examined
for raised colonies with smooth edges. Such col-
onies were subcultured. Daughter colonies were
examined for nongliding morphology, and single
cells were observed for movement.

In several procedures, Flexibacter filaments
had to be removed from growth medium and
suspended in another solution. To do this with-
out undue shear-induced fragmentation of fila-
ments, bacterial suspensions were centrifuged at
103 x g for 10 min or collected on a membrane
filter (Millipore Corp., 0.45 ,tm pore size). Pel-
leted bacteria or those on filters were then sus-
pended by gentle agitation.

Flexing of Flexibacter FS-1 filaments, able to
glide onZ agar (2), was observed in wet mounts
(Fig. 1). Flexing was particularly active and fre-
quent in clumps of filaments. When suspensions
of filaments were spotted on agar, flexing was
observed until the drop had dried, after which
gliding motility commenced. Gliding cells were
observed to flex infrequently. In contrast, cells
of the genus Cytophaga, classified within the
same family as Flexibacter, flex rapidly partic-
ularly while gliding on agar (14).
Our observations indicate that only relatively
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long filaments are able to glide (2) and flex.
Lewin and Lounsberry (5) have also reported
that active flexing occurs in more elongate forms
of various Flexibacter stains.
Short Flexibacter filaments, generated late in

logarithmic growth and by growth in glucose
salts medium (12), are unable to glide (2). We
were unable to observe flexing in such cells
(Table 1), although such observations are made
less reliable because of the inherent difficulty in
observing flexing of short filaments.
We isolated six, independent, UV-induced,

nongliding mutants (Ng 1 to 6) (Fig. 2). All
produced filaments during logarithmic growth,
although they were shorter than those typical of
the wild type in several of the mutants. However,
even in these mutants filament length was c90
,im. None of these mutants was observed to flex
under our experimental conditions.
Spontaneous revertants of Ng 2 and Ng 4 to

the wild-type gliding phenotype also demon-
strated the ability to flex.

Motility ofMyxococcus xanthus, another glid-
ing bacterium, can be reversibly inhibited by
treatment of these bacteria with certain proteo-
lytic enzymes (1). Flexibacter filaments were
suspended in phosphate buffer (5 x 10' M, pH
7.0) containing 1 mg of subtilisin per ml (Sigma
Protease VIII) and incubated for 1 h at 300C.
Flexing and gliding motility were inhibited in
these cells; both forms of movement reappeared
after 2 to 3 h of incubation in growth medium.
Control cells incubated in bovine serum albumin
(1 mg/ml) glided and flexed normally.

Gliding of M. xanthus is also reversibly in-
hibited by osmotic shock (1). Using the shock

TABLE 1. Flexing and gliding of Flexibacter:
mutants and effect of various conditions

Strain, morphological state, or treat- Movement
menta Gliding Flexing

Wild-type filaments + +
Wild-type short cells - -
Nongliding (Ng) mutant fila- - -
ments

Revertants of Ng 2 and 4 + +
Protease treatment
EDTA NTb -
Hypertonic sucrose - -

47°C Incubation - -

KCN (5 x 10-3 M) - -
Dinitrophenol (2 x 10-4 M) - -

Sodium arsenate (2 x 10-2 M) + +
a See text for details.
b Not tested.

FIG. 1. Flexing of Flexibacter FS-1. Arrows indi-
cate points at which flexing and straightening are
evident. Cells are depicted at 1-s intervals. Bar rep-
resents 10 ,im.
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FIG. 2. Gliding of Flexibacter FS-1 (A) on YE/10 agar at t = 0 and after 50 min. Some movement had
already occurred prior to drying of the spot of cells. (B) Nongliding mutant Ng 4 under the same conditions.
Bar represents 50 ,um.

procedure of Nossal and Heppel (6), we found
that both gliding and flexing of Flexibacter are
inhibited. However, it may be that one or more
of the steps of the osmotic shock procedure are
themselves inhibiting Flexibacter movement.
Filaments washed with and suspended in Tris-
hydrochloride buffer (pH 7, 0.01 M) flexed nor-
mally. They also glided when plated on YE/10
agar.
Plasmolysis is the next step in the osmotic

shock procedure. Exposure of flagellated bacte-
ria to hypertonic sucrose temporarily inhibits
motility (7). Incubation of Flexibacter FS-1 fil-
aments in YE/2 growth medium containing 20%
sucrose (20 min at 30°C) caused inhibition of
both flexing and gliding. Filaments exhibited
both forms of movement after a 1- to 2-h recov-
ery period in growth medium.
Addition of EDTA to washed filaments sus-

pended in Tris buffer, the next step in the os-
motic shock procedure, inhibited flexing. Sub-
sequent addition of CaCl2 (10-' M) and MgCl2
(10-3 M) to EDTA-treated cells restored flexing
immediately. We were unable to determine the
effect of EDTA on motility since we have thus
far been unable to develop a defined medium on
which Flexibacter can glide.
We determined the maximum temperature at

which flexing and gliding will occur. A suspen-
sion of Flexibacter filaments was spotted on
YE/10 agar plates prewarmed to the test tem-

perature. After 4 h of incubation at that temper-
ature, gliding was checked. Cells were able to
glide at 45°C. At 47 to 48°C, trace or no gliding
was observed. Active flexing occurred up to 47°C
in cell suspensions gradually heated to that tem-
perature. However, if 30°C-grown cells were
shifted to 37°C, flexing was inhibited immedi-
ately. This inhibition may be related to the
initiation of filament fragmentation induced by
temperature shift (8).
Ridgway (9) reported that KCN and uncou-

plers of oxidative phosphorylation inhibit gliding
motility of F. polymorphus. We have incorpo-
rated inhibitors in the flexing and gliding media
to determine their effects on movement in Flex-
ibacter FS-1. KCN (5 x 10-3 M) inhibited gliding
absolutely and stopped flexing within 0.5 h; at
102 M, flexing ceased almost immediately. The
uncoupler dinitrophenol had the same effect; at
2 x 10' M, flexing was inhibited within 0.5 h
and no gliding was observed. Flexing was in-
hibited immediately at 10-3 M. Arsenate, which
reduces the ATP and phosphoenolpyruvate con-
centration in bacteria (3), has little influence
on gliding of F. polymorphus (9). Similarly, we
have found that neither flexing nor gliding of
Flexibacter FS-1 was inhibited by sodium arse-
nate (2 x 10-2 M).
The facts that UV-induced nongliding mu-

tants were also unable to flex, and that when
such mutants revert, they simultaneously re-
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gained both types of movement, suggest that
flexing and gliding have at least one gene in
common. Furthermore, treatments and condi-
tions which inhibited gliding also inhibited flex-
ing. These observations suggest that expression
of the flexing phenotype is under the same con-
trol as that of gliding motility.
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