


to compete for resources, the motile cells will have the consid-
erable advantage shown in Fig. 3. On the other hand, the simu-
lations made with our PDE model do not fit the results of this
experiment with randomly mixed cells as they do with the needle
inoculation method (Fig. 3 and Fig. S2).

We stress that our model does not require directed movement
to regions of greater resource concentration (chemotaxis) for
motility to be favored. However, the experiments presented in

Fig. 2 do not exclude chemotaxis from contributing to the ad-
vantage of motility. The wild-type motile strain used in these
experiments is capable of chemotaxis (Mot+Che+). On the other
hand, in single-clone culture motile but chemotactic negative
strains of E. coli (Mot+Che� ) “ swarm” in soft agar (28). There-
fore, it seems reasonable to anticipate that even without knowing
where they are going, motile E. coli would have an advantage
over nonmotile E. coli. To determine whether this is the case, we
repeated the experiments presented in Fig. 2 with a Mot+Che�

construct of E. coli, PS2001(ΔcheB, cheZ, and cheY) bearing
a low copy number pLC576 plasmid carrying a cheY under lac
promoter that was inducible for motility (29, 30).

As anticipated from the studies of Wolfe and Berg (28), the
Mot+Che� strain diffuses through the habitat faster and farther
than the Mot� Che+ strain (Fig. 4A). In single-clone agar culture
the motile strain saturates the habitat faster than the nonmotile
one. There are no differences between strains in this saturation
rate in liquid, although in liquid, the motile strain seems to die
off more rapidly than the nonmotile one. As with the Mot+Che+

strain experiments depicted in Figs. 2 and 3 in agar, the motile
strain is more fit than the nonmotile one. As measured by M/N
ratio, the extent of this fitness advantage of the Mot+Che� strain
in agar is less than that of the Mot+Che+ strain.

Discussion
We interpret the results of this study as support for the hy-
pothesis that even without the directional information associated
with chemotaxis, motility provides bacteria with an advantage in
the rate at which they saturate and compete in resource-limited,
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Fig. 2. (A) Growth of motile and nonmotile strains in 35-mm diameter Petri
dishes with 1% tryptone, 0.35% agar medium. (B) Change in density of
motile and nonmotile strains in single-clone culture and ratio of motile/
nonmotile cells (M/N in right axis) in pairwise competition in liquid culture
with different amounts of nutrient (1% and 0.1% tryptone). Mean densities
were estimated for three separate dilutions from two independent experi-
ments. Initially there were 20–50 cells/mL and M/N ratios of 0.6–0.7. (C)
Change in density of motile and nonmotile strains in single-clone culture and
ratio of motile/nonmotile cells (M/N in right axis) in pairwise competition in
soft agar culture with different amounts of nutrient (1% and 0.1% tryptone)
and different viscosities of agar (0.35% and 0.175%). Mean densities were
estimated for three separate dilutions from two independent experiments.
Initially there were 20–50 cells/mL and M/N ratios of 0.6–0.7. (See Methods
for information about the error in these estimates of densities and ratios in
this and the following � gures.) (D) Simulation results, change in density of
motile and nonmotile strains in single-clone culture and ratio of motile/
nonmotile cells (M/N in right axis) in pairwise competition in soft agar cul-
ture with different amounts of nutrient (Rmax = 5 and 50 μg/mL) and resource
diffusion coef� cients (DR = 3.6 × 10� 3 and 7.2 × 10� 3 cm/h). Simulation
parameters: α = 0.9 h� 1, k = 5.0 mg/mL, ν = 4.75 × 10� 7 μg/h, DM =3.19 × 10� 4

cm/h, and DN = 3.6 × 10� 3 cm/h. The computations used a grid size of 0.1 cm
and a step size of 0.1 h� 1.

Table 1. Means and SEs of the estimated densities of suspended cells from four plugs taken
5 mm and 15 mm from the edges of separate Petri dishes of the sort depicted in Fig. 2 A

Day 1 Day 2 Day 3 Day 4

N, 5 mm 0 0 0 0
N, 15 mm 0 0 0 7.3 ± 0.7 × 106

M, 5 mm 0 5.5 ± 0.6 × 106 5.5 ± 0.8 × 106 2.6 ± 0.3 × 106

M, 15 mm 9.9 ± 0.4 × 105 6.8 ± 0.7 × 106 8.2 ± 1.1 × 106 4.1 ± 0.3 × 106

N are nonmotile bacteria and M are motile bacteria.
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Fig. 3. (A–D) Change in density of motile and nonmotile strains in single-
clone culture and ratio of motile/nonmotile cells (M/N in right axis) in pair-
wise competition in soft agar with different amounts of nutrient (1% and
0.1% tryptone) and different viscosities of agar (0.35% and 0.175%). Mean
densities were estimated for three separate dilutions from two independent
experiments. Cultures were initiated with 20–50 cells randomly dispersed in
agar and M/N ratios of 0.6–1.0.
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