












Finally, 11 of the 16 dual-domain GGDEF-EAL subclass mu-
tants showed reduced swimming motility compared to the wild
type. Of these, the motility of six mutants (�PA14_07500,
�PA14_21190, �PA14_56790 [bifA], �PA14_60870 [morA],
�PA14_66320 [dipA], and �PA14_71850) was significantly re-
duced (�50%) compared to the motility of the wild type. Two
mutants (�PA14_03720 and �PA14_31330) showed �70% of
wild-type levels of motility. In contrast, three mutants (�PA14_
21870, �PA14_42220 [mucR], and �PA14_65540 [fimX]) were
hypermotile, at 110 to 120% of wild-type levels (Fig. 4).

As described above, we observed three mutants with a hyper-
biofilm phenotype (�PA14_21190, �PA14_56790 [bifA], and
�PA14_66320 [dipA]). These same mutants were impaired in
swimming motility (Fig. 4), which is consistent with the general
model that high intracellular c-di-GMP levels favor biofilm for-
mation, while low intracellular c-di-GMP levels favor motility.
Interestingly, there were two other mutants with similarly im-
paired swimming motility (e.g., �PA14_72420 and �PA14_
14530) that showed reduced biofilm formation. The complexity
underlying c-di-GMP-dependent phenotypes and exceptions to
the general model were demonstrated previously (18).

c-di-GMP regulation of swarming motility. P. aeruginosa
PA14 is capable of a second form of flagellum-dependent motility:
swarming. Swarming motility also utilizes rhamnolipid surfac-
tants to move across a semisolid surface and is routinely assayed
on 0.5% agar plates. Swarming has also been linked to c-di-GMP
in P. aeruginosa PA14 (16–18, 61).

Among the 16 GGDEF-only mutants, 5 mutants (�PA14_
02110 [siaD], �PA14_03790, �PA14_04420, �PA14_26970, and
�PA14_72420) swarmed at �50% of wild-type levels (Fig. 5A).
Additionally, two mutants (�PA14_23130 and �PA14_57140)
demonstrated a smaller but significant decrease in swarm cover-
age. In contrast, five other mutants (�PA14_16500 [wspR],
�PA14_20820, �PA14_49890 [yfiN], �PA14_50060 [roeA],
�PA14_53310, and �PA14_64050) were hyperswarmer strains,
showing surface coverages that were 110 to 150% of wild-type
levels (Fig. 5A).

Reduction in swarm coverage was observed for three mutants

(�PA14_14530, �PA14_30830, and �PA14_63210) of the EAL-
only and HD-GYP-only subclasses, with the �PA14_30830 mu-
tant showing the highest level of coverage, at 60% of wild-type
levels. Three mutants of this class were hyperswarmers (�PA14_
12810 [rocR], �PA14_36260, and �PA14_10820), with 110% of
wild-type swarm coverage. The product of the PA14_12810 (rocR)
gene was previously linked to Cup fimbria expression, but its con-
tribution to swarming motility was unknown (62, 63).

Mutants with reduced swarm coverage outnumbered hyper-
swarmers within the dual-domain GGDEF-EAL subclass. In fact,
only two mutants in this group (�PA14_42220 [mucR] and
�PA14_65540 [fimX]) were hyperswarmers, surpassing wild-type
surface coverage at 150%. The hyperswarming phenotype of the
�PA14_42220 (mucR) mutant of P. aeruginosa PA14 is in contrast
to a previous report by Hay et al., wherein �mucR mutant swarm-
ing motility was on par with that of wild-type P. aeruginosa strain
PAO1 (12). Differences in the strains used and/or medium com-
positions may explain this discrepancy. Seven mutants of the
GGDEF-EAL subclass (�PA14_07500, �PA14_21190, �PA14_
53140 [rbdA], �PA14_56790 [bifA], �PA14_60870 [morA], and
�PA14_66320 [dipA]) showed reduced swarming. The decreased
swarming of the �PA14_56790 (bifA) and �PA14_53140 (rbdA)
mutants is in line with previous reports (16, 28).

In general, weak swarmers (e.g., �PA14_02110 [siaD] and
�PA14_07500) are also weak swimmers (Fig. 3). Interestingly, the
hyperswarming phenotype (e.g., �PA14_50060 [roeA] and
�PA14_53310) did not always translate into a hyperswimming
phenotype (Fig. 3). These findings indicate a complex relationship
between swimming and swarming motility.

Impact of mutations on pilus-mediated twitching motility.
P. aeruginosa can also utilize type IV pili (TFP) to move across
hard surfaces (�1% agar) in a process known as twitch motility
(41, 64), which is distinct from the two flagellar-dependent modes
of motility, swimming and swarming, described above. We inves-
tigated the effects of the DGC and PDE mutants on twitching
motility. The �pilA mutant, lacking the type IV pilin (65), served
as the negative control (Fig. 6).

A small subset of GGDEF-only mutants (�PA14_03790,

FIG 4 Swimming motility. Shown is an analysis of swimming motility of wild-type P. aeruginosa strain PA14 as well as strains carrying mutations in genes
encoding GGDEF-only, EAL-only, HD-GYP-only, and dual-domain GGDEF-EAL proteins. The area covered by the swimming motility zone was normalized to
that of the wild-type strain, which was set to a value of 1, for ease of comparison. The nonmotile �flgK mutant served as a negative control. �, P � 0.05.
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�PA14_26970, and �PA14_72420) demonstrated reduced twitch
zones, at �50% of wild-type levels. Six other mutants (�PA14_
04420, �PA14_23130, �PA14_40570, �PA14_56280 [sadC],
�PA14_57140, and �PA14_64050) also showed statistically sig-
nificant decreases in their respective twitch zones but to a lesser
degree than the previous group of mutants. In comparison, only

one mutant (�PA14_20820) had a hypertwitch phenotype, with
its twitch zone being �120% of that of the wild type (Fig. 6).

Several mutations of EAL-only and HD-GYP-only genes con-
ferred a reduction in twitch motility. A total of four mutants
(�PA14_14530, �PA14_36260, �PA14_30830, and �PA14_
63210) showed significant decreases in their respective twitch

FIG 5 Swarming motility. Shown is an analysis of swarming motility of wild-type P. aeruginosa PA14 as well as strains carrying mutations in genes encoding
GGDEF-only, EAL-only, HD-GYP-only, and dual-domain GGDEF-EAL proteins. (A) The area covered by the swarm and its tendrils was measured and
normalized to that of wild-type P. aeruginosa strain PA14, which was set to a value of 1, for ease of comparison. (B) Representative images of swarming motility.
Reduced swarm coverage includes reduced tendrils (�PA14_60870 [morA]) or tendril-less growth of the colony (�PA14_56790 [bifA]). The nonmotile �flgK
mutant served as a negative control. �, P � 0.05.

FIG 6 Twitch motility. Shown is an analysis of twitching motility by wild-type P. aeruginosa strain PA14 as well as strains carrying mutations in genes encoding
GGDEF-only, EAL-only, HD-GYP-only, and dual-domain GGDEF-EAL proteins. Twitch zones were measured and normalized to that of wild-type P. aeruginosa
strain PA14, which was set to a value of 1, for ease of comparison. The �pilA mutant served as a negative control. �, P � 0.05.
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zones compared to the wild type. In particular, �PA14_14530 and
�PA14_63210 showed twitch zones that were �50% of that of the
wild type (Fig. 6).

Of 16 mutants of the dual-domain GGDEF-EAL class, 8 mu-
tants (�PA14_21190, �PA14_21870, �PA14_31330, �PA14_
49160, �PA14_56790 [bifA], �PA14_65540 [fimX], �PA14_
69900, and �PA14_71850) were statistically significantly
impaired for twitch motility, and only 2 (�PA14_03720 and
�PA14_37690) showed larger twitch zones than that of the wild
type (Fig. 6). It is also worth noting that our data reproduced a
twitch-negative phenotype for a strain carrying PA14_65540
(fimX), a known c-di-GMP-dependent regulator of TFP biogene-
sis in P. aeruginosa (13).

Conclusions. Here, we present a library of in-frame deletion
mutations targeting the 40 c-di-GMP metabolism proteins iden-
tified in the genome of P. aeruginosa PA14. Assessment of biofilm
formation, swimming motility, swarming motility, twitch motil-
ity, and EPS production (via CR binding) was performed by using
this mutant library (summarized in Table S4 in the supplemental
material). Analysis of these mutants revealed complex relation-
ships among these phenotypes, consistent with the complex na-
ture of the c-di-GMP signaling system. Going forward, this mu-
tant library should serve as a helpful tool for elucidating the role of
c-di-GMP metabolism proteins and their regulated pathways.
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