Elasticity-mediated nematiclike bacterial organization in model extracellular DNA matrix
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ethanol-precipitated and then resuspended in deionized mil-
lipore water at desired concentration. The initial concentra-
tion of semidilute aqueous DNA was within Cpya
=(0.1-2) mg/ml. We used P. aeruginosa cells inoculated
from frozen stock and grown in the Lysogeny broth in a
shaker overnight; optical density of cells in the broth was
within the range pop=0.5-1.

There are two types of bacterial appendages for motility
in the context of P. aeruginosa biofilm formation, flagella
and type IV pili. The flagellum is well known for being re-
sponsible for swimming and swarming motility [20], while
type IV pili are involved in twitching motility [21], in which
movement occurs via pilus extension and retraction. In addi-
tion to the wild-type P. aeruginosa cells, we used two mutant
strains defective in two types of motility: A flagellum-
deficient fliC mutant [22] (the fliC gene encoding flagellin,
the structural subunit of the flagellum), and a type IV pili
deficient pilA mutant (the pilA gene encodes for a component
of pilin, a structural subunit of type IV pili) [20]. P. aerugi-
nosa cells have typical radii within R=(250-400) nm and
length L=(1.8-3) um [2,23]. In order to minimize the ef-
fects of adventitious genetic mutations, cells from a frozen
stock of a single colony were used for all experiments. Be-
fore each experiment, we adjusted the density of bacteria to
obtain pop=0.01-0.1. We then thoroughly mixed this sus-
pension with a semidilute solution of aqueous DNA at
Cpna=(0.1-2) mg/ml in the proportion 1:1.

The P. aeruginosa strains contained a chromosomal, con-




stretched DNA molecules and the director i (Fig. 1). Further-
more, the bacteria are viable, as indicated by monitoring
fluorescence from both GFP and propidium iodide.

To characterize the alignment properties of the bacteria in
the DNA matrix, we have estimated the order parameter




ies, which occurs preferentially to pyrimidine residues, al-
though there is no evidence of sequence-specific binding
[3,4]. However, the pili-DNA binding alone is often not suf-
ficient to describe the experimental observations [32]. Our
results indicate that specific binding to DNA by the type 1V
pili is not a necessary condition for the nematiclike ordering
of Pseudomonas in the matrix. Likewise, that the flagella-
deficient fliC mutant (which can be viewed as a Brownian
particle similar to colloidal ellipsoids or rod-shaped viruses
[33]) also exhibits alignment indicates that the self-propelled
nature of bacteria does not impinge on the observed align-
ment but helps to overcome elasticity- and depletion-
mediated cell aggregation. These results are consistent with
the elastic origin of the bacterial ordering and indicate that
elasticity-mediated forces between the DNA matrix and bac-
teria may play a role in cell-matrix interactions
[2-4,32,34-38]. Moreover, since bacteria can move along

directed linear trajectories in regions of local nematic matrix
alignment, these results may have implications for regulation
of bacterial movement within biofilms.

To conclude, we have demonstrated that elastic forces ex-
erted by the LC matrix of concentrated DNA can be used to
order rod-shaped bacteria and that behavior of planktonic
bacteria is strongly modified by the extracellular polymeric
matrices. Elasticity-mediated alignment has a potential to be
used for alignment of other nonspherical active particles and
for directed self-assembly of nanostructured metamaterials.
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