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Abstract:
Bacteria growing in biofilms are often found to be less susceptible to antimicrobial agents than bacteria
grown planktonically. Slow growth and starvation were hypothesized to contribute to the reduced
susceptibility of mature biofilms. In this study, spatial physiological heterogeneity of mature biofilms
was visualized by molecular staining coupled with cryoembedding and cryosectioning. Frozen cross
sections of biofilms that had been subjected to a period of phosphate starvation then stained for alkaline
phosphatase activity with a fluorogenic stain demonstrated that alkaline phosphatase activity was
induced only in a distinct band of approximately 30 μm adjacent to the gaseous interface. The localized
pattern of alkaline phosphatase activity correlated well with dissolved oxygen penetration profile
measured with an oxygen microelectrode. Biofilm sections stained with acridine orange and
Fluorescent-In-Situ-Hybridization (FISH) revealed that faster-growing cells were located in the upper
20-25 μm layer of the biofilms, whereas the majority of cells in the lower part of the biofilms were
slower growing. These molecular stains gave indications of different activity measurements in the
biofilms.

The gene expression and protein level of the starvation sigma factor was studied to address the possible
role of starvation in biofilm resistance. A rpoS-lacZ transcriptional fusion was used to compare the
level of gene expression of Pseudomonas aeruginosa cells, grown planktonically and in biofilms.
lmmunoblots were used to assay the levels of RpoS, under these different cultivation conditions. In
3-day continuously fed biofilms, rpoS gene expression was three fold higher per mg cell protein, than
that of average stationary planktonic cells. In addition, the levels of RpoS in 3 and 4-day biofilms were
similar to the level found in the stationary phase planktonic culture. These results demonstrated that the
levels of RpoS were high in at least some regions of continuously fed mature biofilms. Since RpoS is
involved in the regulation of general stress protection, induction of rpoS in biofilms may contribute to
the increased resistance of biofilms.

Taken together, these results show that mature P.aeruginosa biofilms are characterized by striking
physiological heterogeneity, including evidence of regions of diminished metabolic activity, slow
growth, and starvation response. 
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