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Development is not restricted to so-called higher organisms.
Developmental processes in bacteria include differentiation of
a single cell, such as the swarmer-to-stalk transition by Cau-
lobacter crescentus and spore formation by Bacillus subtilis.
Other microbes, such as Myxococcus xanthus, produce special-
ized cells within a population to form sporulating fruiting bod-
ies (19). As we learn more about microbial biofilm formation,
it is becoming clear that this is yet another example of a
bacterial developmental process (4, 12). Like other develop-
mental systems, building a biofilm requires a series of discrete
and well-regulated steps. While the exact molecular mecha-
nisms may differ from organism to organism, the stages of
biofilm development appear to be conserved among a wide
range of microbes. These stages include attachment of cells to
a substrate, the growth and aggregation of cells into microcolo-
nies, and the maturation and maintenance of architecture
(3–5) (Fig. 1). In this issue of the Journal of Bacteriology, Finelli
and colleagues at the Hospital for Sick Children in Toronto
demonstrate the use of a new tool for further dissecting the
development of bacterial biofilms (8).

Bacterial developmental processes contribute to the success
of a microbe in its environment. In the case of M. xanthus,
development of the fruiting body includes a division of labor
between sporulating cells, which give rise to the seeds of future
generations, and the stalk cells, whose final act is to lift these
spores above the substratum and aid in their dispersal. Biofilms
also enable specialization of cells within a population, as was
shown by Branda et al., who demonstrated spore-specific gene
expression within localized regions of B. subtilis biofilms (1).
Despite recent progress, it is apparent that we still have a great
deal to learn about the mechanisms of bacterial biofilm con-
struction and the interplay among phenotypically distinct sub-
populations within these communities.

Finelli and colleagues took advantage of a well-known tech-
nique called IVET (for “in vivo expression technology”) (10)
and adapted the system to study genes expressed in a mature
biofilm. Three new genes required for biofilm formation by
Pseudomonas aeruginosa were identified by their application of
this system, called IBET (for “in-biofilm expression technolo-
gy”). A key element of the IBET system is a strict nutritional
requirement to allow the selection of biofilm-expressed pro-
moters that rescue this auxotrophy. These researchers looked
for promoters whose expression rescued the adenine deficiency
of a P. aeruginosa �purKE mutant that grows in a biofilm but
not on minimal agar medium lacking adenine. Their approach

was validated by mutational analysis when they found that
three of the five biofilm-expressed genes were required for
biofilm formation but played no role in planktonic growth. This
study represents the first time that such an approach has been
used to study development in a microbial system.

Like other developmental pathways, P. aeruginosa biofilm
development is controlled by a number of different regulators,
including LasR, RhlR, GacA, RpoS, Crc, and PvrR (6, 23;
reviewed in reference 4). A new regulator can now be added
to this list, encoded by the open reading frame designated
PA3782 (based on the P. aeruginosa genome project, www
.Pseudomonas.com), which appears to code for a transcrip-
tional regulator of the AraC-XylS family. These transcription
factors have been well studied as regulators of carbon metab-
olism and are also known to control virulence factor expression
by numerous pathogens (7). While there is at least one exam-
ple of a AraC-XylS family regulator participating in microbial
developmental—the PA3782 homolog AdpA is required for
the formation of aerial hyphae in Streptomyces griseus (11)—a
role for this large family of transcription factors in microbial
development may be underappreciated. Of the �800 potential
family members identified as of 2002 (7), many of which have
no known function (24), it would come as no surprise if at least
some participated in the regulation of biofilm formation and/or
other developmental pathways.

One important problem facing biofilm researchers is trying
to understand the changes in metabolism bacteria undergo as
they adapt to life in these communities. The second gene
required for biofilm development identified by Finelli and col-
leagues, PA3701, is predicted to encode an alcohol dehydro-
genase or oxidoreductase. It is likely that this enzyme is
necessary for the physiological adaptation of P. aeruginosa
to the biofilm mode of life. This protein can be added to a
long list of other enzymes involved in amino acid biosynthesis,
carbon metabolism, and respiration that were previously iden-
tified by genomic and proteomic approaches as being ex-
pressed within the context of a biofilm (18, 26). While under-
standing the role that such enzymes play in biofilms is often
difficult, and more often ignored, this information may be key
to getting a firm grip on the changes microbes undergo as they
adapt to life in a community.

The third biofilm gene identified (PA0240, designated opdF)
codes for a predicted porin based on its similarity to the OprD
family of porins. Although the function of OpdF in biofilm
formation remains to be elucidated, potential roles for this
membrane protein include transport of signaling molecules,
nutrients, or metabolic products. Alternatively, this protein
may be needed to adapt to conditions particular to a biofilm,
such as high osmolarity (15), or may serve as adhesin, as has
been predicted for other surface structures, such flagella, pili,
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the predicted cup-encoded fimbriae, and the AggA outer mem-
brane protein (OMP) (2, 16, 17, 20, 25). Whatever its function,
OpdF is not the first porin or OMP required for biofilm de-
velopment by pseudomonads. Yoon and colleagues demon-
strated that the OMP OprF is necessary for the anaerobic
growth of P. aeruginosa biofilms (27). Furthermore, proteomic
and microarray studies suggested that other OMPs are up-
regulated in biofilm versus planktonic cells, although there is
no direct evidence that these surface factors are needed for
biofilm development (18, 26).

Pseudomonads, and in particular P. aeruginosa, are among
the best-studied biofilm formers, due in large part to the long
history of study of these organisms, their genetic tractability,
and the availability of the genome sequence of the laboratory
strain PAO1 (22). Many tactics have been employed to get a
handle on the genes required for biofilm development by P.
aeruginosa. Genetic approaches have been successful at iden-
tifying the factors involved in the early steps in biofilm devel-
opment, such as attachment to a surface and the formation of
microcolonies (14, 25). While proteomic and genomic studies
have examined gene and protein expression at all stages of
biofilm formation (18, 26), the functional roles of these factors
are still being characterized. Finelli and colleagues have taken
expression studies a step further by demonstrating that three of
the five genes identified in the original IBET screen as being
expressed in a biofilm are also necessary for biofilm develop-
ment. The next goal should be to determine the specific stages
in the development of a biofilm wherein these genes are re-
quired. That is, what functions do these cells lack that confer
the observed defects in biofilm formation—are these mutant
bacteria unable to establish early surface contacts, are these
contacts unstable, or have cell-to-cell interactions been dis-
rupted, etc.? The phenotype of each of these mutants is some-
what different, indicating that they may participate in different
aspects of community formation.

The genes identified in this screen are by necessity expressed
throughout biofilm development because the bacteria are re-

quired to produce endogenous adenine throughout the 5-day
period of biofilm growth and maturation. Genes, and their
products, that play only a transient role in biofilm formation
would probably not have been uncovered. Expression of the
IBET-identified genes throughout development suggests that
they may be important at multiple steps in the biofilm pathway.
These observations and the experiences of other developmen-
tal microbiologists illustrate the need to be able to turn genes
on and off throughout biofilm formation to study their function
at discrete steps throughout this process. The technology to
perform such studies awaits future development.

One fascinating note is the lack of overlap between the
genes identified in this study and genes found by using other
genetic, genomic, and/or proteomic approaches. I suspect that
this observation means two things. First, we are just scratching
the surface of the functions required for making and maintain-
ing a biofilm. Second, bacteria have more than one way to
make a biofilm. It seems likely that particular environmental
stimuli (growth media or the substratum, etc.) trigger different
developmental pathways, all culminating with the same end
point, a mature biofilm. Earlier studies suggested that there
are multiple pathways for biofilm development in Pseudomo-
nas fluorescens and that these pathways may be, in part, regu-
lated by the availability of particular carbon sources or other
nutrients (13). We should keep this concept of multiple biofilm
pathways in mind as we consider more complex communities,
some of which may be comprised of multiple microbial species.
For example, recent work by Hogan and Kolter demonstrated
biofilm formation by P. aeruginosa on the fungus Candida
albicans (9), and Singh and colleagues provided evidence for
biofilms of P. aeruginosa in the cystic fibrosis lung (21). Are
these biofilms the same as or different from a community
formed on an abiotic surface? It is quite possible that there is
more than one way to make a biofilm, and I think it would be
unwise to discount that such complexity is outside the rep-
ertoire of the microorganism! When the information from
multiple biofilm studies utilizing a variety of approaches is

FIG. 1. How do bacteria control the transition from free-swimming planktonic cells to life in a multibacterial community? On the left is shown
fluorescently labeled planktonic P. aeruginosa at �1,400 magnification. Within a few days, these individual microbes can form the community
pictured on the right. This top-down fluorescent image shows a mature 5-day-old biofilm grown in a flowing system at �230 magnification. The
macrocolonies shown here (white arrows) vary from �35 to more than 50 �m in height.

2688 GUEST COMMENTARIES J. BACTERIOL.



integrated, we’ll gain a more complete view of biofilm devel-
opment by P. aeruginosa.

Many thanks go to D. A. Hogan for her input on this commentary.
Work in the O’Toole lab is supported by the NSF (9984521); the

Cystic Fibrosis Foundation (O’TOOLE01GO); Microbia, Inc.; and the
Pew Charitable Trusts. G.A.O. is a Pew Scholar in the Biomedical
Sciences.
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