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Abstract In nature, the biofilm mode of life is of
great importance in the cell cycle for many microor-
ganisms. Perhaps because of biofilm complexity and
variability, the characterization of a given microbial
system, in terms of biofilm formation potential,
structure and associated physiological activity, in a
large-scale, standardized and systematic manner has
been hindered by the absence of high-throughput
methods. This outlook is now starting to change as new
methods involving the utilization of microtiter-plates
and automated spectrophotometry and microscopy
systems are being developed to perform large-scale
testing of microbial biofilms. Here, we evaluate if the
time is ripe to start an integrated omics approach, i.e.,
the generation and interrogation of large datasets, to
biofilms—“biofomics”. This omics approach would
bring much needed insight into how biofilm formation
ability is affected by a number of environmental,
physiological and mutational factors and how these
factors interplay between themselves in a standardized
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manner. This could then lead to the creation of a
database where biofilm signatures are identified and
interrogated. Nevertheless, and before embarking on
such an enterprise, the selection of a versatile, robust,
high-throughput biofilm growing device and of appro-
priate methods for biofilm analysis will have to be
performed. Whether such device and analytical meth-
ods are already available, particularly for complex
heterotrophic biofilms is, however, very debatable.
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Applied and basic biofilm studies

The importance of biofilm formation in the cell cycle
of many bacteria has now been widely recognized
(Kolter 2005; Kolter and Greenberg 2006). In nature,
these structures are usually composed of multi-
species associations that interact and communicate
using complex intra- or inter-species signaling path-
ways (Parsek and Greenberg 2005; Camilli and
Bassler 2006). It is widely acknowledged that biofilm
formation is affected by the species or heterotrophic
consortium that is present and by the environmental
conditions involved.

Biofilms affect very diverse areas of importance to
human development, such as clinical, industrial and
environmental microbiology. It comes therefore as no
surprise that many in situ biofilm studies look at very
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complex systems, usually involving uncharacterized
consortia of microorganisms and undefined liquid
media (e.g. Battin et al. 2003; Wilmes et al. 2008).
Even though the collection of information in these
cases is necessary to tackle particular issues—for
instance to determine community structures or assess
biofilm impact in certain ecosystems (Battin et al.
2003; Ram et al. 2005; Tringe et al. 2005; Wilmes
et al. 2008)—the understanding of the underlying
adhesion phenomena and biofilm formation mecha-
nisms is overshadowed by a number of factors.
Examples of such factors include the lack of basic
knowledge in the adhesion ability by the different
microorganisms involved and how is biofilm devel-
opment affected by the large spectrum of environ-
mental conditions that are known to influence biofilm
structure, composition and function.

In vitro biofilm experiments in tightly controlled
conditions, which can be traced back to the mid 80s
(e.g. Bakke et al. 1984; Nickel et al. 1985), have

arisen to fill in this information gap, together with the
development of several biofilm-forming devices
(Table 1). In vitro studies have, for instance, allowed
a more in-depth characterization of the effect of
quorum-sensing molecules after they have been
found to be present in naturally-occurring biofilms
(McLean et al. 1997; Hardie and Heurlier 2008).
Even though in vitro studies assess the influence of a
pre-determined set of environmental, physiological or
mutational conditions in biofilm formation, it is still
not straightforward to compare the relative impor-
tance of these conditions and/or to study possible
inter-relationships between them. This occurs mainly
because most biofilm-forming devices are not suffi-
ciently versatile and/or easy to operate in order to
generate large amounts of reproducible data under
different conditions (Table 1). Another important
reason is that it is very difficult to control all the
complex variables that influence biofilm formation,
especially when working with a complex species

Table 1 Examples of biofilm-forming devices together with their most notorious characteristics and limitations

Biofilm device

Main advantages

Main disadvantages Ref.(s)

Modified robbins
device

Two-stage
chemostat

Flow cell

Perfused biofilm
fermentor

Constant Depth Film
Fermentors

Microtitre plate

Calgary device

BioFilm ring test

Well defined hydrodynamic conditions.

Operation at continuous culture conditions

Avoids leakage while working under

(Evans and Holmes 1987,
Kharazmi et al. 1999)

(Keevil 2001)

Low throughput

Low throughput

continuous culture conditions. Ideal for the

study of biofilm formation by pathogens

The flat surface of the reactor allows direct

microscopy observation without changing

the hydrodynamics of the system

Allows growth-rate control of adherent
microbial populations

Generates biofilms of fixed depth. Typically
applied in biofilms relevant to dental health

and contact lenses

High-throughput. Also allows insertion of
coupons in each well for direct

microscopy, but in that case the method is

low throughput

High-throughput. Allows direct observation
and quantification of biofilms under the
microscope

High-throughput. Requires very few
manipulations after the initial bacterial
inoculation, ensuring a better
reproducibility than the microtitre plates

Low throughput (Braganca et al. 2007)

(Gilbert et al. 1989; Baillie
and Douglas 1998)

(Kinniment et al. 1996;
McBain et al. 2003)

Low throughput

Low throughput

Direct observation of wells
under the microscope is
complicated.
Quantification using
automated methods
suffers from lack of
reproducibility

(Stepanovic et al. 2000;
Azevedo et al. 2006a)

Introduction of an extra (Harrison et al. 2005)
surface in the microtitre
plate system. Biofilms

formed “upside-down”

Not fully tested nor (Chavant et al. 2007)

automated
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heterotrophic consortium, and hence obtain repro-
ducible biofilms.

It comes, therefore, as no surprise that one of the
major drawbacks in biofilm formation studies is the
problematic comparison of results obtained when
using different methodologies and biofilm growth
systems, particularly between different research
groups. Consequently, inter-laboratory comparison of
results is usually limited and performed qualitatively
rather than quantitatively. This has so far implied that a
database, where the biofilm-forming characteristics of
a given system containing one or more microorgan-
isms are stored, has not yet been created.

Biofomics: large-scale acquisition of biofilm
characteristics

An omics data set is now used as a generic term to
describe genome-scale data sets that are emerging
from high-throughput technologies (Joyce and Palsson
2006). The most familiar examples include whole
genome sequencing data (genomics), microarray
based genome-wide mRNA expression profiles (trans-
criptomics) and the large-scale study of proteins in
organisms (proteomics), but there are dozens of other
data sets. Phenomics, for instance, refers to the high-
throughput determination of cellular fitness or viabil-
ity in response to genetic and/or environmental
perturbations (Bochner 2003).

Invariably, data gathered from these types of studies
end up in online omics databases that can be freely
accessible by the scientific community (Feingold et al.
2004; Liolios et al. 2006). These omics websites,
generally the result of combined efforts between
different institutions, provide information on either
components (genomics, proteomics, localizomics),
interactions (protein—protein and gene—protein) or
functional states (fluxomics, phenomics) of a popula-
tion of cells (Joyce and Palsson 2006). Omics data sets
are now being integrated to provide a more compre-
hensive picture of microbial behaviour, in the high-
profile subject of systems biology (Ge et al. 2003;
Joyce and Palsson 2006).

Here, an omics approach to the field of biofilms—
“biofomics”—is suggested. “Biofomics” would
apply to studies reporting the generation of automated,
large amounts of data addressing the so important
ability of a microorganism to attach to surfaces, inter

relate with its neighbors, and create biofilms. Biofo-
mics would therefore provide data to reveal an aspect
of the overall behavior of the cell or system, and is thus
part of the functional state category, together with
fluxomics and phenomics. In a similar way to all other
omics disciplines, the collected data would be gathered
in a database, in order to be freely available to the
scientific community. During the next sections, we
will review the state-of-the-art in high-throughput
devices for biofilm formation, propose the parameters
that might be relevant to assess and control on a
“biofomics” approach, discuss the issues that need to
be overcome for creating and establishing a “biofo-
mics” database, and explain why such a database is
important for the biofilm area of research.

High-throughput devices for biofilm assessment

Systematic high-throughput testing of biofilms has just
now started to arise (Table 1). However, the first
attempts were started more than 20 years ago when
Christensen et al. (1985) employed a microtiter-plate
test to grow and assess biofilms, a study that was
followed by the development of a modified microtiter-
plate test by Stepanovic et al. (2000). In the earlier
work, biofilms grown in well plates were stained with
Crystal Violet (CV) and quantified directly by optical
density (OD). Stepanovic et al. (2000) introduced a
step that released the bound CV from the biofilm with a
solution of acetic acid, measuring the OD of the liquid
instead.

Due to its larger data generation ability when
compared to the other available systems at the time,
application of colorimetric assays directly in well
plates to assess biofilm formation has expanded in the
meantime (Pettit et al. 2005; Burmolle et al. 2006).
New assays are now able to assess not only biofilm
formation as a whole but also quantify microbial
numbers or the extracellular biofilm matrix (Peeters
et al. 2008). In spite of showing very promising
characteristics, experiments performed using 96-well
plates and the methods described above are, at times,
suffering from lack of reproducibility between differ-
ent laboratories, possibly due to the washing steps that
are researcher-dependent and to the existence of
several protocol versions. Moreover, an assessment
of biofilm structure by microscopy has been impossi-
ble due to the narrow geometry of the well plates.
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In order to address part of these problems, Ceri and
colleagues applied a combination of the 96-well
microtiter plates and the Calgary Biofilm Device to
develop high-throughput susceptibility testing of
microorganisms in biofilms (Ceri et al. 1999; Harrison
et al. 2005, 2007). This device appears to be more
amenable for observation using scanning electron
microscopy (SEM), episcopic differential interference
contrast (EDIC), microscopy with epifluorescence
(EDIC/EF) or confocal laser scanning microscopy
(SCLM), and it is hence more practical to perform
structure—function analysis of biofilms under multi-
variate growth and exposure conditions (Keevil 2003;
Harrison et al. 2006). Even so, this device introduces
an extra surface in the wells (the pegs) where the
biofilm is to be formed and analyzed. The influence of
forming an “upside-down” biofilm in those pegs and
how this biofilm compares to the biofilm formed at the
bottom of a well has not, in our opinion, been totally
addressed. It does, however, overcome problems of
non-specific cell sedimentation which may not accu-
rately relate to biofilms.

Another high-throughput biofilm-forming device
based on well plates, the BioFilm Ring Test, has also
been recently presented by Chavant et al. (2007). The
method is based on the immobilization and detection of
magnetic beads embedded by microbial aggregates but
has to be assessed further before proving its usefulness.

QOutput (microbial responses) and input
(environmental and physiological
conditions) variables

Conjugating the interest of the analysis and the ability
to perform it using the high-throughput devices,

the most obvious output responses to be monitored
and included in a biofomics database are arguably
biofilm biomass, microbial cells in the biofilm and
associated physiological activity, extracellular matrix
and overall biofilm structure. Assuming that inter-
laboratory discrepancies are overcome, all these
parameters but for biofilm structure might be quan-
tified using microtiter plates (Table 2). For all
microtiter plate-based assays, the final results are
based either on color or fluorescence intensity at a
certain wavelength, which means that rapid, quanti-
tative analyses are obtained from a single equipment
such as an automated multiscan reader. A recent
study has concluded that most of these new assays
have a broad and robust applicability for many
microorganisms (Peeters et al. 2008). Nevertheless,
the structure of the biofilm has to be ultimately
analyzed by fluorescence microscopy devices such as
CSLM and EDIC/EF (Keevil 2003; Merod et al.
2007), which makes it clearly the most time-con-
suming parameter and the only one to require the
application of devices other than the microtiter plates.
In this respect, the Calgary device appears to be the
frontrunner in terms of high-throughput assessment
of structure. This device, coupled with microscopy,
might also provide alternatives to assess some of the
parameters depicted in Table 2, such as the applica-
tion of 4’,6-diamidino-2-phenylindole (DAPI), 5-
cyano-2,3-ditolyl tetrazolium chloride (CTC) and
SYTOY/propidium iodide for the assessment of total
cells, physiologically-active cells and membrane
compromised cells, respectively. Unlike using spec-
trophotometric techniques, assessment by microscopy
of these parameters not only provides quantitative
data on the total and active number of cells but also
provides spatial information. If multispecies biofilms

Table 2 Possible parameters to be included in a biofomics database and suggested high-throughput methods and devices to obtain

the data

Characteristic Method Device Ref.(s)

Biofilm biomass CV assay Microtiter plates  (Stepanovic et al. 2000)
Microbial cells in the biofilm Syto9 assay (Peeters et al. 2008)

Microbial physiological activity — Fluorescein diacetate assay

Resazurin assay

XTT assay
Biofilm matrix Dimethyl methylene blue assay
Biofilm structure High-throughput microscopy

(Honraet et al. 2005; Peeters et al. 2008)
(Pettit et al. 2005)
(Honraet et al. 2005; Pettit et al. 2005)
(Tote et al. 2008)

Calgary device (Harrison et al. 2006)
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are to be assessed, the relative location of each of the
microorganisms within the structure is also impor-
tant, which adds another parameter to be assessed by
microscopy, in this case coupled with fluorescence in
situ hybridization (FISH) (Silverman and Kool 2007;
Cerqueira et al. 2008).

Hence, microscopy will surely play a key role in
the development of a high-throughput methodology
in biofilms and it is only timely that high-throughput
fluorescence microscopy methods are starting to arise
(Pepperkok and Ellenberg 2006). These methods are
based on the combination of automated image
acquisition, data handling, image analysis and data
mining with bioinformatic modeling to provide a
rapid flow of work and data.

Because adhesion and biofilm formation are
affected by a large range of conditions, it is essential
to ensure that every condition apart from the condition
that is to be studied remains constant. Relevant
conditions include (but are not restricted to) temper-
ature, pH and Eh, support material, type of liquid
medium, concentration of antibiotics or disinfectants,
flow rates, microbial species identity, concentration
and physiology, among many others (Hall-Stoodley
and Stoodley 2005). If, for most of the variables, the
application of high-throughput methods in microtiter-
based biofilm systems is straightforward, there are a
few that might need a little bit more thought during
experimental design. Flow rate, for instance, is one of
such factors. A possible approach is to use orbital
mixers to induce shear stress in the microtiter plates
and then apply computational fluid dynamics to
simulate flow in each well. This approach allows to
determine shear stress at the bottom of the wells as a
function of the rotation speed in an orbital mixer
(Azevedo et al. 2006b).

A “biofomics” database would hence provide the
scientific community with a tool that would allow
correlating biofilm formation with environmental,
physiological or mutational conditions. Apart from
biofilm 3D structure, all data would be quantitative
and could be visualized by the users, once the initial
conditions were selected. Information on 3D structure
would be displayed graphically in similar ways to a
localizomics database (Arita et al. 2005; Chen et al.
2007), with the necessary adaptations. Altogether
these parameters provide a unique biofilm “signa-
ture” that is solely dependent on the input conditions
of the system.

Limitations of a “biofomics” database

Whether “biofomics” is to be undertaken by a research
consortium or just one institution, it is imperative that
the biofilm growth device, method implementation,
and the object of study have been agreed upon before
embarking on a large-scale experiment, in order to
minimize reproducibility issues. In fact, the complex-
ity of biofilms implies that their characteristics are
harder to reproduce than features from a planktonic
population, particularly when more than one species is
present.

For instance, Hansen et al. (2007) have observed,
when forming a two-species biofilm, that the genotype
of one of the species tended to suffer adaptive evolution
after only 5 days, in order to stabilize interactions and
allow the establishment of a spatially structured com-
munity. This experiment has been only performed on an
Acinetobacter sp. and Pseudomonas putida pair of
species, but it is possible, if not likely, that such inter-
actions occur in many other heterotrophic consortia.

Adding the increased variability of multispecies
biofilm with the fact that most of the techniques
discussed in the previous section are more efficient
when applied in monospecies biofilms we suggest that,
at least in a first stage, experiments contributing to
“biofomics” should start by analyzing single species
biofilm formation. Clear candidates for the first exper-
iments are the model organisms for biofilm formation,
namely the Gram-negative Pseudomonas aeruginosa,
the Gram-positive Staphylococcus aureus and the
fungus Candida albicans, but the high-throughput
techniques for biofilm studies should allow to rapidly
expand the database to other microorganisms.

Even so, the experimental design and the analysis of
the results obtained from pure culture studies will
certainly require the acquisition and integration of
multiple independent datasets to ensure that the data
obtained will be a true representation of a microor-
ganism biofilm formation potential under a defined set
of conditions. This same strategy has been used to
establish many other “omics” datasets (Ge et al. 2003).

Advantages of a “biofomics” approach
to biofilms

Even though there is an obvious gain in terms of the
amount and comparability of information acquired in
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Table 3 Fields of research where the creation of a biofomics database would bring a positive impact

Field of interest Relevant part Why?

of the database

Ref.(s)

Biofilm general Whole database

research

Water microbial
ecology

Water-exposed adhesion

Clinical
microbiology

Pathogens adhesion and
antimicrobial
susceptibility

Systems biology Whole database

Integrative approaches with other omics
databases. Provide information on the less-

Provide a framework for biofilm studies to -
generate data and interrogate the database

Identify primary colonizers of aquatic biofilms -

Rapid determination of relevant clinical features -
of microorganisms when adhered

Determination of the minimal inhibitory
concentration

(Ge et al. 2003; Joyce
and Palsson 2006)

studied microbial subpopulation in a closed
system—the sessile

Thermodynamics Whole database Provide information that might be used to (Strevett and Chen
of adhesion construct thermodynamic models to predict 2003)
adhesion
Mathematical Whole database Inform improvements of mathematical (Xavier and Foster
modelling modelling of biofilms using biofilm structure 2007)
data
Genome-wide Whole database Determine causal variants by showing that (Falush and Bowden
association particular genotypes are statistically associated 2006)
mapping with a phenotypic trait in terms of biofilm
formation

the field of biofilms, one may always question
whether the profits obtained from biofomics are
worth the effort.

As described above, the biofomics data should be
amenable to be stored in an on-line database as
biofilm signatures that are dependent on the input
conditions (Table 3). Biofilm signatures could be
identified and interrogated by other researchers to
confirm biofilm characteristics of the desired system.
These signatures would also act as a framework for
complex biofilm studies to rely on. For example,
biofilms from drinking water distribution systems
(DWDS) are usually composed of many species and
are formed under a variety of conditions, many of
them undefined. Nevertheless, and after the identifi-
cation of the microorganisms present in the in vivo
biofilm, a researcher would be able to obtain from the
biofomics database the behaviour of each of those
microorganisms in pure culture, under environmental
conditions related to those of DWDS (e.g. poor
nutrient content and high shear stress). This approach
might, for instance, allow to identify the primary
biofilm formers (based on the kinetics of adhesion
estimated by the number of adhered cells with time)
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or those microorganisms that hold together the
biofilm by producing great amounts of exopolymers
in those conditions. Admittedly, part of the overall
ecosystem behaviour will only be explained by inter-
species community interactions, but if on a second
stage the biofomics is expanded in order to obtain
multispecies biofilm signatures, even those interac-
tions might be observed in the database. Similarly,
researchers would be free to interrogate the database
for the signatures that would best serve their purposes
for comparison against their own data obtained from
in vitro studies obtained with low throughput devices
and for other areas of knowledge such as clinical
microbiology.

One of the main goals of a biofomics database
should nonetheless be the integration with other
omics databases. Most omics data are derived from
population measurements taken from cells in suspen-
sion and are ultimately applied to describe the
behaviour of a single cell (cellular model). On the
other hand, biofomics provides data that discriminate
between two groups of cell populations (planktonic
vs. sessile), and characterizes the latter group in terms
of physiological activity, matrix production and
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structure (system model). If the experiments are
carried out under the same conditions, the conjuga-
tion of both types of data is obviously possible, but a
biological context as to why this should be done is
needed. One of the possibilities would be a systems
biology approach at the population-level and not at
the single cell-level (Raes and Bork 2008). In fact,
and in a true holistic approach, it is not adequate to
characterize a single microorganism in a suspension,
because even the simplest closed system where omics
analyses are possible to be carried out with the
present technology is composed of many other cells
present in a suspension and in contact with a surface.
As under most conditions biofilms are ubiquitous,
part of the cell population will certainly be adhered to
the surface and contributing to changes in the closed
system. Hence, and in the same way as localizomics
seeks to identify the subcellular location of all
proteins to contribute to a cell model (Joyce and
Palsson 2006), biofomics would seek to locate,
quantify and characterize the cells in a tightly
controlled and closed microbial system and contrib-
ute to a system model approach.

Other possible areas of application, which will not
be addressed here in detail, are biofilm mathematical
modeling, genome-wide association mapping studies
and thermodynamics of adhesion.

Concluding remarks

Recent advances in high-throughput methods to
generate and study biofilms have opened the possi-
bility of starting an omics approach to study these
complex structures over the next decade. Neverthe-
less, even in pure culture and tightly controlled
experiments a certain degree of stochastic variation is
expected to occur, and it is therefore paramount that
the biofilm-forming device and the methods for
analyses are selected with the purpose of minimizing
such variations and the consequent need of taking a
higher number of independent samples. Whether such
a device and analytical methods are already fully
developed, especially for multispecies biofilm for-
mation, is a matter of discussion.

As soon as the devices and methods are agreed
upon, the large biofilm data sets obtained should allow
the creation of a public “biofomics” database on the
internet, where the large amount of information

gathered can be freely accessed and correlated
according to each researcher needs. The impact of
such a database will reach applied areas such as
clinical, industrial and environmental microbiology,
as well as the systems biology discipline.
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