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Abstract The attachment of microbes on biotic or
abiotic surfaces to form biofilm structures has a great
impact on biodegradation and biosynthesis in nature.
Various interactions in such biofilms and their extracel-
lular polymeric substances (EPS) layer make them
considerably different in physiology and action, compared
to that of their individual microbes in planktonic (free
swimming) mode of growth. Expression of new genes is
up-regulated in the biofilm cells, due in part to the cel-
lular interactions, compared with the planktonic cells.
Formation of fungal-bacterial biofilms (FBB) by bacterial
colonization on biotic fungal surface gives the biofilm
enhanced metabolic activities compared to monocultures,
and perhaps multi-species bacterial or fungal biofilms on
abiotic surfaces. Incorporation of a N,-fixing rhizobial
strain to the FBB to form fungal-rhizobial biofilms (FRB)
has been shown to improve potential biofilm applications
in N-deficient settings and in the production of biofilmed
inocula for biofertilizers and biocontrol in plants. Their
applications in agricultural and environmental settings,
enzyme technology, drug discovery studies and energy
research are being investigated. Thus, it has already been
shown that the use of the FBB is a promising technology
for many applications. This review deals with the differ-
ent areas in which FBB/FRB have been seen to be applied
with successful results as well as the numerous emerging
avenues in which they show promising potential.
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Introduction

A great attention has been focused on the role of microbes
in the degradation and synthesis, known as biodegradation
and biosynthesis (Dobbins et al. 1992; Oppermann-Sanio
and Steinbiichel 2002) in lieu of physical and chemical
methods. These processes occur in association with biotic
or abiotic surfaces. Certain microbes can attach to the
surfaces and differentiate to form complex, multi-cellular
communities called biofilms. A biofilm consists of micro-
bial cells (algal, fungal, bacterial and/or other microbial)
and an extracellular biopolymer these cells produce, known
as EPS, which provides structure and protection to the
community. These communities can be found in medical,
industrial and natural environments. They can also be
engineered in vitro for various biotechnological applica-
tions (Seneviratne 2003).

The microbes undergo profound changes during their
transition from planktonic organisms to cells that are part of
a complex, surface-attached biofilm. Recent genetic and
molecular approaches used to study bacterial biofilms have
identified genes and regulatory circuits important for initial
cell-surface interactions, biofilm maturation, and the return
of biofilm microorganisms to a planktonic mode of growth
(O’Toole et al. 2000). Biofilms have a unique pattern of
gene expression which is different from their non-biofilm-
forming stages (Vilain and Brozel 2006). For example,
expression of genes for polysaccharide production is
up-regulated in biofilm cells compared with planktonic cells
in liquid media (Davies et al. 1993). Then, high cellular
levels of cyclic di-GMP are produced, which promote
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increased synthesis of the EPS, and hence biofilm formation
and aggregative behavior (Dow et al. 2007). Its low cellular
levels promote motility. Thus, the biofilms are considerably
different in physiology and action, compared to that of their
individual microbes in the planktonic mode of growth.

Biotechnological applications of bacterial or fungal
biofilms

Biofilms encompass a spectrum of applications in the med-
ical setting, mainly categorized as causing infections and
diseases in humans, often occurring from contamination of
devices from urinary catheters to microscopes (Costerton
et al. 1999). Studies on Candida biofilms have shown an
improvement in drug resistance as a result of highly specific,
surface-induced gene expression (Baillie and Douglas 2000),
which provide the means to design novel therapies for
biofilm-based infections (Chandra et al. 2001) and to control
their formation on implanted devices such as indwelling
catheters or prosthetic heart valves (Douglas 2002). Apart
from medical applications, biofilms have tremendous
practical importance in environmental settings. The
microbes attached to particles of contaminated soils and
aquatic sediments help degrade soil-bound contaminants
occurring from chemical releases into the environment. By
mimicking this, biofilm reactors have been designed to
promote microbial growths that are effective for treating
environmental wastes such as sewage, industrial waste
streams or contaminated groundwater (Chen and Chen
2000; Soares et al. 2003; Goel et al. 2003). Biofilms can
also be used to produce a wide variety of biochemicals that
are then purified and utilized for public utility, including
medicines, food additives or chemical additives for cleaning
products. Biofilm cellulolytic enzyme activity and produc-
tivity have been evaluated, being up to 40 and 55%,
respectively higher than that attained by planktonic cul-
tures, in the production of cellulases by Aspergillus niger
(Villena and Gutiérrez-Correa 2003). In this manner the
biofilms have potential application in various spheres of
enzyme technology. Production of anti-microbial com-
pounds, using microbial biofilms attached to bioreactor
surfaces has been studied (Yan et al. 2003). The signifi-
cance of biofilms on food or food contact surfaces and their
ability to protect food-borne pathogens from environmental
stresses has been reported (Trachoo 2003). Biological cor-
rosion has been decreased by using beneficial biofilms
through the inhibition of bacteria which corrode metals
(Zuo and Wood 2004). Saccharomyces cerevisiae forms
biofilms in packed bed continuous bioreactors to produce
ethanol from molasses (Tyagi and Ghose 1982; Demirci
et al. 1997). Thus, the biofilms can be beneficially
employed for a variety of biotechnological applications.
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Fig. 1 A phase-contrast microscopic view of a fungal filament
attached by bacterial cells forming a Fungal-Bacterial Biofilm (FBB).
Magnification: 2,000x

Fungal-bacterial biofilms

The FBB differ from purely bacterial or fungal biofilms,
since the fungi act as the biotic surface to which the
bacteria adhere (Fig. 1). In the case of non-filamentous
fungi, both bacteria and fungi can act as the biotic surface.
In their attachment, cell aggregation and competitive
inhibition for attachment sites take place in the biofilm
(Wargo and Hogan 2006). It is also reported that the sur-
face polysaccharides play an important role in the
colonization of bacterial biofilms by non-filamentous fungi
(e.g. Candida albicans) and vice-versa (Wargo and Hogan
2006). The physical interactions within the biofilms are key
factors in their enhanced performance, compared to those
attached to abiotic surfaces. These biofilms have been
observed to have better growth and colonization abilities
than their monocultures. For example, in an industrial
flowing water system, interactions between some fungi and
bacteria showed significantly higher rates of colonization
and growth over single cultures in a complex seven-species
model community (Elvers et al. 1998). De Boer et al.
(2005) showed that new bacterial niches in the soil were
created in the presence of fungi, due to the bacterial con-
sumption of fungal exudates by attaching to the fungal
surface. Such cooperation for metabolic products was also
reported for two bacteria in a biofilm (Christensen et al.
2002). Thus, the interactions between microbes are
important for metabolic cooperation among them. These
interactions also offer greater protection to the biofilms’
constituent microbes, particularly for the bacterial species,
where they were seen to be less susceptible to biocide
treatment than planktonic cells of the same organism
(Elvers et al. 2002).

Biotechnological potential of fungal-bacterial biofilms

Numerous recent studies have shown a promising trend
in the applications of the FBB in diverse fields. With
the first in vitro development and observation of interac-
tions between common non-mycorrhizal soil fungi and
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rhizobia, forming biofilms (Seneviratne and Jayasinghe-
arachchi 2003), a series of studies were conducted to
demonstrate the potential applications of these for various
purposes. It was observed that the interaction fixed N,
biologically, as revealed by nitrogenase activity and N
accumulation, which was not observed when the Rhizo-
bium sp. was grown as a monoculture (Jayasinghearachchi
and Seneviratne 2004a). The rhizobial strain used here was
Bradyrhizobium elkanii SEMIA 5019, a soybean-nodulat-
ing strain with a high N,-fixing capability. Naturally-
occurring biofilms are sometimes N-deficient for optimal
action, as was demonstrated by the increased microbial
efficiency of phosphorus solubilization when an N-source
was added to the system (Singh and Amberger 1998).
Existence of a diazotroph in a biofilm overcomes the
N-deficiency, as revealed in the study of Seneviratne and
Jayasinghearachchi (2005).

Application of a developed biofilmed inoculant of the
FRB was seen to significantly increase N, fixation in
soybean by ca. 30%, compared to a Rhizobium alone
inoculant (conventional inoculant) (Jayasinghearachchi and
Seneviratne 2004b). Further, co-inoculation of plant
growth-promoting rhizobacteria and arbuscular mycorrhi-
zal fungi in rain-fed wheat fields produced the highest
protein contents of grains compared to their monocultures
(Roesti et al. 2006). In a review by Bashan (1998) on
microbial inocula in agriculture, mixed inoculation with
arbuscular-mycorrhizal fungi and diazotrophic bacteria has
been reported to generate synergistic interactions with the
possible consequences of a significant increase in growth,
in the phosphorus content of the plants, enhanced mycor-
rhizal infection, and an improvement in the uptake of
mineral nutrients such as phosphorus, nitrogen, zinc, cop-
per and iron. These inocula stimulate plant growth through
a range of mechanisms that improve nutrient acquisition
and inhibition of fungal plant pathogens (Artursson et al.
2006; Toljander et al. 2006; Biré et al. 2000). Such
microbial associations between bacteria and arbuscular
mycorrhizal fungi have been observed to occur naturally in
the soil (Artursson and Jansson 2003), which provide
evidence for their potential of successful establishment if
applied as inocula to the soil.

The FBB of beneficial endophytes were observed to
produce higher acidity and plant growth-promoting hor-
mones than their mono- or mixed cultures with no biofilm
formation (Bandara et al. 2006). The higher acidity is
generally important for pathogen suppression. As such, the
conventional practice of plant inoculation with monocul-
tures or mixed cultures of effective microbes may not give
the highest microbial effect, which may only be achieved
by the biofilmed inocula. Thus, production and application
of such biofilmed inocula seem to be important for
improved plant production.

The FRB used in enhancing soybean N, fixation above,
increased N and P availabilities and showed a high nitro-
genase activity even under a very high soil NOjz
concentration, compared to its monocultures, when applied
directly to the soil (Seneviratne and Jayasinghearachchi
2005). As such, diverse forms of the biofilmed inocula can
serve for the future demand of augmented crop produc-
tivity with increased N, fixation and mineral uptake. In the
conventional inoculant technology of microbial monocul-
tures, a major problem yet to be addressed is the poor
survival of the introduced microorganisms in the soil due to
various environmental stress factors. The biofilmed inocula
were observed to help their Rhizobia survive at high
salinity (400 mM NaCl) and tannin concentrations
(0.4 mM tannic acid) by 10°- and 10'*fold, respectively
compared to the rhizobial monocultures (Seneviratne G,
unpublished). Further, their higher tolerance for low pH, Cr
and predation by earthworms than the monocultures was
also noted (Jayasinghearachchi HS, unpublished). It has
been reported that the formation of microcolonies and the
production of toxins are effective mechanisms that may
allow bacterial biofilms (e.g. Pseudomonas aeruginosa) to
resist protozoan grazing and to persist in the environment
(Matz et al. 2004). Similar observations of Burmolle et al.
(2006) revealed that in multispecies biofilms the syner-
gistic interactions cause an enhancement of biofilm
formation and increased resistance to antimicrobial agents.
Bacterial cells are protected from antimicrobial agents in
biofilms through the formation of persister cells; a highly
protected state adopted by a small fraction of the outermost
cells of a biofilm (Roberts and Stewart 2005).

The biofilmed inocula can also be used for successful
establishment of introduced beneficial microorganisms in
plants for biocontrol etc. This was confirmed in vitro by
a Pleurotus ostreatus-Pseudomonas fluorescens biofilm
that increased endophytic colonization of tomato by
P. fluorescens, a biocontrolling agent, by over 1000%,
compared to inoculation with P. fluorescens alone
(Jayasinghearachchi and Seneviratne 2006a). The inocu-
lation of the edible mushroom P. ostreatus with a
rhizobial strain showed that this association fixed N,
through biofilm formation and increased the protein
content of the mushroom by 147% (Jayasinghearachchi
& Seneviratne 2004a). Thus, the inoculation of mush-
rooms with compatible rhizobia can further increase the
nutritive value of mushrooms in its industry.

The biofilmed inocula can be effectively used in
biosolubilization of rock phosphate. This was demonstrated
by developing biofilms from Penicillium spp., P. ostreatus
and Xanthoparmelia mexicana, a lichen fungus, which
increased P solubilization up to ca. 230%, compared to the
fungus alone cultures (Jayasinghearachchi and Seneviratne
2006b; Seneviratne and Indrasena 2006).
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Combination of Penicillium frequentans and Bacillus
mycoides formed a biofilmed inoculant which increased the
biodegradability of degradable polyethylene by P. frequen-
tans, by ca. 14-fold (Seneviratne et al. 2006). Inoculation of
fungal-bacterial co-cultures into polycyclic aromatic
hydrocarbon (PAH)-contaminated soil resulted in signifi-
cantly improved degradation of high-molecular-weight
PAHs, compared with the indigenous microbes and soil
amended with only axenic inocula (Boonchan et al. 2000).

The FRB above was tested for its potential of generating
bioactive compounds (Zavahir and Seneviratne 2007). The
biofilm was observed to increase the number of compounds
produced, by ca. 12-fold in comparison to its bacterial or
fungal monocultures. This technology can be manipulated
by using different microbes and culture conditions to
produce diverse compounds for the discovery of novel
drugs. The FRB described in this review have brought a
soybean-nodulating rhizobial strain a long way from its
home through an array of biotechnological applications.
Biofertilizers in agriculture, rock phosphate solubilization
and drug discovery are only a handful of the avenues of
potential applications, with many more to be discovered.
Therefore, there is a great scope for developing a biofilm
technology to produce eco-friendly, beneficial FRB for
various applications.

Conclusions and future directions

Studies reported in this review have shown that the FBB/
FRB are more effective in their biological performance
than monocultures, and perhaps multi-species bacterial or
fungal biofilms on abiotic surfaces. The soil application of
the FRB as biofilmed inocula appears to be important if soil
fertility is to be sustained in nutrient-depleted lands, as well
as survival of rhizobia is to be improved in the soil in the
absence of their hosts. However, applications of this bio-
technology are scarce, because it is still under-studied.
More research should be done in the future in order to
optimize such biofilmed inocula for various biotechnolog-
ical applications, where microbes are involved. Selection
of combinations of microbes for the highest efficiency is a
key in this technology. Depending on the application,
engineering aspects such as growing these inocula on the
surfaces etc. should also be developed.

A major hurdle in microbial biofuel production is the
ethanol susceptibility of microbes used in the production
system (Service 2007). This may be overcome by using
biofilmed inocula, which show higher environmental stress
tolerance. A microbial fuel cell containing a mixed bacte-
rial biofilm has shown a five-fold higher rate and efficiency
in converting glucose to electricity (Rabaey et al. 2003).
This power output may be further increased if substituted
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with the FBB as they may have higher metabolic effi-
ciencies than bacterial biofilms. Therefore, potential
applications of the biofilmed inocula for improved ‘green’
energy production as well as biodegradation of synthetic
and perhaps natural polymers hazardous to the environ-
ment and drug discovery demand immediate research
efforts to put them into practice. That will help address a
number of major crises that we are yet to be prepared to
face in the near future.
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