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Bacterial-fungal interaction (BFIs) means how bacteria initiate and maintain relationship with fungi.
The BFIs form physically and metabolically interdependent consortia that harbour properties distinct
from those of their single components. The BFIs were mainly associated in two ways namely,
ectosymbionts and endosymbionts having either positive or negative interactions. The physica
associations and molecular communications lead to alteration in the morphology, reproduction,
pathogenecity and symbiosis. Molecular communications of BFIs were mainly through antibioss,
modulation of physiochemical environment, chemo taxis, gene transfer and trophic interactions. The
BFIs were excellent model systems, which can be effectively used to understand the fundamental
bases of host-pathogen interactions and for identifying different mechanisms of interaction among
strains of bacteria and fungi, and also to help design suitable management practices with a broader

spectrum of microbial weapons.
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INTRODUCTION

Historically, the classica separation of microbiological
research between bacteriologists and mycologists has led to the
study of bacteria and fungi in axenic settings. This
compartmentalization has overlooked the fact that in many
environments, bacteria and fungi coexist and interact.
Furthermore, these bacterial-fungal interactions (BFIs) often
have important ramifications for the biology of the interacting
partners. In recent years, research in this area has developed
significantly in both breadth and depth. Contemporary studies
have revealed that fungi and bacteria often form physically and
metabolically interdependent consortia that harbour properties
distinct from those of their single components (Tarkka et al.,
2009). Bacterial-fungal interaction (BFI) means how bacteria
initiate and maintain relationship with fungi. They have
considerable ramifications for the biology of the interacting
partners. The BFIs form physically and metabolically
interdependent consortia that harbour properties distinct
from those of their single components (Tarkka et al., 2009). An
emerging area of study in the field of host/pathogen
interactions involves the relationship established between
bacteria and fungi with few exceptions, the majority of
characterized bacterial/ fungal interactions (BFIs) are thought
to be of little economic importance (Kobayashi and Crouch,
2009). Many BFIs particularly well known for their impact on
the environment or human health (Wargo and Hogan, 2006).
As a result, BFIs studies and our understanding of these
associations have lagged behind similar investigations of
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host/pathogen interactions in plant and animal systems. BFls
are becoming known for their importance in human health,
agriculture, and the environment and for their potential for
advancing discovery in these areas. From an application-based
perspective, the parasitism of fungi by bacteria has been used
as atool to provide biological control of plant diseases caused
by fungi. BFIs are extremely variable with respect to the
impact on the bacterium and fungus. Most common are reports
where the bacteria partner exploits resources from the
associated fungus through a parasitic or commensality
interaction, although there are intriguing examples where the
fungus is able to take advantage of bacterial resources in
mutualistic interactions (Partida et al., 2007). In this review
we described physical and molecular interactions between
bacteria and fungi and their role in plant disease management.

I nteractions between Bacteria and fungi

Throughout their life cycle, plants and pathogens interact with
a wide variety of organisms. These interactions can
significantly affect plant health in various ways. In order to
understand the mechanisms of biological contral, it is helpful
to appreciate the different ways that organisms interact. In
order to interact, organisms must have some form of direct or
indirect contact with each other. Odum (1953) proposed that
the interactions of two populations defined by the outcomes for
each. The combination of physical associations and molecular
interactions between bacteria and fungi can result in a variety
of different outcomes for each partner. In turn, these changes
may affect the influence of the bacterial-fungal complex.
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Physical interactions between Bacteria and Fungi

The most intimate BFIs occur when the two partners establish a
symbiosis. These symbioses can be classified as either an
ectosymbiotic relationship, in which bacteriaremain external to
the fungal plasma membrane, or endosymbiotic relationship, in
which bacteria are located inside the fungal cell. A recently
described example of the former is the association of certain
Klebsiella and Pantoea species with the fungal gardens of leaf
cutter ants (Pinto-Tomas et al.,, 2009). Cyanolichens,
symbioses formed between fungi (typically ascomycetes, e.g.,
Geosiphon pyriformis) and photosynthetic cyanobacteria
(typically belonging to Nostoc spp.), are also typically
ectosymbiotic (Kluge, 2002). However, a clear example of a
cyanolichen endosymbiotic relationship can also be found in
the symbiosis between Geosiphon pyriformis and Nostoc
punctiforme (Kluge, 2002). Non photosynthetic endobacteria
and ectosymbiotic bacterial partners are also associated with
cyanolichens, but their diversity is only beginning to be
explored (Bates et al., 2011). While cyanobacteria are
intracellular in the association between Geosiphon pyriformis
and Nostoc punctiforme, they are enclosed in a specialized
swollen multinucleate fungal “bladder” that is morphologically
distinct from the rest of the hyphae, and within this bladder, the
cyanobacteria are surrounded by a host-derived symbiosome
membrane (Lumini et al., 2006). This arrangement differs from
those of other BFIs involving endobacteria, such as those that
occur between Burkholderia and Rhizopus hyphae (Lackner
et al., 2009), Burkholderia and Mortierella elongata, as well as
a variety of other endobacteria associated with ecto and
arbuscular mycorrhizal fungi (Bertaux et al., 2005). In these
pairings, no specialized hyphal structure is present; the bacteria
occupy the cytoplasm of hyphae within the fungal mycelium
and, in some cases, aso funga spores (Lumini et al., 2006).
Indeed, it has been hypothesized that some endobacteria, such
as “Candidatus Glomeribacter gigasporarum,” are obligately
dependent on the fungus, as after their isolation from their
fungal host, it has not been possible to cultivate them
independently in laboratory media (Jargeat et al., 2004). A
recent report describing over 400 phylogenetically diverse
associations of endophytic bacteria with fungi isolated from
foliar tissues indicated that such associations may be far more
common than was previously appreciated (Hoffman and
Arnold, 2010).

Bacteria  that inhabit  fungi intracellularly, or
endosymbiotically, have been described for more than three
decades (Bonfante, 2003). To our knowledge, regardless of
their impact of the association with the allied organisms,
endosymbiosis is a one-way partnership in that the single-
celled bacterium is limited to the role of endosymbiont and the
multicellular eukaryotic partner aways acts as the host
organism as the result of obvious size constraints. (Bianciotto
et al., 2001). For endosymbiotic BFIs in the fungal kingdom,
however, several factors have contributed to a lack of
discovery in the field, including the lack of obvious
phenotypes, problems experienced when attempting to
establish these organisms in pure culture (Barbieri et al., 2010)
and the overall difficulties in establishing experimentally
tractable systems. Nonetheless, endosymbiotic BFls are
increasingly gaining recognition for their potential to influence

agricultural systems in a significant manner, and a few model
systems are providing insight into their overal lifestyle
(Bianciotto et al., 2004). Although the distribution of bacterial
endosymbionts includes members of all magor classes in the
fungal kingdom, mycorrhizal fungi are by far the most
common group known to harbor endosymbiotic bacteria.
Indeed, the earliest identification of endosymbiotic bacteria
was made from cells of the arbuscular endomycorrhizal fungus
Gigaspora margarita, where it was demonstrated that the
endosymbiont was present within vegetative spores,
germinating hyphae, and mycelia, even while the fungus was
symbiotically associated with a host plant (Bianciotto et al.,
1996). Arbuscular endomycorrhizal AM fungi within the
family Gigasporaceae, including species of Gigaspora,
Scutellospora, and Gloerella (Bianciotto et al., 2000) are
among the best characterized fungal endosymbiont systems,
although bacteria have also been observed in other AM fungi
of the Glomeromycota, such as Glomus versiforme and
Acaulospora laevis (Artursson 2005).

Interactions and

Bacterial-Fungal M olecular

Communication
Interactionsvia antibiosis

Probably the best-known and most extensively studied
category of bacteria-fungal communication is antibiosis, a
chemical warfare that is typified by the diffusion of deleterious
and often chemically complex molecules from one partner to
the other. Research investigating antibiosis has led to the
development of numerous important antibiotics to combat
microbial infections, the most famous of which is the beta-
lactam antibiotic penicillin, which was developed based on the
antibiosis of a Penicillium mold contaminating a
Saphylococcus culture (Fleming, 1929). For example,
exposure to phenazines and phloroglucinols produced by
certain Pseudomonas isolates induces the expression of several
ABC transporters in the fungal phytopathogen Botrytis cinerea,
which are thought to prevent the intra hyphal accumulation of
antifungal metabolites (Schoonbeek et al., 2007). B. cinerea
laccase was found to be responsible for the production of
reactive species that detoxify 2,4-diacetylphloroglucinol
(Schouten et al., 2008). The interaction between the
mycorrhizal fungus Amanita muscaria and Streptomyces spp.
strain AcH505 aso leads to the suppression of bacterial
antibiotic production. In this case, the fungus represses the
biosynthesis of the antibiotics WS-5995 B and WS-5995 C by
organic acid production (Riedlinger et al., 2006).

Signaling-based interactions

Other molecules have more subtle effects than antibiotics
during BFIs by acting as signaling molecules. Some bacterial
metabolites stimulate hypha growth; for instance, during its
interaction with Amanita muscaria, Sreptomyces sp. AcH505
shows an enhanced production of the secondary metabolite
auxofuran, which promotes the extension of the fungal
mycelium. Unidentified volatile substances produced by some
bark beetle-associated bacteria stimulate the growth of their
symbiotic fungi (Adams et al., 2009). The reciproca effect of
farnesol and 3-oxo0-C12 homoserine lactone is considered due
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to the presence of a 12-carbon chain within their chemical
structures, since other chemically similar molecules with
different carbon chain lengths do not cause similar signaling
effects (Hogan et al., 2004). As yet, the role of quorum-sensing
signaling in non medical BFIs is largely unexplored, although
guorum-sensing systems are present in many environmental
bacteria, and there is some evidence that mycorrhizal fungi can
degrade quorum-sensing molecules (Uroz and Heinonsalo,
2008). Interestingly, low concentrations of some antibiotics
that do not induce bacterial stress responses can have signaling
effects on bacterial biofilm formation and motility (Fajardo and
Martinez, 2008). This concept has not been extensively studied
in the field of BFIs but may be of significant relevance to them,
particularly during the early stages of the formation of
bacterial-fungal complexes, when antibiotic metabolites may
be present in only small quantities (Linares et al., 2006).
Interaction via modulation of
environment

the physiochemical

Bacterial-fungal communication that is mediated by a specific
molecule and a target/receptor, communication in BFIs may
occur via modifications of the physiochemical properties of
their environment. A common effect is an alteration of the pH,
since although some microorganisms (e.g., streptococci,
Lactobacilli, and Candida) can occupy environments under a
broad range of pH conditions, most are susceptible to acidic
pHs below four (O'May et al., 2005). Similarly, the presence of
the alkalinizing yeast Geotrichum candidum enhances the
growth of Salmonella on tomato fruit surfaces (Wade and
Beuchat, 2003). The rate of synthesis of the secondary
metabolite aflatoxin by Aspergillus parasiticus is higher under
acidic growth conditions, while alkaline medium increases the
production of penicillin by Aspergillus nidulans (Calvo et al.,
2002).

Inter actions via chemotaxis

Diffusible molecules play a significant role in many BFlIs,
migration and physical contact are also important processes in
the establishment of BFIs. Chemotaxis (directed movement) of
bacteria toward fungi and fungally derived molecules has been
demonstrated in several instances, for example, both
detrimental and beneficial Pseudomonas species exhibit taxis
toward fungal mycelial exudates ( Deveau et al., 2010). The
molecular nature of bacterial-fungal contact has been examined
in only a few systems, and these studies have, perhaps
unsurprisingly, highlighted important roles for membrane
proteins. For example, the attachment of Acinetobacter
baumannii to C. albicans (Gaddy et al., 2009). Bacteria-fungal
contact-based interactions may not be solely adhesive in
nature; for example, a lack of O-linked glycans inC.
albicans confers hypersensitivity to contact-dependent hyphal
death caused by P. aeruginosa (Brand et al., 2008). The main
soluble protein found in its fruiting bodies was shown to bind
to exopolysaccharides from truffle-associated Rhizobium
isolates, suggesting that lectin-mediated interactions may
contribute to the selection imposed by the truffle on its
associated bacterial community Cerigini (Pala et al., 2006).
Trophic interactions Nutritional interactions between fungi and
bacteria are important to many BFIs. Trophic competition

between fungi and bacteriais well documented in the plant root
environment (rhizosphere), where bacterial competition for
nutrients such as carbon nitrogen iron can be an effective
biocontrol mechanism against fungal root pathogens. (Elad and
Baker, 1985). Examples of bacterial-fungal trophic competition
in other environments include competition for carbon
substrates during the decomposition of leaves (Moller et al.,
1999). Some evidence even suggests an enhancement of
cyanobacterial photosynthesis when it is engaged in the
symbiosis (Bilger et al., 1994). Nitrogen-fixing bacteria have
also been isolated from mycorrhizal (including truffle) fungi
and in the fungus gardens of leaf cutter ants, further suggesting
positive inputs of endobacteria to fungal nutrition (Pinto-
Tomaset al., 2009).

Consequences of Bacterial-Fungal Interactions for
Participating Organisms

The successful establishment of an association between
bacteria and fungi has profound consequences for both
organisms; describe the main outcomes of BFIs in relation to
changes in the bacterial and fungal partners physiology, life
cycles, and survival. Extracellular bacteria can affect fungal
development and spore production, to the benefit or the
detriment of the fungus. Bacteria stimulate spore germination
in several fungi, including the plant-pathogenic oomycete
Phytophthora alni (Chandelier et al 2006). Another notable
effect on fungal development is seen in the life cycle of the
edible button mushroom Agaricus bisporus. The commercial
production of mushrooms occurs via the initial colonization of
mushroom compost by the fungal mycelium followed by
casing with a layer of a peat/limestone mix that stimulates
fruiting body initiation (Noble et al., 2003)

Effectson bacterial and fungal physiology

Observation of the effects of fungi on bacterial development is
difficult due to the small size and single-cell nature of
prokaryotes. However, if we consider bacterial-fungal biofilms,
it is clear that fungi can promote distinct differences in
bacterial development by contributing to a distinctive
ecological niche, within which bacteria exhibit physiological
differences, such as resistance to antibiotics, stress, and an
altered expression of virulence genes, compared to free-living
bacteria (Harriott and Noverr, 2010). Fungi and bacteria also
play important roles in promoting the survival of their
interacting partners. This effect can be reciprocal; for example,
P. fluorescens BBc6R8 promotes the viability of the
mycorrhizal fungus Laccaria bicolor under unfavorable growth
conditionsin soil (Brule et al., 2001), while the fungus can also
promote the survival of the bacterium (Deveau et al., 2010).
Filamentous fungi can also provide a vector for bacteria by
transporting them to new locations where they may access new
niches or substrates, as was observed for the degradation of
polycyclic aromatic hydrocarbon pollutants (Kohlmeier et al.,
2005) This may have relevance in other contexts as well; for
example, it has been postulated that the association of
Saphylococcus aureus with Candida hyphae provides a
mechanism for the bacterial invasion of otherwise inaccessible
tissues, such as epithelial layers (Peters et al., 2010). BFIs may
also favor the colonization of surfaces that are otherwise
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inaccessible to some microorganisms. C. albicans was shown
to strongly enhance biofilm formation by Staphylococcus
aureus in an in vitro polystyrene-serum system, with the
bacteria associating with the fungal hyphae rather than the
plastic substrate as part of a polymicrobia biofilm (Harriott
and Noverr, 2010). Similar effects may be important for the
colonization of medical devices by a range of microbes
(Donlan and Costerton, 2002).

Role of BFIsin Host Health and Disease

The efforts of ants to control the parasitic fungi that attack their
fungal gardens are paralleled by the attempts made by humans
to control fungal diseases of plant crops. It has been recognized
for a long time that many bacteria living in the root
environment are able to promote plant health and growth
(Lugtenberg and Kamilova, 2009) and that in some cases this
is a consequence of their antagonistic impact on fungal
pathogensin the soil (Weller et al, 2002). There is a large body
of literature describing the use of rhizosphere bacterial isolates
as potential “biocontrol” agents targeting a variety of soil borne
fungal pathogens, indicating the potential of biocontrol bacteria
to complement or even replace the application of chemical
fungicides (Haas and Défago, 2005). Indeed, severa
commercial biocontrol agents targeting pre- and postharvest
fungal diseases are available (Berg, 2009). However, despite
meeting with a high degree of success in controlled
environments, the widespread use of biocontrol bacterial
strains is challenging, since each crop protection strategy is to
some extent unique due to differences in cultivars, soil
chemistries, and environmental conditions (Haas and Défago,
2005). Moreover, the usefulness of particular strains is not
always predictable, mainly because of the variable abilities of
the biocontrol bacteria to compete with resident rhizobacteria
during root colonization, although they are often more efficient
in disturbed natural ecosystems (Compant et al., 2005). In
some instances, attempts have been made to use combinations
of bacterial and fungal biocontrol agents to afford plants better
protection from disease (Guetsky et al., 2001). Whether
interactions between the biocontrol agents has affected the
outcome of these tests has generally not been investigated,
except in the case of P. fluorescens CHAO and Trichoderma
atroviride, which appear to have enhanced the expression of
key biocontrol factors in each other's presence (Lutz et al.,
2004). As wel as the plant-beneficia bacterial-fungal
relationships, one should not forget that some plant-detrimental
BFIs also take place. Associated bacteria were shown to
enhance the pathogenicity of the foliar fungal
pathogen Stagonospora nodorum when infecting wheat, even
though the bacteria themsel ves were nonpathogenic toward the
host (Dewey et al.,, 1999). Synergistic interactions
between Pectobacterium atrosepticum and Erwinia
carotovora subsp. atroseptica and the foliar pathogen Septoria
tritici on wheat have also been reported (Newton et al., 2004).
In the rhizosphere, different functions can coexist,
with Pseudomonas bacteria increasing or decreasing the plant
pathogenesis of the soil borne fungus
Gaeumannomyces (Sarniguet et al., 1992). The antimitotic
toxin rhizoxin is an important component in the pathogenicity
of the rice seedling blight pathogen Rhizopus microsporus;
however, the synthesis of rhizoxin is performed not by the

fungus but by Burkholderia bacteria living within its hyphae
(Partida-Martinez et al., 2005).
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