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Abstract
Land plants modify the terrestrial environment extensively by nutrient acquisition, water 
utilization, physical disruption and cohesion of the soil, and the release of complex exudate 
materials. Decaying plant matter is also a major source of organic material in soils. Large 
numbers of microorganisms associate with and flourish on, within, and around plants, 
colonizing virtually all exposed tissues. While some of these microbes may incite disease 
on certain plants, a large number are harmless or beneficial symbionts. Microbial popula-
tions multiply in response to the plant environment and often form multicellular complexes 
that range from small aggregates to expansive, highly structured biofilms. Plant-associated 
biofilms have important consequences for plant health and disease, as the microorgan-
isms within these populations may provide benefits or, conversely, damage the host. The 
structure, activity and microbial diversity harbored within biofilms influence the plant 
interaction to varying degrees, dependent on plant type, growth stage and environmental 
conditions. Likewise, plants influence the bacterial population density, fostering communi-
ties that interact with each other and the plant through metabolic activity and cell–cell 
communication mechanisms that allow the microbes to coordinate their activities and 
optimize their competitive success.

Introduction
Plants support the growth of a wide variety of microorganisms on and within their tis-
sues, including aerial portions of the plant, the vascular network, and root tissues below 
ground (Figure 12.1). Plant activity and phytoexudation dramatically modify the local 
environment, supplying certain relatively plentiful nutrients compared with the generally 
nutrient-limited terrestrial habitat (Walker et al., 2003). Plants also deplete other nutri-
ents, such as phosphorous, from their local environment. Plant-associated microbes may 
establish commensal, mutualistic and pathogenic interactions with plants, or simply grow 
saprophytically on the nutrients released. Soil that immediately surrounds roots and that 
is influenced by plant activity is called the rhizosphere, and can be considered an extension 
of the plant-associated environment. Microbial populations that colonize plant tissues and 
the rhizosphere accumulate at specific physical locations and often multiply in response to 
the nutrients available. In many cases, multicellular assemblies of microbes result, and these 
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may be homogeneous structures or multispecies communities (Bloemberg et al., 2000; 
Watt et al., 2006). In some cases, the multicellular structures may have specific functions 
relevant to plant interactions, but in others may simply be the consequence of population 
expansion. In this chapter, we will consider the structure, composition and function of 
bacterial populations associated with terrestrial plants. Although their size, distribution 
and conformation may differ from biofilm populations formed in saturated aqueous envi-
ronments, we will refer to them collectively as biofilms.

Salient features of plant-associated microbial habitats
Each type of plant tissue is chemically and physically unique and bacteria that colonize this 
tissue must adapt to these unique attributes. In addition to these intrinsic characteristics, 
local environmental conditions such as water saturation, temperature and pH can have a 
tremendous impact on microbial colonization. Finally, the adherent microbial populations 
can significantly alter the environment they inhabit, through growth, metabolism, resource 
competition and intercellular signaling.

Different plant tissues present a range of microenvironments to colonizing microbes, 
and the density, size, species composition and activity of adherent microbial populations at 
different sites on the plant are reflective of this heterogeneity (Figure 12.1). The trichomes, 

Figure 1. Eberl, von Bodman and Fuqua

Figure 12.1 Sites of biofilm formation on plants. A photograph of an axenically grown 
Arabidopsis thaliana seedling is shown. Bacteria colonizing phyllosphere/phylloplane on leaves, 
rhizosphere/rhizoplane on roots, and within the internal vascular system are depicted.
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stomates and veins of leaves provide physical and chemical heterogeneity in the phyllo-
sphere that is exploited to the benefit of microbial epiphytes (Herrera and von Bodman, 
unpublished results, and Monier and Lindow, 2005a). The wax cuticle that often covers 
the leaf surface differs on the tops and undersides of leaves, and the undersides tend to 
accumulate more bacterial biomass (Krimm et al., 2005).

Along the length of the root, cell type, surface chemistry and exudation activity vary 
considerably (Gregory, 2006). Actively growing root tissues typically exhibit higher exuda-
tion rates into the soil and root cap cells at the growing tip can be sloughed away. Older 
root tissue may elaborate root hairs, which again provide a distinct surface with which mi-
crobes can interact, most notably the symbiotic colonization of legumes by nitrogen-fixing 
rhizobia (Figure 12.2A) (Hirsch et al., 2001). Microbial populations flourish in response 
to nutrient release and exudation rates at different sites on roots, while conversely nutrient 
sequestration from the soil by the root may limit microbial growth. Recent examination 
of microbial populations on field grown wheat roots reveals high diversity that varies in a 
consistent way along the length of the root (Watt et al., 2006).

The plant vascular network internally connects the different portions of the plant. The 
configuration of the vasculature, and the relative distribution of phloem and xylem ele-
ments differ between aerial and terrestrial plant tissues. Multiple cell and tissue types also 
exist within the vasculature and it is clear that pathogens which invade and colonize these 
systems have adapted to associate with specific structural components of the vasculature 
(Koutsoudis et al., 2006).

Hydration is a critical attribute of all microbial systems, including those associated with 
terrestrial plants. Plants have adapted to a wide diversity of environments, ranging from 
extremely low saturation levels (e.g. deserts) to extremely high saturation (e.g. rainforests). 
The microbial populations associated with plants, accordingly, are also adapted to these 
conditions. Seasonal and other temporal changes in temperature, rainfall, and ground water 
levels can lead to short-term and long term fluctuations in soil hydration. Microbes that 
colonize different regions of the plant experience saturation levels characteristic of these tis-
sues. Living plants must maintain a certain minimal fluid level within their vasculature, and 
saturation is relatively constant within these vessels, although osmolyte concentrations can 
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Figure 2. Eberl, von Bodman and Fuqua

Figure 12.2 Colonization of plants by bacteria. (A) Fluorescence micrograph of root hairs of 
alfalfa colonized with GFP-expressing Sinorhizobium meliloti (unpublished image courtesy of 
D.J. Gage). (B) Fluorescence micrograph of GFP-expressing A. tumefaciens C58 biofilm on 
Arabidopsis roots. (Unpublished image from Tomlinson and Fuqua) (C) Electron micrograph 
of pea roots colonized by Burkholderia cenocepacia H111 (Picture is courtesy of Eshwar 
Mahenthiralingam, Cardiff University, UK).
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vary. In contrast, tissues on the plant exterior are exposed to greater variability in hydration, 
and adherent microbial populations may experience significant water limitation or matric 
stress (Chang and Halverson, 2003). On these exposed tissues, biofilms and aggregates can 
function to prevent dessication, and accordingly cells within these multicellular structures 
are more desiccation resistant than single cells (Monier and Lindow, 2005a). Roots maintain 
a water film on their surfaces, but this film varies considerably in thickness and uniformity 
with prevailing conditions (Gregory, 2006). Roots are also the site of water uptake by the 
plant, and provide a constant demand. Leaves and other aerial portions of the plant may be 
very dry because of exposure to air and sunlight, but can periodically be doused with fluid 
due to rainfall and accumulation of condensed water. Leaves typically elaborate a protective 
waxy cuticle in part to prevent water loss, and microbes that colonize these surfaces must 
adapt to this poorly wettable substratum.

Deposition of the microbes that colonize plant tissues
There are numerous routes, direct and indirect, by which microbes encounter plant tissues 
and thereby initiate the interactions that lead to biofilm formation. In the soil environment, 
microbial locomotion, through flagellar-driven swimming and swarming, twitching motil-
ity and gliding are all likely to play a role in colonization of plants. The relatively nutrient 
rich conditions generated by plant exudation into the soil provide a target for chemotaxis 
afforded through these mechanisms of motility (Walker et al., 2003). Motility and chemo-
taxis provide a competitive advantage and allow soil-borne microbes to effectively colonize 
productive sites on the plant (Lugtenberg et al., 2002). Accordingly, mutants that cannot 
swim or are defective in chemotaxis are often less able to compete during colonization of 
plant surfaces (Tans-Kersten et al., 2001; Turnbull et al., 2001; Vande Broeke and Vend-
erleyden, 1995). In addition to self-propelled deposition there is ample opportunity for 
passive introduction of microbes onto plant tissues. Wind is a well established mechanism 
by which microbes are deposited on aerial plant surfaces (Pedgley, 1991). Rainwater, splat-
ter and aerosols can also transfer microbes onto leaves and flowers. Water flow around root 
systems can act to inoculate cells and spores onto below ground tissues. Physical wound-
ing of plants may introduce microbes from the external environment into internal tissues, 
including the vasculature. Insect and nematode activity can potentially inoculate microbes 
at any site on the plant, and sap-feeding insects are a common mode of transmission for 
vascular pathogens (Brlansky et al., 1983).

Phyllosphere aggregates and biofilms
Aerial surfaces such as leaves are stressful environments for colonizing bacteria, due to light, 
heat and desiccation. Although single cells can be deposited at any position, multicellular 
aggregates preferentially form around stomates and trichomes, or along leaf veins, respond-
ing to moisture and nutrient concentration (Monier and Lindow, 2004). The aggregates 
generally grow from one or a few colonizing cells that multiply at their site of deposition 
to form a multicellular structure (Figure 12.1). Fluorescent pseudomonads associated 
with cantaloupe and endive leaves were equally distributed in solitary or biofilm-associ-
ated populations (Morris and Monier, 2003). In contrast, the majority of Gram-positive 
epiphytes tended to localize within biofilms.
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Among the best studied epiphytes is Pseudomonas syringae pv. syringae (Pss), that causes 
brown spot disease on bean (Table 12.1). Although many single Pss cells are observed to 
colonize the leaf surface, the bulk of the adherent biomass that results from colonization is 
contained in large aggregates comprised of thousands of cells (Monier and Lindow, 2004). 
These aggregates survive desiccation stress better than solitary cells and colonizing cells 
that are introduced into aggregates have a better chance of survival than singly adherent 

Table 12.1 Examples of biofilm-forming, plant-associated bacteria1

Bacteria Host plants Interaction Colonization site

Aerial tissue colonizers

Pseudomonas 
fluorescens

Diverse Commensal/
mutualist

Leaves

Pseudomonas syringae 
pv. syringae

Beans Pathogen Leaves

Methylobacterium spp. Diverse Commensal Leaves (stomates)

Erwinia amylovora Fruit trees Pathogen Fruit, leaves and 
flowers

Vascular colonizers

Pantoea stewartii Maize Pathogen Xylem vessels

Xylella fastidiosa Citrus and grape Pathogen Xylem vessels

Xanthomonas campestris 
pv. campestres

Crucifers Pathogen Xylem vessels

Ralstonia solanacearum Diverse Pathogen Roots to xylem

Clavibacter 
michiganensis pv. 
sepedonicus

Potato Pathogen Xylem vessels

Leifsonia xyli subsp. xyli Sugar cane Pathogen Xylem vessels

Spiroplasma spp. Diverse Pathogen Phloem vessels

Root colonizers

Agrobacterium 
tumefaciens

Diverse dicots Pathogen Roots and crown 
tissue

Azospirillum brasilense Cereals Mutualist Root hairs

Bacillus cereus Diverse Commensal Roots

Burkholderia 
cenocepacia

Onions Pathogen Roots

Pseudomonas spp. Diverse Commensal/
mutualist

Roots

Rhizobium spp. Legumes Mutualist Root hairs and 
nodules

1See text for details
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cells (Monier and Lindow, 2005a). The Pss aggregates that form on leaf surfaces, have 
densely packed cells that are ideally suited for the population-density-sensitive signaling 
mechanism described as quorum sensing (QS). The fitness of adherent Pss populations 
requires a functional QS system (Quinones et al., 2004).

Multispecies interactions between bacteria on aerial surfaces may also influence the 
populations that eventually develop. Analysis of strawberry plant leaves, revealed that colo-
nization by a single type of epiphyte can significantly alter the wax cuticle and transpiration 
properties of the leaves, suggesting that this microbe might promote colonization by other 
microbes (Krimm et al., 2005). Inoculation of bean leaves with three different leaf epiphytes 
under high moisture conditions resulted in formation of large aggregates, but these aggre-
gates comprised discrete sectors containing nearly homogeneous populations (Monier and 
Lindow, 2005b). The basis for this segregation remains unclear, although possible explana-
tions are that each sector arises from clonal growth of sparsely colonizing bacteria, or that 
these bacteria release signaling compounds that ward off competing populations.

Biofilm formation during plant vascular disease
The xylem and phloem of plants represent a protected niche for the multiplication of bio-
film-forming vascular pathogens. Microbes colonize the vasculature through active inva-
sion, wounding and sap-feeding insect vectors. The best characterized systems are those 
pathogens that colonize the xylem. Phloem-infecting spiroplasma have been studied, but 
little is known regarding their interaction or growth within phloem vessels (Bove et al., 
2003).

Xylem-infecting pathogens often form biofilms within the vessels and produce copi-
ous polysaccharide that blocks the vasculature, damaging the infected tissue. In addition, 
degradative enzymes secreted by the infecting bacteria often augment tissue damage and 
aid in dispersal of the microbe through the vasculature. Several xylem pathogens appear 
to regulate colonization and subsequent dispersal, using QS mechanisms to gauge their 
population structure and appropriately time their dispersal (von Bodman et al., 2003). 
Pantoea stewartii (Ps) is the causative agent of Stewart’s wilt, a vascular disease of maize, 
introduced into the xylem by the corn flea beetle (Table 12.1). Recent work has revealed 
that Ps forms biofilms within infected vessels, preferentially associating with the annular 
rings and thickened areas of the protoxylem, synthesizing the polysaccharide stewartan and 
effectively disrupting transport processes (Koutsoudis et al., 2006). Although mutants that 
cannot produce stewartan are avirulent, derivatives that overproduce the polysaccharide 
do not continue to colonize the vasculature as efficiently as the wild type, suggesting that 
productive infection requires a balance of vasculature blockage and dispersal. Swarming 
motility is likely to play a role in the dispersal process (Herrera and von Bodman, un-
published results). The balance of colonization and dispersal is at least in part maintained 
through QS regulation of stewartan biosynthesis and motility (Minogue et al., 2005).

Similar population dynamics within the plant vasculature are observed for xylem infec-
tion by the etiologic agent of citris variegated chlorosis and Pierce’s disease of grapevine 
(Table 12.1). Xylella fastidiosa (Xf) is a xylem-infecting, Gram-negative pathogen transmit-
ted by leafhopper insects probing for xylem elements (Brlansky et al., 1983). Within the 
insect vector, Xf multiplies and forms polarly attached, palisade-like biofilms on foregut tis-
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sues (Newman et al., 2004). A cell signaling mechanism, that relies on a diffusible signaling 
factor (DSF) is important for insect colonization and subsequent transmission. Formation 
of these biofilms and the amplified pathogen population they embody is required for effec-
tive disease transmission to the plant. During transmission to the plant, single cells attach 
to xylem vessels elements (Newman et al., 2003). Production of Xf exopolysaccharide is 
required for disease, and areas with dense biofilms and high levels of exopolysaccharide 
are the sites of blockage. Movement of the pathogen through the vasculature occurs in 
the direction opposite to the flow of the transpiration stream, away from leaves, and 
has recently been shown to involve a type IV pilus and twitching motility (Meng et al., 
2005). Effective attachment and biofilm formation, in contrast, requires a type I adhesive 
pilus structure and earlier evidence suggests that this may involve interaction with xylem 
elements via active thiol groups on the pilus or another cell surface structure (Leite et al., 
2004). The related pathogen Xanthomonas campestris pv. campestris (Xcc) is introduced into 
the plant vasculature by wounding, and causes black rot on cruciferous plants (Table 12.1). 
Outside of the means of inoculation Xcc shares a very similar pattern of vascular infection 
with Xf, and also regulates this process with the DSF signaling system (Grossman and 
Dow, 2004). The polysaccharide xanthan gum and degradative exoenzymes are primary 
virulence determinants, governing vascular blockage and migration of the bacteria through 
the vasculature. Again, for both Xcc and Xf, the balance between biofilm formation and 
intravascular dispersal is a key determinant of disease progression.

The wide host range pathogen Ralstonia solanacearum actively invades roots, infiltrating 
the vasculature and resulting in lethal wilt on diverse plants (Table 12.1). In the xylem, 
swimming and twitching motility are likely to facilitate surface colonization and biofilm 
formation (Kang et al., 2002; Tans-Kersten et al., 2001). It is again production of an 
exopolysaccharide that clogs the xylem vessels, and causes the wilting disease. A complex 
regulatory cascade, described as a confinement sensing mechanism, controls production of 
the exopolysaccharide and exoenzymes that are required for virulence (Schell, 2000).

In addition to this array of Gram-negative pathogens, several Gram positive microbes 
also colonize the vasculature and damage plant hosts. Leifsonia xyli subsp. xyli causes ra-
toon stunting disease in sugar cane through blockage of the xylem (Weaver et al., 1977). 
Clavibacter michiganensis subsp. sepedonicus causes bacterial ring rot in potato, and attaches 
to xylem vessels in large aggregates cohered by exopolysaccharide (Marques et al., 2003). 
Filamentous actinobacteria form aggregates in the intracellular spaces of infected wheat, 
and it is possible that they are transmitted through the vasculature (Coombs and Franco, 
2003).

Biofilms on plant roots
Plant roots are exposed to the tremendous microbial diversity of the soil environment. 
Microbial populations associated with soils may mobilize towards plant roots, attracted by 
exudates, and colonize different areas. The root cap and the zone of cell division is a produc-
tive colonization site as are mature root zones and root hairs (Semenov et al., 1999; Watt 
et al., 2006). The elongation zone of the root, immediately following the root cap, appears 
to support fewer adherent microbes. Although there are pathogens of plants that associate 
with roots, many of the adherent populations are benign or beneficial.
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Beneficial root colonizers
There are a number of plant-growth promoting microbes that associate with roots. The 
best studied examples of beneficial plant-microbe interactions are the symbiotic rhizobia 
that drive the formation of nitrogen fixing nodules on legumes (Table 12.1). Rhizobia are 
attracted to flavonoid compounds released by legume root hairs, binding to root hair tips 
(Figure 12.2A). In the well studied formation of so-called indeterminate nodules, Nod fac-
tors produced by the rhizobia stimulate root hair curling and capture of the bacteria within 
the root hair, in which they proceed to migrate down an infection thread through which 
they invade cells in the root cortex, and establish endosymbiosis (Gage, 2004). Both the 
populations of rhizobia associated with root hairs and even the bacterial growth down the 
infection thread can be considered as specialized biofilms (Figure 12.2A). Rhizobia attach 
to specific host plants via polysaccharides binding to plant lectins and via calcium-binding 
proteins, initially called rhicadhesin and more recently proposed to be a group of proteins 
collectively called Rap adhesins (Laus et al., 2006; Russo et al., 2006; Smit et al., 1989). 
Adherent cells can multiply at the site of colonization to form multicellular assemblies. 
Rhizobial biofilms also form on abiotic surfaces (Fujishige et al., 2006; Russo et al., 2006).

Another plant growth promoting rhizobacterium is Azospirillum brasilense, an -
proteobacterium that associates with the root systems of various cereals (Burdman et al., 
2000). Exopolysaccharides, flagellar motility (swimming and swarming) and specific outer 
membrane proteins are required for effective colonization of cereal root systems. Root 
hairs and the elongation zone of the root appear to be favored colonization sites, and dense 
biofilms may be formed at these positions (Assmus et al., 1995). Once the adherent A. 
brasilense population is in place, they promote plant health by release of a number of differ-
ent bioactive compounds that stimulate root hair proliferation and lateral root formation 
(Umali-Garcia et al., 1980). Coinoculation of Azospirillum with nitrogen fixing rhizobia 
provides enhanced benefits to plant production, suggesting possible synergism within 
mixed communities of these microbes (Burdman et al., 1998).

Several Pseudomonas species and derivatives are effective plant growth promoting 
rhizobacteria, and some are biocontrol agents (Lugtenberg et al., 2002). On wheat roots, 
natural populations of pseudomonads comprise a significant proportion of the microbial 
community, residing within aggregates and biofilms (Watt et al., 2006). Roots are colonized 
along surface fissures when inoculated with plant growth-promoting pseudomonads, but 
this has not been commonly observed for natural populations, and thus may be a conse-
quence of the inoculation strategy (Bloemberg et al., 2000). Flagellar motility and twitching 
are thought to play significant roles in root colonization, although they are not absolutely 
required for effective deposition (Turnbull et al., 2001; Vande Broek and Vanderleyden, 
1995). The release of plant exudates into soils can stimulate rapid mobilization and che-
motaxis of pseudomonads towards root systems (Espinosa-Urgel et al., 2002). The LapA 
cell surface protein (large adhesion protein A) identified in P. fluorescens is required for 
the transition from reversible to irreversible attachment on abiotic surfaces (Hinsa et al., 
2003). A screen of Pseudomonas putida mutants for deficiencies in seed binding identified a 
lapA homologue in this microbe, and it manifested a deficiency in binding to roots as well 
(Espinosa-Urgel et al., 2000). These findings suggest that the LapA protein may function 
as an adhesin during plant attachment and biofilm formation.
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Gram-positive microbes, specifically Bacillus species, can also be effective biocontrol 
agents (Ugoji et al., 2005). Bacillus species are abundant in the terrestrial environment, and 
can often colonize plants. Bacillus subtilis develops dense surface-associated populations, 
and these adherent structures have been correlated with effective biocontrol (Bais et al., 
2004). Furthermore, it is clear that a number of functions involved in biocontrol of disease, 
also effect biofilm formation (Dunn et al., 2003).

Root associations of plant pathogens
In many cases, the manner in which pathogens associate with root systems is very similar 
to that of the plant growth promoting bacteria. However, pathogenic pseudomonads have 
been reported to form thicker, more confluent biofilms on root tissues, in contrast to the 
more heterogeneous colonization by beneficial pseudomonads (Bais et al., 2004; Walker 
et al., 2004). This difference may reflect the interactions that lead to disease compared to 
benign interactions, but may also be the consequence of different inoculation strategies, 
growth conditions and plant hosts. More studies are needed to compare pathogenic and 
commensal interactions on the same plant and perhaps in mixed populations.

The ubiquitous plant disease called crown gall is caused by Agrobacterium tumefaciens, 
an -proteobacterium and a close relative of symbiotic rhizobia (Escobar and Dandekar, 
2003). Infection occurs at wound sites along roots and at the point where stem and root 
tissue converges (the crown), and leads to a horizontal genetic transfer from A. tumefaciens 
to the plant, directing uncontrolled proliferation of the tissue (the gall) and production 
of nutrients specific for the infecting microbe. Related species including A. rhizogenes and 
A. vitis cause hairy root disease and grape-specific necrosis, respectively. The mechanisms 
of plant attachment have remained elusive, although a two step model mediated initially 
by an as yet unidentified adhesin and followed by firmer attachment via cellulose fibril 
production has been widely espoused (Matthysse and Kijne, 1998). Once attached to root 
tissues, A. tumefaciens can form dense, structurally complex biofilms, extensively coating 
the epidermis and root hairs (Figure 12.2B) (Matthysse et al., 2005; Ramey et al., 2004). 
Comparable biofilms form on abiotic surfaces and several mutants and genetic variants 
affected for biofilm formation on these surfaces, show similar phenotypes on root tissues 
(Danhorn et al., 2004; Matthysse et al., 2005; Ramey et al., 2004). The role of biofilms 
during the disease process remains obscure, but may involve proximity to the appropriate 
infection site, or survival of the basal plant defense response.

Oxygen limitation is a common condition in the rhizosphere and also within biofilms 
(Okinaka et al., 2002). An A. tumefaciens mutant disrupted for the FNR-type transcription 
factor SinR develops sparse, patchy biofilms on plant roots and abiotic surfaces (Ramey et 
al., 2004). This regulator is a component of an A. tumefaciens oxygen-limitation response 
pathway, suggesting a link between oxygen levels and biofilm structure. Similarly, limiting 
phosphorous is common in the rhizosphere due to plant sequestration. Limiting phospho-
rous enhances biofilm formation by A. tumefaciens, in contrast to the decreased biofilm 
formation reported for Pseudomonas aureofaciens in low phosphorous (Danhorn et al., 2004; 
Monds et al., 2001). It is intriguing that phosphorous resources can have such an opposite 
result on biofilm formation by two plant associated microbes. For A. tumefaciens, perhaps 
the prospect of acquiring phosphorous as a result of plant infection, provides a significant 
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enough benefit to offset the short term cost. Consistent with this speculation, other aspects 
of virulence are enhanced by low phosphorous levels (Winans, 1990).

Biofilms on seeds and juvenile plants
Many seed stocks are deliberately coated with rhizobacteria, such as nitrogen-fixing rhizo-
bia, to promote the health of the juvenile plants that will grow. The biofilms that develop on 
the seeds during germination inoculate the growing plant and the developing rhizosphere. 
Bacterial adherence to seeds is therefore of great practical and environmental relevance. 
Human consumption of seeds and sprouts is also a significant route of infection, and thus 
of medical importance (Fett and Cooke, 2003). Examination of seed colonization of alfalfa 
seeds and sprouts from natural sources revealed rods and cocci embedded within exopoly-
saccharide matrix material (Matos et al., 2002).

Quorum sensing and biofilm formation
As is a theme of this volume, it has become evident that bacteria within biofilms can co-
ordinate their activities and act in a concerted manner similar to multicellular organisms. 
These interactions require cell–cell communication systems to distribute and modulate the 
various functions within a bacterial community. In support of this conjecture, it is now 
clear that many bacteria produce and respond to signal molecules, often utilized to monitor 
their own population densities in a process known as “quorum sensing” or QS (Fuqua et al., 
1994). QS is a regulatory mechanism by which bacteria can perceive and respond to their 
relative numbers and their spatial distribution, a particularly valuable mechanism for gene 
regulation in densely populated biofilms. Moreover, in several cases QS was shown to be 
required for the formation and morphogenesis of biofilms (Davies et al., 1998; Huber et 
al., 2001). Detailed accounts of QS systems and the signaling molecules used to facilitate 
communication between physically separated cells are provided in Yarwood, Wood and 
Bentley, and Atkinson et al., this volume.

Quorum sensing among plant-associated microbes
To date, AHL-dependent quorum sensing circuits have been identified in more than 70 
species of Gram-negative bacteria, in which they regulate diverse functions, including 
bioluminescence, plasmid conjugative transfer, synthesis of antibiotics and extracellular 
hydrolytic enzymes, motility, and production of virulence factors (Whitehead et al., 2001). 
In an extensive survey Cha et al. (1998) demonstrated that the majority of plant-associated 
bacteria produce AHL signal molecules. Specifically, they showed that almost all tested 
isolates of the genera Agrobacterium, Erwinia, Pantoea, and Rhizobium, and about half of the 
erwinias and pseudomonads tested synthesized detectable levels of AHLs. By contrast, only 
a few AHL producers could be identified among Xanthomonas isolates. Elasri et al. (2001) 
screened 137 soil-borne and plant-associated strains belonging to different Pseudomonas 
species for their ability to synthesize AHLs, and identified 54 that were positive for AHL 
production. In this study it was also observed that plant-associated and plant-pathogenic 
bacteria produced AHLs more frequently than soilborne strains. On the basis of these 
results it was speculated that the more intimate the relationship of the bacteria with the 
host plant, the higher the probability that it produces AHLs. Steidle et al. (2001) screened 
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over 300 bacterial strains, isolated from the rhizosphere of tomato on standard laboratory 
media, and approximately 12% of the isolates produced detectable AHLs. Pierson et al. 
(1998) screened 700 wheat root-associated bacteria using different AHL biosensors and 
found that about 8% of the strains were able to activate at least one of the sensors. It should 
be considered that all of the surveys described evaluated culturable isolates, and that even 
among these bacteria AHL synthesis may not be active under the cultivation conditions 
employed. Even so, it is clear that AHL QS is common among plant-associated communi-
ties.

Quorum sensing within plant biofilms
The involvement of an AHL-based QS system in the regulation of biofilm formation was 
first reported for Pseudomonas aeruginosa, an opportunistic human pathogen that causes 
severe nosocomial infections in immunocompromised individuals and is responsible for 
the chronic lung infections of patients with cystic fibrosis (Davies et al., 1998; Govan and 
Deretic, 1996). P. aeruginosa is also capable of causing serious infections in non-mamma-
lian host animals (Mahajan-Miklos et al., 2000) and plants (Rahme et al., 1995) and is an 
effective colonizer of plant roots (Pandey et al., 2005; Walker et al., 2004). In the study of 
Davies et al. it was shown that a lasI mutant of P. aeruginosa, defective in synthesis of the 
AHL N-3-oxo-dodecanoyl-�-homoserine lactone (3OC12-HSL), formed biofilms that 
were flat, densely packed, and undifferentiated (Davies et al., 1998). The las system is one 
of two quorum-sensing systems that have been identified in P. aeruginosa and consists of 
the transcriptional activator LasR and the AHL synthase LasI, which directs the synthesis 
of 3OC12-HSL (Gambello et al., 1993; Pearson et al., 1994, Williams et al., this volume). 
The second system, designated rhl, consists of RhlR and RhlI, which directs the synthesis 
of N-butanoyl-�-homoserine lactone (C4-HSL) (Ochsner and Reiser, 1995; Pearson et al., 
1995). The two systems do not operate independently as the las system positively regulates 
expression of both rhlR and rhlI (Whiteley et al., 1999). Moreover, the QS circuitry is 
subject to various additional layers of regulation both at the transcriptional and post-tran-
scriptional level ( Juhas et al., 2005). This complex regulatory network, integrating various 
environmental parameters, may be the reason that the influence of QS on biofilm forma-
tion has been observed to be highly dependent on the experimental conditions (Heydorn et 
al., 2002; Stoodley et al., 1999, Purevdorj et al., 2002). Most interestingly in the context of 
this chapter are the findings of Walker et al. (2004), who showed that P. aeruginosa strains 
are capable of infecting the roots of Arabidopsis and sweet basil (Ocimum basilicum) and 
cause plant mortality seven days post-inoculation. Prior to plant mortality, P. aeruginosa 
cells colonize the roots of Arabidopsis and sweet basil and form a biofilm as observed by 
various microscopic techniques. In accordance with a study by Heydorn et al. (2002) who 
found no differences between biofilms formed by the wild type and signal negative mutants 
on inanimate surfaces, Walker et al. (2004) demonstrated that the biofilm of a lasI mutant 
on the root surface is nearly indistinguishable from the one formed by the wild-type strain. 
However, QS-deficient mutants were significantly attenuated in their ability to infect sweet 
basil, confirming the importance of QS in controlling expression of pathogenic traits in 
P. aeruginosa. QS-regulated functions are also employed by P. aeruginosa to compete with 
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other microbes during biofilm formation, and are therefore very likely influencing the com-
position and activity of the plant-associated community (An et al., 2006).

A role for AHL-mediated quorum sensing in biofilm formation has also been dem-
onstrated for several other bacteria that are commonly associated with plants: several 
Burkholderia species (Huber et al., 2001; Wopperer et al., 2006), P. putida (Steidle et al., 
2002), and Serratia liquefaciens (Labbate et al., 2004). Similar to P. aeruginosa, AHL-nega-
tive mutants of B. cenocepacia are defective in the late stages of biofilm development and thus 
were unable to develop biofilms with typical mushroom- and stalk-shaped microcolonies 
separated by void spaces on abiotic surfaces (Figure 12.2C) (Huber et al., 2001). Employing 
a quorum quenching approach (i.e. the enzymatic degradation of AHL signal molecules), 
it was shown that QS not only regulates biofilm formation in B. cenocepacia but also in the 
large majority of strains from nine other Burkholderia species (Wopperer et al., 2006). The 
biofilm formed by the P. putida strain IsoF, a plant growth promoting rhizobacterium, on 
abiotic surfaces is very homogenous with limited structure. In contrast to B. cenocepacia and 
P. aeruginosa, QS mutants of P. putida IsoF formed structured biofilms, indicating that in 
this organism QS promotes formation of structurally homogeneous biofilms. In a recent 
study Dubern et al. (2006) demonstrated that in P. putida PCL1445 the production of the 
cyclic lipopeptides putisolvin I and II is QS-regulated. As these compounds possess surface 
tension-reducing abilities and are able to inhibit biofilm formation, a link between QS and 
biofilm formation could be established. S. liquefaciens forms biofilms through a series of 
defined stages that lead to a highly porous biofilm composed of cell chains, filaments, and 
cell clusters. QS plays important roles in the regulation of several stages of the biofilm life 
cycle of this organism (Labbate et al., 2004; Rice et al., 2005). However, the dependence of 
biofilm formation on QS is not absolute, as altered nutrient conditions can override QS 
control in S. liquefaciens.

In the multicellular aggregates of the phyllosphere, QS is also an important process. P. 
syringae regulates motility, exopolysaccharide production and overall virulence during bean 
leaf interactions via AHL regulation (Quinones et al., 2005). Initial disease symptoms were 
more severe in AHL-mutants, but the tissue maceration typical of later infection stages, 
was abolished. Several aspects of epiphytic fitness of P. syringae are strongly influenced 
by QS, and cell–cell signaling is clearly engaged within the dense multicellular aggregates 
distributed at various locations on the leaf surface (Quinones et al., 2004). Transgenic bean 
plants that produce AHLs were less severely damaged than wild type and supported smaller 
populations of the pathogen. Other epiphytic pathogens such as Erwinia chrysanthemi also 
employ QS to control virulence (Reverchon et al., 1998).

In vascular pathogens, QS plays an important role in regulating virulence factors in-
cluding exopolysaccharides and degradative enzymes. Interestingly, similar mechanisms of 
adherence, vascular damage and dispersal are employed by different pathogens, and in many 
cases QS regulates aspects of these transitions. However, the actual signals employed and 
their underlying mechanisms fall into several distinct classes. The EsaI-EsaR system from 
Ps regulates exopolysaccharide synthesis in response to N-3-oxo-hexanoyl-�-homoserine 
lactone (3OC6-HSL) (Koutsoudis et al., 2006; von Bodman et al., 1998). Null mutations 
in esaR result in stewartan overproduction, attenuated surface adherence, and reduced viru-
lence, probably through non-productive aggregate formation, and limited spreading of the 
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pathogen through the vasculature (Koutsoudis et al., 2006). Conversely, esaI null mutants 
are hyperadherent, and appear to be locked in an adhesive phase of infection, spreading 
poorly in the vasculature.

The related vascular pathogens Xanthomonas campestris pv. campestris (Xcc) and Xylella 
fastidiosa (Xf) both employ the DSF diffusible signaling compound to control virulence and 
host interactions (see also Dow et al., this volume). DSF from Xcc is known to be the novel 

 unsaturated fatty acid cis-11-methyl-2-dodecenoic acid and the signal in Xf is thought 
to be similar or identical (Wang et al., 2004). In Xcc DSF is perceived through the RpfC 
sensor kinase which controls activity of the RpfG response regulator (Dow et al., 2003). 
RpfG contains a HD-GYP domain, and directs turnover of cyclic diguanosine monophos-
phate (c-di-GMP), known to regulate many aspects of the cell surface, and hence influenc-
ing biofilm formation (Ryan et al., 2006). As with many c-di-GMP regulated processes, 
the precise connection between the second messenger and the known regulatory targets 
is not yet clear. In Xf, the DSF signal and Rpf homologues are also involved in disease 
transmission, although they appear to function in the insect vector, as well as the eventual 
plant host (Newman et al., 2004). In fact, mutants that cannot synthesize DSF are more 
virulent when manually inoculated onto plants than the wild type, but are not transmitted 
effectively from the insect vector.

Finally, many studies have demonstrated the degradation of AHL signals by quorum 
quenching bacteria that produce lactonases and acylases (Zhang and Dong, 2004). Host 
plants can apparently perceive AHLs and respond to infecting populations (Mathesius et 
al., 2003). Recent work demonstrated that the presence of AHL-producing bacteria in the 
tomato rhizosphere increases the salicylic acid levels in the leaves and enhances its systemic 
resistance against the fungal leaf pathogen Alternaria alternata (Schuhegger et al., 2006). 
Macroarray analyses showed that synthetic AHLs systemically induce salicylic acid- and 
ethylene-dependent defense genes, suggesting that AHLs can play an important role in the 
biocontrol activity of rhizobacteria. Conversely, plants produce compounds that may mimic 
or inhibit AHL quorum sensing by microbial colonists (Teplitski et al., 2000). It is clear 
that the biofilms and aggregates of cells colonizing plants are producing and responding to a 
variety of signal inputs and these systems are certain to influence the microbial activity and 
persistence in the plant environment.

Signal range and amplitude in the rhizosphere
Using GFP-based AHL monitor strains it was possible to visualize communication be-
tween bacteria belonging to different genera in the rhizosphere of tomato plants (Steidle et 
al., 2001). These experiments supported the view that AHL signal molecules can serve as a 
universal language for communication between different bacterial populations on the root 
surface. More recently, computer-assisted microscopy in combination with a geostatistical 
modeling approach was used to quantify the in situ spatial scale of AHL-mediated cell-to-
cell communication of P. putida on tomato and wheat root surfaces (Gantner et al., 2006). 
This analysis indicated that the effective “calling distance” on root surfaces was most frequent 
at 4–5 m, extended to 37 m in the root tip/elongation zone and further out to 78 m in 
the root hair zone. Interestingly, communication was found to occur not only within dense 
populations, but also in very small groups and over long ranges between individual bacteria. 
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On the basis of this observation it was proposed that communication in the rhizosphere 
is governed more by the in situ spatial proximity of cells within AHL-gradients than the 
requirement for a quorum group of high population density. Hence, bacteria appear to 
use AHL gradients for sensing their positions relative to each other in the rhizosphere, an 
ability that may be particularly important for the formation of biofilms.

Conclusions
Bacteria interact extensively with plants and develop into complex multicellular popula-
tions. The relevance of these populations to plant-health and disease is just beginning to 
be understood and appreciated. The coming years of research should help to establish the 
generalities and specific facets that connect and distinguish the plant-associated biofilms 
of important pathogens, mutualists and commensals that inhabit the environment of the 
plant. These diverse populations are not only physically and metabolically linked to the 
plant and each other, but also in communication via a diversity of molecular signals that 
microbiologists and plant researchers are discovering at a rapid pace. Understanding the 
complexities and diversity of the biofilms formed during plant-microbe interactions will 
continue to benefit from and contribute to the larger efforts to elucidate biofilm form and 
function in other host-associated and free-living environments.

Acknowledgments
Biofilm research is supported by the United States Department of Agriculture (NRI 
2002-35319-12636) and the Indiana University META-Cyt program in the Fuqua lab, 
in the von Bodman lab by the USDA (NRI 2002-35319-1237, and USDA Agricultural 
Experiment Station grant CNSOO712), and in the Eberl lab by the Swiss National Fond 
(3100A0–104215).

References
An, D., Danhorn, T., Fuqua, C., and Parsek, M.R. (2006). Quorum sensing and motility mediate interac-

tions between Pseudomonas aeruginosa and Agrobacterium tumefaciens in biofilm cocultures. Proc. Natl. 
Acad. Sci. USA 103, 3828–3833.

Assmus, B., Hutzler, P., Kirchhof, G., Amann, R., Lawrence, J.R., and Hartmann, A. (1995). In-situ 
localization of Azospirillum brasilense in the rhizosphere of wheat with fluorescently labeled, ribos-
omal-RNA-targeted oligonucleotide probes and scanning confocal laser microscopy. Appl. Environ. 
Microbiol. 61, 1013–1019.

Bais, H.P., Fall, R., and Vivanco, J.M. (2004). Biocontrol of Bacillus subtilis against infection of Arabidopsis 
roots by Pseudomonas syringae is facilitated by biofilm formation and surfactin production. Plant 
Physiol. 134, 307–319.

Bloemberg, G.V., Wij�es, A.H.M., Lamers, G.E.M., Stuurman, N., and Lugtenberg, B.J.J. (2000). 
Simultaneous imaging of Pseudomonas fluorescens WCS365 populations expressing three different 
autofluorescent proteins in the rhizosphere: new perspectives for studying microbial communities. 
Mol. Plant Microbe Interact. 13, 1170–1176.

Bove, J.M., Renaudin, J., Saillard, C., Foissac, X., and Garnier, M. (2003). Spiroplasma citri, a plant 
pathogenic molligute: relationships with its two hosts, the plant and the leafhopper vector. Annu. Rev. 
Phytopathol. 41, 483–500 Epub 2003 Apr 2018.

Brlansky, R.H., Timmer, L.W., French, W.J., and McCoy, R.E. (1983). Colonization of the sharpshooter 
vectors, Oncometopia nigricans and Homalodisca coagulata, by xylem-limited bacteria. Phytopathology 
73, 530–535.

caister.com/biofilmsbooks



Plant Biofilms | 229

Burdman, S., Jurkevitch, E., Schwartsburd, B., Hampel, M., and Okon, Y. (1998). Aggregation in 
Azospirillum brasilense: effects of chemical and physical factors and involvement of extracellular com-
ponents. Microbiology 144, 1989–1999.

Burdman, S., Okon, Y., and Jurkevitch, E. (2000). Surface characteristics of Azospirillum brasilense in rela-
tion to cell aggregation and attachment to plant roots. Crit. Rev. Microbiol. 26, 91–110.

Cha, C., Gao, P., Chen, Y.-C., Shaw, P.D., and Farrand, S.K. (1998). Production of acyl-homoserine lac-
tone quorum-sensing signals by gram-negative plant-associated bacteria. Mol. Plant. Microbe. Interact. 
11, 1119–1129.

Chang, W.S., and Halverson, L.J. (2003). Reduced water availability influences the dynamics, develop-
ment, and ultrastructural properties of Pseudomonas putida biofilms. J. Bacteriol. 185, 6199–6204.

Coombs, J.T., and Franco, C.M. (2003). Isolation and identification of actinobacteria from surface-steri-
lized wheat roots. Appl. Environ. Microbiol. 69, 5603–5608.

Danhorn, T., Hentzer, M., Givskov, M., Parsek, M., and Fuqua, C. (2004). Phosphorous limitation en-
hances biofilm formation of the plant pathogen Agrobacterium tumefaciens through the PhoR-PhoB 
regulatory system. J. Bacteriol. 186, 4492–4501.

Davies, D.G., Parsek, M.R., Pearson, J.P., Iglewski, B.H., Costerton, J.W., and Greenberg, E.P. (1998). The 
involvement of cell-to-cell signals in the development of a bacterial biofilm. Science 280, 295–298.

Dow, J.M., Crossman, L., Findlay, K., He, Y.Q., Feng, J.X., and Tang, J.L. (2003). Biofilm dispersal in 
Xanthomonas campestris is controlled by cell–cell signaling and is required for full virulence to plants. 
Proc. Natl. Acad. Sci. USA 100, 10995–11000 Epub 12003 Sep 10995.

Dubern, J.F., Lugtenberg, B.J., and Bloemberg, G.V. (2006). The ppuI-rsaL-ppuR quorum-sensing system 
regulates biofilm formation of Pseudomonas putida PCL1445 by controlling biosynthesis of the cyclic 
lipopeptides putisolvins I and II. J. Bacteriol. 188, 2898–2906.

Dunn, A.K., Klimowicz, A.K., and Handelsman, J. (2003). Use of a promoter trap to identify Bacillus 
cereus genes regulated by tomato seed exudate and a rhizosphere resident, Pseudomonas aureofaciens. 
Appl. Environ. Microbiol. 69, 1197–1205.

Elasri, M., Delorme, S., Lemanceau, P., Stewart, G., Laue, B., Glickmann, E., Oger, P.M., and Dessaux, Y. 
(2001). Acyl-homoserine lactone production is more common among plant-associated Pseudomonas 
spp. than among soilborne Pseudomonas spp. Appl. Environ. Microbiol. 67, 1198–1209.

Escobar, M.A., and Dandekar, A.M. (2003). Agrobacterium tumefaciens as an agent of disease. Trends 
Plant Sci. 8, 380–386.

Espinosa-Urgel, M., Kolter, R., and Ramos, J.-L. (2002). Root colonization by Pseudomonas putida: love at 
first site. Microbiology 148, 341–343.

Espinosa-Urgel, M., Salido, A., and Ramos, J.L. (2000). Genetic analysis of functions involved in adhesion 
of Pseudomonas putida to seeds. J. Bacteriol. 182, 2363–2369.

Fett, W.F., and Cooke, P.H. (2003). Reduction of Escherichia coli O157:H7 and Salmonella on laboratory-
inoculated alfalfa seed with commercial citrus-related products. J. Food Prot. 66, 1158–1165.

Fujishige, N.A., Kapadia, N.N., De Hoff, P.L., and Hirsch, A.M. (2006). Investigations of Rhizobium 
biofilm formation. FEMS Microbiol. Ecol. 56, 195–206.

Fuqua, W.C., Winans, S.C., and Greenberg, E.P. (1994). Quorum sensing in bacteria: The LuxR/LuxI 
family of cell density-responsive transcriptional regulators. J. Bacteriol. 176, 269–275.

Gage, D.J. (2004). Infection and invasion of roots by symbiotic, nitrogen-fixing rhizobia during nodulation 
of temperate legumes. Microbiol. Mol. Biol. Rev. 68, 280–300.

Gambello, M.J., Kaye, S., and Iglewski, B.H. (1993). LasR of Pseudomonas aeruginosa is a transcriptional 
activator of the alkaline protease gene (apr) and an enhancer of exotoxon A expression. Infect. Immun. 
61, 1180–1184.

Gantner, S., Schmid, M., Durr, C., Schuhegger, R., Steidle, A., Hutzler, P., Langebartels, C., Eberl, L., 
Hartmann, A., and Dazzo, F.B. (2006). In situ quantitation of the spatial scale of calling distances and 
population density-independent N-acylhomoserine lactone-mediated communication by rhizobacteria 
colonized on plant roots. FEMS Microbiol. Ecol. 56, 188–194.

Govan, J.R.W., and Deretic, V. (1996). Microbial pathogenesis in cystic fibrosis: mucoid Pseudomonas 
aeruginosa and Burkholderia cepacia. Microbiol. Rev. 60, 539–574.

Gregory, P. (2006). Plant Roots: Growth, Activity and Interaction with Soils (Oxford, Blackwell 
Publishing).

Grossman, M., and Dow, J.M. (2004). Biofilm formation and dispersal in Xanthomonas campestris. 
Microbes Infect. 6, 623–629.

caister.com/biofilmsbooks



Eberl et al.230 |

Heydorn, A., Ersboll, B., Kato, J., Hentzer, M., Parsek, M.R., Tolker-Nielsen, T., Givskov, M., and Molin, 
S. (2002). Statistical analysis of Pseudomonas aeruginosa biofilm development: impact of mutations in 
genes involved in twitching motility, cell-to-cell signaling, and stationary-phase sigma factor expres-
sion. Appl. Environ. Microbiol. 68, 2008–2017.

Hinsa, S.M., Espinosa-Urgel, M., Ramos, J.L., and O’Toole, G.A. (2003). Transition from reversible to ir-
reversible attachment during biofilm formation by Pseudomonas fluorescens WCS365 requires an ABC 
transporter and a large secreted protein. Mol. Microbiol. 49, 905–918.

Hirsch, A.M., Lum, M.R., and Downie, J.A. (2001). What makes the rhizobia-legume symbiosis so spe-
cial? Plant Physiol. 127, 1484–1492.

Huber, B., Riedel, K., Hentzer, M., Heydorn, A., Gotschlich, A., Givskov, M., Molin, S., and Eberl, L. 
(2001). The cep quorum-sensing system of Burkholderia cepacia H111 controls biofilm formation and 
swarming motility. Microbiology 147, 2517–2528.

Juhas, M., Eberl, L., and Tummler, B. (2005). Quorum sensing: the power of cooperation in the world of 
Pseudomonas. Environ. Microbiol. 7, 459–471.

Kang, Y., Liu, H., Genin, S., Schell, M.A., and Denny, T.P. (2002). Ralstonia solanacearum requires type 
4 pili to adhere to multiple surfaces and for natural transformation and virulence. Mol. Microbiol. 46, 
427–437.

Koutsoudis, M.D., Tsaltas, D., Minogue, T.D., and von Bodman, S.B. (2006). Quorum-sensing regulation 
governs bacterial adhesion, biofilm development, and host colonization in Pantoea stewartii subspecies 
stewartii. Proc. Natl. Acad. Sci. USA 103, 5983–5988 Epub 2006 Apr 5983.

Krimm, U., Abanda-Nkpwatt, D., Schwab, W., and Schreiber, L. (2005). Epiphytic microorganisms on 
strawberry plants (Fragaria ananassa cv. Elsanta): identification of bacterial isolates and analysis of their 
interaction with leaf surfaces. FEMS Microbiol. Ecol. 53, 483–492.

Labbate, M., Queck, S.Y., Koh, K.S., Rice, S.A., Givskov, M., and Kjelleberg, S. (2004). Quorum sensing-
controlled biofilm development in Serratia liquefaciens MG1. J. Bacteriol. 186, 692–698.

Laus, M.C., Logman, T.J., Lamers, G.E., Van Brussel, A.A., Carlson, R.W., and Kijne, J.W. (2006). A novel 
polar surface polysaccharide from Rhizobium leguminosarum binds host plant lectin. Mol. Microbiol. 
59, 1704–1713.

Leite, B., Andersen, P.C., and Ishida, M.L. (2004). Colony aggregation and biofilm formation in xylem 
chemistry-based media for Xylella fastidiosa. FEMS Microbiol. Lett. 230, 283–290.

Lugtenberg, B.J.J., Chin-A-Woeng, T.F., and Bloemberg, G.V. (2002). Microbe-plant interactions: princi-
ples and mechanisms. Antonie Van Leeuwenhoek 81, 373–383.

Mahajan-Miklos, S., Rahme, L.G., and Ausubel, F.M. (2000). Elucidating the molecular mechanisms of 
bacterial virulence using non-mammalian hosts. Mol. Microbiol. 37, 981–988.

Marques, L.L.R., De Boer, S.H., Ceri, H., and Olsen, M.E. (2003). Evaluation of biofilms formed by 
Clavibacter michiganensis subsp. sepedonicus. Phytopathology 93, S57.

Mathesius, U., Mulders, S., Gao, M., Teplitski, M., Caetano-Anolles, G., Rolfe, B.G., and Bauer, W.D. 
(2003). Extensive and specific responses of a eukaryote to bacterial quorum-sensing signals. Proc. Natl. 
Acad. Sci. USA 100, 1444–1449 Epub 2003 Jan 1402.

Matos, A., Garland, J.L., and Fett, W.F. (2002). Composition and physiological profiling of sprout-associ-
ated microbial communities. J. Food Prot. 65, 1903–1908.

Matthysse, A.G., and Kijne, J.W. (1998). Attachment of Rhizobiaceae to plant cells. In: The Rhizobiaceae: 
Molecular Biology of Model Plant-Associated Bacteria, H.P. Spaink, A. Kondorosi, and P.J.J. Hooykaas, 
eds. (Dordrecht/Boston/London, Kluwer Academic Publishers), pp. 235–249.

Matthysse, A.G., Marry, M., Krall, L., Kaye, M., Ramey, B.E., Fuqua, C., and White, A.R. (2005). The 
effect of cellulose overproduction on binding and biofilm formation on roots by Agrobacterium tumefa-
ciens. Mol. Plant. Microbe Interact. 18, 1002–1010.

Meng, Y., Li, Y., Galvani, C.D., Hao, G., Turner, J.N., Burr, T.J., and Hoch, H.C. (2005). Upstream migra-
tion of Xylella fastidiosa via pilus-driven twitching motility. J. Bacteriol. 187, 5560–5567.

Minogue, T.D., Carlier, A.L., Koutsoudis, M.D., and von Bodman, S.B. (2005). The cell density-depend-
ent expression of stewartan exopolysaccharide in Pantoea stewartii ssp. stewartii is a function of EsaR-
mediated repression of the rcsA gene. Mol. Microbiol. 56, 189–203.

Monds, R.D., Silby, M.W., and Mahanty, H.K. (2001). Expression of the Pho regulon negatively regulates 
biofilm formation by Pseudomonas aureofaciens PA147-2. Mol. Microbiol. 42, 415–426.

Monier, J.M., and Lindow, S.E. (2004). Frequency, size, and localization of bacterial aggregates on bean 
leaf surfaces. Appl. Environ. Microbiol. 70, 346–355.

caister.com/biofilmsbooks



Plant Biofilms | 231

Monier, J.M., and Lindow, S.E. (2005a). Aggregates of resident bacteria facilitate survival of immigrant 
bacteria on leaf surfaces. Microb. Ecol. 49, 343–352 Epub 2005 Jul 2007.

Monier, J.M., and Lindow, S.E. (2005b). Spatial organization of dual-species bacterial aggregates on leaf 
surfaces. Appl. Environ. Microbiol. 71, 5484–5493.

Morris, C.E., and Monier, J.-M. (2003). The ecological significance of biofilm formation by plant-associ-
ated bacteria. Annu. Rev. Phytopathol. 41, 429–453.

Newman, K.L., Almeida, R.P., Purcell, A.H., and Lindow, S.E. (2003). Use of a green fluorescent strain for 
analysis of Xylella fastidiosa colonization of Vitis vinifera. Appl. Environ. Microbiol. 69, 7319–7327.

Newman, K.L., Almeida, R.P., Purcell, A.H., and Lindow, S.E. (2004). Cell–cell signaling controls Xylella 
fastidiosa interactions with both insects and plants. Proc. Natl. Acad. Sci. USA 101, 1737–1742 Epub 
2004 Jan 1730.

Ochsner, U.A., and Reiser, J. (1995). Autoinducer-mediated regulation of rhamnolipid biosurfactant 
synthesis in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 92, 6424–6428.

Okinaka, Y., Yang, C.-H., Perna, N.T., and Keen, N.T. (2002). Microarray profiling of Erwinia chrysanthemi 
3937 genes that are regulated during plant infection. Mol. Plant Microbe Interact. 15, 619–629.

Pandey, P., Kang, S.C., Gupta, C.P., and Maheshwari, D.K. (2005). Rhizosphere competent Pseudomonas 
aeruginosa GRC (1) produces characteristic siderophore and enhances growth of Indian mustard 
(Brassica campestris). Curr. Microbiol. 51, 303–309.

Pearson, J.P., Gray, K.M., Passador, L., Tucker, K.D., Eberhard, A., Iglewski, B.H., and Greenberg, E.P. 
(1994). Structure of the autoinducer required for expression of Pseudomonas aeruginosa virulence 
genes. Proc. Natl. Acad. Sci. USA 91, 197–201.

Pearson, J.P., Passador, L., Iglewski, B.H., and Greenberg, E.P. (1995). A second N-acylhomoserine lactone 
signal produced by Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 92, 1490–1494.

Pedgley, D.E. (1991). Aerobiology: The atmosphere as a source and sink for microbes. In: Microbial 
Ecology of Leaves, A.J.H., and S.S. Hirano, eds. (New York, Springer-Verlag).

Pierson, E.A., Wood, D.W., Cannon, J.A., Blachere, F.M., and Pierson, L.S. (1998). Interpopulation sig-
naling via N-acyl-homoserine lactones among bacteria in the wheat rhizosphere. Mol. Plant Microbe 
Interact. 11, 1078–1084.

Purevdorj, B., Costerton, J.W., and Stoodley, P. (2002). Influence of hydrodynamics and cell signaling 
on the structure and behavior of Pseudomonas aeruginosa biofilms. Appl. Environ. Microbiol. 68, 
4457–4464.

Quinones, B., Dulla, G., and Lindow, S.E. (2005). Quorum sensing regulates exopolysaccharide produc-
tion, motility, and virulence in Pseudomonas syringae. Mol. Plant Microbe Interact. 18, 682–693.

Quinones, B., Pujol, C.J., and Lindow, S.E. (2004). Regulation of AHL production and its contribution to 
epiphytic fitness in Pseudomonas syringae. Mol. Plant Microbe Interact. 17, 521–531.

Rahme, L.G., Stevens, E.J., Wolfort, S.F., Shao, J., Tompkins, R.G., and Ausubel, F.M. (1995). Common 
virulence factors for bacterial pathogenicity in plants and animals. Science 268, 1899–1902.

Ramey, B.E., Matthysse, A.G., and Fuqua, C. (2004). The FNR-type transcriptional regulator SinR con-
trols maturation of Agrobacterium tumefaciens biofilms. Mol. Microbiol. 52, 1495–1511.

Reverchon, S., Bouillant, M.L., Salmond, G., and Nasser, W. (1998). Integration of the quorum-sensing 
system in the regulatory networks controlling virulence factor synthesis in Erwinia chrysanthemi. Mol. 
Microbiol. 29, 1407–1418.

Rice, S.A., Koh, K.S., Queck, S.Y., Labbate, M., Lam, K.W., and Kjelleberg, S. (2005). Biofilm formation 
and sloughing in Serratia marcescens are controlled by quorum sensing and nutrient cues. J. Bacteriol. 
187, 3477–3485.

Russo, D.M., Williams, A., Edwards, A., Posadas, D.M., Finnie, C., Dankert, M., Downie, J.A., and 
Zorreguieta, A. (2006). Proteins exported via the PrsD-PrsE type I secretion system and the acidic 
exopolysaccharide are involved in biofilm formation by Rhizobium leguminosarum. J. Bacteriol. 188, 
4474–4486.

Ryan, R.P., Fouhy, Y., Lucey, J.F., Crossman, L.C., Spiro, S., He, Y.W., Zhang, L.H., Heeb, S., Cámara, M., 
Williams, P., et al. (2006). Cell–cell signaling in Xanthomonas campestris involves an HD-GYP domain 
protein that functions in cyclic di-GMP turnover. Proc. Natl. Acad. Sci. USA 103, 6712–6717 Epub 
2006 Apr 6712.

Schell, M.A. (2000). Control of virulence and pathogenicity genes of Ralstonia solanacearum by an elabo-
rate sensory network. Annu. Rev. Phytopathol. 38, 263–292.

caister.com/biofilmsbooks



Eberl et al.232 |

Schuhegger, R., Ihring, A., Gantner, S., Bahnweg, G., Knappe, Vogg, G., Hutzler, P., Schmid, M., Van 
Breusegem, M., Eberl, L., Hartmann, A., and Langebartels C. (2006). Induction of systemic plant 
resistance by N-acylhomoserine lactone-producing rhizosphere bacteria. Plant Cell Environ. 29, 
909–918.

Semenov, A.M., van Bruggen, A.H.C., and Zelenev, V.V. (1999). Moving waves of bacterial populations 
and total organic carbon along roots of wheat. Microb. Ecol. 37, 116–128.

Smit, G., Logman, T.J.J., Boerrigter, M.E.T.I., Kijne, J.W., and Lugtenberg, B.J.J. (1989). Purification and 
partial characterization of the Ca2+ dependent adhesin from Rhizobium leguminosarum biovar viciae, 
which mediates the first step in attachment of Rhizobiaceae cells to plant root hair tips. J. Bacteriol. 171, 
4054–4062.

Steidle, A., Allesen-Holm, M., Riedel, K., Berg, G., Givskov, M., Molin, S., and Eberl, L. (2002). 
Identification and characterization of an N-acylhomoserine lactone-dependent quorum-sensing sys-
tem in Pseudomonas putida strain IsoF. Appl. Environ. Microbiol. 68, 6371–6382.

Steidle, A., Sigl, K., Schuhegger, R., Ihring, A., Schmid, M., Gantner, S., Stoffels, M., Riedel, K., Givskov, 
M., Hartmann, A., et al. (2001). Visualization of N-acylhomoserine lactone-mediated cell–cell 
communication between bacteria colonizing the tomato rhizosphere. Appl. Environ. Microbiol. 67, 
5761–5770.

Stoodley, P., Lewandowski, Z., Boyle, J.D., and Lappin-Scott, H.M. (1999). Structural deformation of 
bacterial biofilms caused by short-term fluctuations in fluid shear: an in situ investigation of biofilm 
rheology. Biotechnol. Bioeng. 65, 83–92.

Tans-Kersten, J., Huang, H., and Allen, C. (2001). Ralstonia solanacearum needs motility for invasive 
virulence on tomato. J. Bacteriol. 183, 3597–3605.

Teplitski, M., Robinson, J.B., and Bauer, W.D. (2000). Plants secrete substances that mimic bacterial 
N-acyl homoserine lactone signal activities and affect population density-dependent behaviors in as-
sociated bacteria. Mol. Plant Microbe Interact. 13, 637–648.

Turnbull, G.A., Morgan, J.A.W., Whipps, J.M., and Saunders, J.R. (2001). The role of bacterial motility 
in the survival and spread of Pseudomonas fluorescens in soil and in the attachment in bacterial-plant 
interactions. FEMS Microb. Ecol. 35, 57–65.

Ugoji, E.O., Laing, M.D., and Hunter, C.H. (2005). Colonization of Bacillus spp. on seeds and in plant 
rhizoplane. J. Environ. Biol. 26, 459–466.

Umali-Garcia, M., Hubbell, D.H., Gaskins, M.H., and Dazzo, F.B. (1980). Association of Azospirillum 
with grass roots. Appl. Environ. Microbiol. 39, 219–226.

Vande Broek, A., and Vanderleyden, J. (1995). The role of bacterial motility, chemotaxis, and attachment 
in bacterial-plant interactions. Mol. Plant Microbe Interact. 8, 800–810.

von Bodman, S.B., Bauer, W.D., and Coplin, D.L. (2003). Quorum sensing in plant-pathogenic bacteria. 
Annu. Rev. Phytopathol. 41, 455–482 Epub 2003 Apr 2029.

von Bodman, S.B., Majerczak, D.R., and Coplin, D.L. (1998). A negative regulator mediates quorum-
sensing control of exopolysaccharide production in Pantoea stewartii subsp. stewartii. Proc. Natl. Acad. 
Sci. USA 95, 7687–7692.

Walker, T.S., Bais, H.P., Deziel, E., Schweizer, H.P., Rahme, L.G., Fall, R., and Vivanco, J.M. (2004). 
Pseudomonas aeruginosa-plant root interactions. Pathogenicity, biofilm formation, and root exudation. 
Plant Physiol. 134, 320–331 Epub 2003 Dec 2030.

Walker, T.S., Bais, H.P., Grotewold, E., and Vivanco, J.M. (2003). Root exudation and rhizosphere biol-
ogy. Plant Physiol. 132, 44–51.

Wang, L.H., He, Y., Gao, Y., Wu, J.E., Dong, Y.H., He, C., Wang, S.X., Weng, L.X., Xu, J.L., Tay, L., et 
al. (2004). A bacterial cell–cell communication signal with cross-kingdom structural analogues. Mol. 
Microbiol. 51, 903–912.

Watt, M., Hugenholtz, P., White, R., and Vinall, K. (2006). Numbers and locations of native bacteria on 
field-grown wheat roots quantified by fluorescence in situ hybridization (FISH). Environ. Microbiol. 
8, 871–884.

Weaver, L., Teakle, D.S., and Hayward, A.C. (1977). Ultrastructural studies on the bacterium associated 
with the ratoon stunting disease of sugar cane. Aust. J. Agric. Res. 28, 843–852.

Whitehead, N.A., Barnard, A.M.L., Slater, H., Simpson, N.J.L., and Salmond, G.P.C. (2001). Quorum-
sensing in gram-negative bacteria. FEMS Microbiol. Rev. 25, 365–404.

Whiteley, M., Lee, K.M., and Greenberg, E.P. (1999). Identification of genes controlled by quorum sensing 
in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 96, 13904–13909.

caister.com/biofilmsbooks



Plant Biofilms | 233

Winans, S.C. (1990). Transcriptional induction of an Agrobacterium regulatory gene at tandem promoters 
by plant-released phenolic compounds, phosphate starvation, and acidic growth media. J. Bacteriol. 
172, 2433–2438.

Wopperer, J., Cardona, S.T., Huber, B., Jacobi, C.A., Valvano, M.A., and Eberl, L. (2006). A quorum-
quenching approach to investigate the conservation of quorum-sensing-regulated functions within the 
Burkholderia cepacia complex. Appl. Environ. Microbiol. 72, 1579–1587.

Zhang, L.H., and Dong, Y.H. (2004). Quorum sensing and signal interference: diverse implications. Mol. 
Microbiol. 53, 1563–1571.

caister.com/biofilmsbooks



caister.com/biofilmsbooks


