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individual cells but are capable of cell to cell communication; cerain
bacterial types having the capacity to monitor cell density before expredsing
a phenotype (Whiteheaat al, 2001). This mechanism of communication?
called quorum sensing, is believed to facilitate bacterial adaptation to altera-
tions in the environment. It is possible that quorum sensing is used by
bacteria in nonisogenic environments to trigger the production of extraéel-
lular enzymes only when their population density is such that they will
profit from the enzymes activity. Quorum sensing communication takestthe
form of chemical signals which are excreted from cells and elicit physidlog-
ical changes within the population once a threshold value of the si¢hal
molecule is reached. As there is a relationship between the concentrativn of
the signal molecule and the cell density, the physiological response is eliited
at a certain cell density, the quorum. Although the bacterial populatidn
densities that one might expect to find in soil microhabitats are lower tHan
the cell densities at which quorum sensing is initiated in the laboratorip, it
has been found that the quorum size in environments where diffusion #ates
are low can be far smaller as the diffusional losses of the signal are resfticted,
resulting in higher concentrations (Dulla and Lindow, 2008). The quord#n
size under these conditions can be as low as 30-50 cells, well withit?the
number of neighbors that bacterial cells have in soil (Neinan2003). 20

It has been reported that nitrification becomes pH-limited in lindée
treated samples at a higher pH than control samples (8trahd997). 22
The acid produced during nitrification accumulated in the nitrifying ba&-
teria’s microenvironment because proton diffusion away from microsités of
activity was slow. The bulk pH measurements did not reflect the pH
experience of the nitrifiers. The difference between bulk pH and micro&tte
pH was greater in the treated soils due to the liming. 27

Microscale patchiness is a widespread feature of bulk soil, rhizosghere
and rhizoplane bacterial populations, both of specific populations suéh as
ammonium oxidizers or 2,4-D degraders and of the total bacterial pop#la-
tion (Dandurandet al, 1997; Dechesnest al, 2003; Eickhorst and 3!
Tippkotter, 2008; Fisket al, 1999; Grundmann and Debouzie, 200032
Jordan and Maier, 1999; Nunat al, 2002, 2003; Palluét al, 2004; 33
Semeno\et al, 1999; Nunaret al, 2007). The nonrandomness indicate§4Aus]
that some regions are more favorable for microbial development, the gfore
architecture being one of the most important determinants of where téfey
are located (Eickhorst and Tippkotter, 2008; Nurmdral, 2003). The 37
patches appear to have internal density gradients centered around sgfecific
loci (Nunanet al, 2003). This may be due to specific sources of orga#ic
matter as well as an integration of many or all the interactions desctibed
above (Gaillardt al, 1999; Semenost al, 1999). The activity of individual 4!
cellsper sis not generally of interest to ecologists as it so small it is clogg to
being insignificant. Their activities as communities however, are the Hasic
building blocks of many landscape scale processes including organic fhatter
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Figure 7 (A) Visualization of the largest connected pore volume in a sandy loam soil, ,
packed at a bulk-density of 1.2 mg n? visualized using X-ray microtomography. Pore
volume exclusion occurs as pores become isolated from the largest connected cluster as
can be seen from a horizontal transect through this pore volume (B). Legend b: black1®
solid; grey: connected largest pore (as shown in a); white: isolated pores. 17

18

19

this area has been predominantly focused on bacteria with only Httle
reference to fungi. Fungi and bacteria however differentially influence2the
formation and stabilization of different organic matter components in a&jri-
cultural soils partly because of their different interactions with soil physical
properties (Siet al, 2006). The interactions between organisms and th&ir
substrate depends on soil structure and on the ability of the organisi¥s to
explore the pore volume. Despite early recognition (Adu and Oades, 19¥8)
that restrictions lead to organic matter being more protected in smaller pores
than in larger pores, the knowledge on spatial organization of fungi in28oll
and their role in decomposition of C is limited. Stroegal. (2004) 29
investigated the spatial location of carbon decomposition in the soil pore
system, following earlier work by Hassatlal, (1993). Following addition 31
of wheat husks to soil they correlated specific pore classes (derived3from
water retention curves) with fungal biomass and residue derived C-cong&nt.
Their work identified over a range of soil types a considerable activity4of
fungi (determined by ergosterol concentration) in the pore class i¥-6065
coinciding with a higher decomposition of added organic matter. 36
However, our knowledge on degradation and incorporation of C intd
soil and the role microorganisms play in this has largely evolved fiom
experiments involving disruption of soil to obtain aggregates. Inevitaily,
such results may be affected by our ability to produce aggregates front soil
artificially; hence the true spatial distribution of C within soil is largely
obscured. 42
The challenge we face now is to develop novel techniques such as SEM-
EDX and X-ray microtomography to visualize and quantify the spatfal
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Figure 8 (A) Thresholded X-ray micro-CT image of soil and with (B) organic matter
highlighted in blue. Note the heterogeneous spread of organic matter in soil matrix.l
Voxel resolution 30 mm.
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17
distribution of C in the microstructure of soil. Combined with soil thime
sectioning they may offer great opportunities to quantify changes inisoil
microstructure and the spatial distribution of C during degradationezcof
organic matter by bacteria and fungi. Further development of such techni-
gues will greatly advance understanding of C in soil and will, for the st
time, link the dynamics of soil structure with organic matter decomposition
in situ Figure 8 highlights the potential of micro-CT in observing ard
guantifying the organic matter in soil. In this case the added organic matter
has an attenuation coefficient significantly different from surroundingzsoll
mass and pores and thus is easily isolated and segmented by image precessing
tools. 28

A second example where the microscopic heterogeneity of soil, and¢he
way fungi explore this is of great importance, is in the developmentoof
epidemics caused by soil borne plant pathogens. The role of soil physical
conditions in the movement and dispersal of fungal pathogens influences
epidemics in many ways and at many scales. For example, the denser soll
under wetter conditions will result in intensely colonized soil with small but
dense fungal colonies. Such colonization could lead to an enhanced centact
between pathogen and plant, giving rise to more primary infections if
inoculum densities in soils are high. Loosely pact soil with lower water
content has a higher percentage of air-filled pores leading to rapid calony
expansion. Such conditions may result in rapidly expanding disease patches
in the field. The ability of fungi to preferentially spread along cracks and
surfaces in soils also has epidemiological consequences. Emerging: seeds
typically result in cracking patterns as the plant emergence, providing high-
ways for fungal spread guiding the pathogen towards the plant. Betow
ground old remaining root channels are the pathways preferentially
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followed by pathogens as well as roots, removing much of the randoniness
of the interactions by enhancing the likelihood of contact between the t&o.

As such the preferential spread along these pathways in soil seems t offer
pathogenic fungi an ecological advantage. 4

The ultimate challenge is to understand how the soil physical conditfons
shape fungal community dynamics in soil. Whereas theories have emérged
and contributed considerable to our understanding of plant ecology, iffde-
terminate organisms and in particular fungi have to date received compara-
tively little attention. One way to progress is to develop a modelihg
approach capable of linking genotype and environmental condition®to
community dynamics. Recently, Falcormdral.(2005, 2007, 2008) pro- 11
posed such a model which is based on physiology of organisms, yet garsi-
monious and capable of analyzing fungal dynamics in a 3-D heterogeridous
structure. The novelty of the modeling approach includes a mechanisrfor
biomass recycling and production of extracellular enzymes and vol&tiles
through which interactions between species are regulated. Prelimitfary
analysis with this model revealed significant differential behavior for furigal
interactions between 2-species on 2-D surfaces and those in a8-D
structured environment. Specifically, this showed the existence of a nattow
range of soil physical conditions that allow for coexistence of 2 fuAgal
species, separated by the physical structure. Further development and #é&sting
of such an approach will provide a much needed understanding of Bow
microscopic heterogeneities in soil physical conditions affect fugal
diversity. 24

25
26
27
4. Habitat—Biofilm Interactions 28
29
Bacteria colonize surfaces and volumes in a variety of environméhts,
including the soil and rhizosphere, as single cells and produce a rarige of
assemblages ranging from microcolonies to larger colonies, biofilms, #ocs,
and slimes. The physicochemical characteristics of these, as well & the
number of bacteria they contain, whether they are multispecies com#fu-
nities or not, their metabolic status and ecological success, all impact c?ﬁ soil
structure and processes.

Investigations of the significance and environmental impact of bact@rlal
assemblages in soil has largely focused on examining community stré&ture
and function, rather than the distribution and physicochemical character-
istics of such communities in soil cores or simplified model systems. H&w-
ever, parallel understanding of medical biofilms and waste-water treatfhent
aggregates provide some clues as to how similar soil assemblagés may
develop over time in response to the physicochemical properties of ffore
and particulate surfaces, nutrieng, &d pH gradients, water availability*



