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Introduction

Basidiomycetes are the major agents of decomposition and nutri-

ent cycling in forest ecosystems, as saprotrophs and mycorrhizal sym-

bionts (Boddy & Watkinson, 1995; Smith & Read, 1997). The mycelium

can scavenge and sequester nutrients from soil, concentrate nutrients from

decomposing organic matter, relocate nutrients between different organic

resources, and ultimately make nutrients available to plants to maintain

primary productivity. Hyphae of both saprotrophic and ectomycorrhizal

basidiomycetes that ramify through soil often aggregate to form rapidly

extending, persistent, specialized high-conductivity channels termed cords

(Rayner et al., 1994, 1999; Watkinson, 1999; Boddy, 1999; Cairney, 2005).

These cords form complex networks that can extend for metres or hectares

in the natural environment. The distribution of resources is extremely

heterogeneous and unpredictable in space and time, and these fungi have

developed species-specific strategies to search for new resources and to

capitalize on resources landing on their mycelial systems (Chapter 6, this

volume). Thus the architecture of the network is not static, but is con-

tinuously reconfigured in response to local nutritional or environmental

cues, damage or predation, through a combination of growth, branching,

fusion or regression (Boddy, 1999; Watkinson, 1999; Chapter 6, this

volume). At this stage it is not clear whether specific global mechanisms

exist to couple local sensory perception and responses over different length

scales specifically to maximize the long-term success of the whole colony,

or whether such collective behaviour is an emergent property arising solely

from local interactions of individual hyphae.

Fungi in the Environment, ed. G.M. Gadd, S.C. Watkinson & P. Dyer. Published
by Cambridge University Press.# Cambridge University Press 2006.



//FS2/CUP/3-PAGINATION/GADD/2-PROOFS/3B2/0521850290C01.3D – 4 – [3–21] 26.4.2006 3:44PM

Embedded within the physical structure is an equally complex set of

physiological processes that contribute to uptake, storage and redistribu-

tion of nutrients throughout the network in an apparently well coordi-

natedmanner (Olsson, 1999; Cairney, 2005). As the colony grows out from

a resource base, nutrient translocation would be expected to be predomi-

nantly towards the growingmargin. If additional resources are found, then

re-distribution back to the base can also occur, although not necessarily by

the same transport system at the same time. However, we know little about

the cellular and sub-cellular anatomy of the pathway, the mechanism of

transport and its driving forces, and the nature of the information path-

ways through mycelium that might contribute to coordinated system-wide

responses to localized nutritional stimuli (Cairney, 2005; Watkinson et al.,

2006). A detailed understanding of nutrient translocation requires analysis

of processes occurring across a range of length scales, from uptake by

transporters in individual hyphae, to translocation through corded net-

works spanning several metres. In this chapter we describe the range of

overlapping techniques that we are developing to try to track nutrient flow

directly or indirectly in these systems across a range of length scales.

To simplify the initial state of the system, we have chosen to focus on

microcosms in which foraging fungi grow from a central resource (agar or

wood-block inoculum) over an inert (scintillation screen) or nutrient-

depleted (sand or soil–sand mix) surface. Under these conditions, all

nutrient transport, and in the first case water movement, is initially from

the centre.

Transport at the micrometre to millimetre scale

The precise mechanisms underlying nutrient translocation in

fungi are not yet known but are thought to include mass flow, diffusion,

generalized cytoplasmic streaming and specific vesicular transport

(Cairney, 2005). It has been proposed that the highly dynamic pleio-

morphic vacuolar system present in filamentous fungi of all the major

fungal taxonomic groups so far examined might have a role in long-

distance translocation over millimetres or centimetres (Ashford &

Allaway, 2002). The structure of the vacuole within a single hypha devel-

ops from a complex reticulum of fine tubes interspersed with small sphe-

rical vacuoles at the tip (Fig. 1.1D) to a series of larger, more spherical,

adherent vacuoles interconnected with fine tubes (Fig. 1.1A). As there are

no convenient fluorescent probes to study N-movement directly, we have

adopted an indirect approach to address whether the vacuolar system

plays a role in long-distance transport of N. The lumen of the vacuole
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Fig. 1.1. Measurement and modelling of longitudinal vacuolar transport
in Phanerochaete velutina. Vacuoles were labelled with carboxy-DFFDA
(carboxydifluorofluorescein diacetate) and imaged with time-lapse confocal
laser scanning microscopy in different septal compartments progressing
towards the tip (A–D). Fluorescence recovery after photobleaching
(FRAP) of part of single, isolated large vacuoles was used to determine the
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can be labelled with fluorescent dyes, such as Oregon Green, which there-

fore provide a non-specific marker for any movement of the lumenal

contents. The rate of movement can be determined in very small sections

of individual hyphae by using fluorescence recovery after photobleaching

(FRAP). In essence, a brief, high-intensity pulse of illumination is used to

photobleach the fluorescent dye. The rate of recovery of signal following

this bleaching gives a measure of the rate of movement from adjacent parts

of the vacuole system and can be quantified. The following steps outline

the protocol we have developed to build a complete model of vacuolar

transport. A flow diagram is given in Fig. 1.1.

The vacuolar diffusion coefficient (Dv) of Oregon Green (OG) in vivo

was estimated by FRAP of half a large, isolated vacuole by using rapid

confocal imaging (Fig. 1.1E, H). Values measured in vivo compared favour-

ably with theoretical and experimental values for fluorescein in pure water

(deBeer et al., 1997) suggesting that OG was freely diffusible in a largely

aqueous vacuole. With a known value ofDv, it was possible to estimate the

functional tube diameter in vivo between two vacuoles of defined size and

separation by using FRAP and assuming dye movement was mediated

only by diffusion (Fig. 1.1F). In instances where the only connection was

between the vacuoles under investigation and not adjacent neighbours,

a diffusion model described the data well (Fig. 1.1I). Functional tube

diameters determined in vivo compared well with estimates from EM

data of 0.24–0.48 mm (Rees et al., 1994) and 0.3 mm (Uetake et al., 2002).

To estimate the transport characteristics of an entire septal compartment,

the values of Dv and the median tube diameter were combined with

measured distributions of vacuole length, width and separation to con-

struct an in silico vacuole system for each septal compartment. The result-

ing model was run with constant boundary conditions of C¼ 0 and C¼ 1

at the two ends of the filament and the steady-state flux recorded, which

Fig 1.1. (cont.)
vacuolar diffusion coefficient for Oregon Green in vivo (E, H); the tube
diameter between two connected vacuoles (F, I); and the effective
diffusion coefficient for the tubular vacuolar region at the tip (G, J).
These data were combined with samples of the vacuolar morphology
from each compartment type to construct an in silico model of the
vacuolar system. The net diffusion coefficient was determined for each
compartment by Monte Carlo simulation. The maximum hyphal length
that could be supported by diffusion was then calculated by using
estimates of the N demand at the tip and the maximum likely vacuolar
N concentration. Horizontal scale bar, 10 mm. Vertical scale bar, 2 s (E) or
60 s (F, G).
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allowed an effective diffusion coefficient,Dva, for the whole compartment

to be calculated from Fick’s first law, where a has a range from 0–1 and

measures the reduction in the vacuolar diffusion coefficient Dv caused by

including many vacuoles and tubes of smaller diameter in the string

relative to a uniform vacuole of the same length. One thousand Monte

Carlo simulations of in silico hyphae were conducted to give a mean a for

this compartment type. Similar simulations were run for two other cate-

gories of vacuolar organization with progressively smaller vacuoles and

increasing amounts of tubular network.

In contrast to the discrete vacuoles distal from the tip, the tubular

vacuole region consisted of a structurally complex reticulate network

of predominantly longitudinal, tube-like elements and small vesicles

(Fig. 1.1D). Superficially the network appeared quite dynamic, but most

of the motion appeared to be short-range micrometre-scale oscillations

rather than longer-range translocation of entire structures. Net diffusion

in this tubular region was determined by FRAP of a region 40–60 mm long

spanning the entire hyphal diameter (Fig. 1.1G). The data were well

described by a model that included a well-connected (tubular) component

and a smaller immobile (vesicle) phase (Fig. 1.1J).

Diffusion was a sufficient mechanism to explain observed transport in

the various regions of the vacuolar organelle. Therefore, we used Fick’s

first law to estimate the length scales for effective diffusional translocation

to maintain tip growth through the system at steady state with literature-

based estimates of the concentration gradient for N in the vacuole system,

a value for the N demand at the tip, and the effective diffusion coefficient,

De, for the composite branched structure. This latter value was calculated

from the composite diffusion coefficients for each type of compartment.

Although this analysis is not yet complete, preliminary observations sug-

gest that an unbranched hypha possessing a continuous tubular vacuole

system could sustain growth over a transport distance of around

12–24mm. Conversely, diffusion alone in a maximally branched system

would operate over only a few millimetres. This poise between transloca-

tion being sufficient or insufficient depending on the amount of branching

and status of the vacuolar network suggests that the vacuolar system is an

important organ for coordinating and controlling tip growth and branch-

ing. For example, the range of simulated effective diffusion coefficients

varied by orders of magnitude when we used the sampled vacuole distribu-

tion data. It is therefore possible that the vacuolar system could be regu-

lated to change its translocation capacity according to local nutrient

conditions. The system could thus shift between increasing transport to

1 Imaging mycelial nutrient dynamics 7
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tips or preventing unnecessary nutrient mobility by isolating tips. An

alternative possibility, and equally likely, is that the vacuolar system

translocates material acquired by the tips back into the main colony,

against the mass flow component needed for tip growth.

Transport at the millimetre to centimetre scale

One approach to measuring transport of solutes is to follow the

movement of radiolabelled compounds through the mycelium. Typically,

the final radiolabel distribution has been visualized by using autoradio-

graphy techniques or phosphor-imaging, or analysed by destructive

harvesting of the tissues followed by scintillation counting. We have

developed a novel non-invasive technique to track movement of
14C-labelled N compounds in foraging mycelial networks in contact with

an inert scintillation screen, by using photon-counting scintillation ima-

ging (PCSI) (Tlalka et al., 2002). We have developed two protocols to

analyse the distribution patterns of the non-metabolized amino-acid ana-

logue a-amino-isobutyrate (14C-AIB). The first approach focuses on the

correlation between local distribution patterns of AIB and local patterns

of growth and is designed to accomodate the marked asymmetry in colony

development, particularly in the presence of additional resources that

provide a highly polarized resource environment. The second approach

focuses on mapping the pulsatile component of transport that was

observed superimposed on the net AIB translocation pattern (Tlalka

et al., 2002, 2003).

In simple microcosms with mycelium growing out from a central inocu-

lum, 14C-AIB was taken up and distributed through the growing colony.

The AIB distribution pattern can be characterized by three parameters,

the position of the centre of mass of AIB (CMDAIB) relative to the centre

of the inoculum, the extent to which the AIB was spread evenly around the

colony or concentrated in a particular area (measured by the angular

concentration of the AIB, ConcDAIB) and the alignment of the CMDAIB

vector with the new resource, if present. We have no completely indepen-

dentmeasure of colony growth during the experiment as (i) PCSI precludes

separate bright-field imaging, and (ii) the lack of contrast between a white

mycelium and a white screen on which it is growing makes it extremely

difficult to characterize growth effectively. As an alternative approach, we

determined the area covered from the scintillation image by using contrast-

limited adaptive histogram equalization (CLAHE) and automated grey-

scale thresholding algorithms (Otsu, 1979). We have validated this

approach by comparison of the segmented boundary with a bright-field

8 D.P. Bebber and others
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image of a colony grown across Mylar film 1.5 mm thick to facilitate

imaging against a black background at the end of the PCSI experiment

(Fig. 1.2). There was very good correspondence between the automatically

segmented area (Fig. 1.2A) and the visible distribution pattern of the

colony (Fig. 1.2B). In a similar manner to the analysis of AIB distribution,

we used difference values for the change in area, averaged over a sliding

12 or 24 h window, and calculated the displacement of the centre of mass

of the change in area (CMDarea), the angular concentration (ConcDarea) and

the alignment of the Darea vector to quantify the dynamics of the under-

lying processes (Fig. 1.3). In the first phase of colony development, the

change in area and transport were almost symmetrical (Fig. 1.3A, B). This

was followed by a transition to sparser, more asymmetric growth. The

duration of the first growth phase depended on nutrient availability and

developmental age of the colony. The different growth phases can be

described by two superimposed logistic equations, which allow normal-

ization of all data sets to a common developmental stage of the colony.

Time series data for CMDAIB, ConcDAIB, CMDarea and ConcDarea were

normalized to the start of the second growth phase and fitted by using

A B

20 mm

Fig. 1.2. Validation of automated colony area segmentation from
photon-counting scintillation images. The area of a growing colony
was estimated from photon-counting scintillation imaging (PCSI)
by a combination of contrast limited adaptive histogram equalization
(CLAHE) and automated grey-scale segmentation. The perimeter
determined by this approach is shown superimposed on the PCSI image
(A) and the corresponding bright-field image (B) taken at the end of the
experiment for a colony growing from an agar inoculum (I) with a filter-
paper bait (B). The difference between the first phase of symmetrical
growth and the second phase of sparser, more asymmetric growth is
also clearly visible in these images.
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Fig. 1.3. Analysis of 14C-AIB distribution and growth by using photon-
counting scintillation imaging. Time-lapse photon-counting scintillation
imaging (PCSI) was used to map the distribution of N in Phanerochaete
velutina mycelium during growth from a central inoculum with or
without the addition of either a glass-fibre or a filter-paper ‘resource’.
Representative PCSI images are shown (A–D) with the automatically
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Linear Mixed Effects models (Pinheiro & Bates, 2000). Controls with no

additions spontaneously switched to asymmetric growth and selectively

allocated resources to broad sectors of the colony. Canalized flow patterns

in cords also emerged with the transition to the second phase. Added damp

cellulosic resources induced a change in internal nitrogen allocation, pro-

moting marked N accumulation (Fig. 1.3E–G) and asymmetric growth

(Fig. 1.3I–K) tightly focused on the new resource (Fig. 1.3H, L). The effect

of a damp glass fibre ‘resource’ was more variable, often with a transient

response to perturbation that was not sustained in comparison with filter-

paper resources.

Analysis of the pulsatile component

In addition to the evolution of the longer-term trends described

above, a strong pulsatile component was found to be associated with rapid

transport, particularly through corded systems (Tlalka et al., 2002, 2003).

We have previously analysed this pulsatile component by using Fourier

techniques from discrete regions of interest manually defined on the image

(Tlalka et al., 2002, 2003). For example, results for three regions shown in

Fig. 1.4A are given in Fig. 1.5B–E. This revealed that the assimilatory

mycelium on the inoculum and the foraging mycelium both pulsed, but

were out of phase with each other. To determine whether there were other

Fig. 1.3. (cont.)
segmented colony margin shown as a dotted line around the periphery.
A filter-paper resource was added at 89 h (C) and resulted in localized
increased transport of 14C-AIB and localized growth (D). The magnitude
of these effects was determined from analysis of the displacement of the
centre of mass of AIB (CMDAIB, E) and displacement of the centre of
mass of the colony area (CMDarea, I), in which zero displacement
represents symmetrical N distribution and growth. The displacement
following resource addition (CMDAIB) is plotted as a solid line from the
centre of the inoculum in (D). The total angular distribution in 128 sectors
of AIB (F) and growth (J) indicates how tightly focused these changes
were. The angular concentration (ConcDAIB and ConcDarea) provides a
quantitativemeasure of these distributions (G,K), in which values of zero
represent completely even distribution or growth and values approaching
1 indicate a very tightly focused distribution. The alignment between the
centre of the mass displacement vector and the vector between the
inoculum and bait provides a measure of the degree to which resource
allocation is directed specifically towards the bait. A value of zero
represents perfect alignment. Linear Mixed Effects models were fitted
to the data for the CMDAIB, CMDarea, ConcDAIB and ConcDarea to allow
statistical comparison between the control and the treatments.

1 Imaging mycelial nutrient dynamics 11
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Fig. 1.4.Mapping frequency, amplitude and phase of the pulsatile 14C-AIB
transport by using Fourier analysis. Time-series of 14C-AIB movement
were recorded by PCSI, smoothed and detrended to provide a stationary
time-series suitable for Fourier analysis. Data from three individual
pixels shown in A are presented in B–E to illustrate the effect of these
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phase domains with locally synchronized behaviour within the colony, we

have extended the Fourier analysis to provide colour-coded pixel-by-pixel

maps of frequency (Fig. 1.4G), amplitude (Fig. 1.4H) and phase (Fig. 1.4I)

according to the scheme outlined in Fig. 1.4.

These maps revealed that the signals from the assimilatory hyphae in the

inoculum and new resource, and from the foraging hyphae, all oscillate,

but were out of phase with each other. The phase differences became

established as distinct domains that were locally synchronized. In several

colonies, the amplitude of the pulsing centre also shifted towards the bait.

Pulsatile behaviour in larger microcosms

Wehave nowmodified the PCSI approach to allowmeasurements

from more realistic microcosms with wood-block inocula and sand or soil

substrata overlaid with a translucent scintillation screen. With this system

we can continuously image 14C-AIB dynamics for extended periods (in

excess of 6 weeks) and have observed a complex sequence of shifts in

N distribution and transport priority throughout the network as it devel-

ops over time.

For example, Fig. 1.5 shows analysis of AIB transport in Phanerochaete

velutina allowed to grow across compressed sand from a wood inoculum.

Contact with a new wood resource after a few weeks triggered an increase

in local branching and proliferation. After 8 weeks’ growth, themicrocosm

was overlaid with a translucent scintillation screen and 14C-AIB added

to the initial inoculum. Within 1 h of loading the 14C-AIB had travelled

250mm along one of the major cords (Fig. 1.5A). After 4 h, signal was

present in most of the growing mycelium subtended by this cord

(Fig. 1.5B). The signal from regions 1–3 along this cord (Fig. 1.5D) showed

pronounced oscillations, superimposed on the longer-term trend, that

continued for around 5–7 d (Fig. 1.5E). The overall level of signal

decreased in the cords as the growing mycelial margin advanced out of

this region. Not all the cords transported simultaneously. For example, the

Fig. 1.4. (cont.)
manipulations. The time when the signal was detected above background
and the time taken for the signal to reach its maximum were extracted
from the trend images and pseudo-colour-coded as a concise summary of
the long-term translocation pattern of 14C-AIB around the colony. The
discrete Fast Fourier transform (FFT) was calculated pixel by pixel
for the detrended oscillations. Results were displayed as pseudo-colour-
coded images of the dominant Fourier frequency (G), the amplitude (H)
and the phase (I) at this frequency.

1 Imaging mycelial nutrient dynamics 13
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Fig. 1.5. Photon-counting scintillation imaging of 14C-AIB transport in
Phanerochaete velutina growing from a wood-block inoculum across a
sand microcosm. 14C-AIB was added at the wood inoculum site of a
mycelium that had been growing on sand for 2 months. The movement
of AIB was imaged for the subsequent 420 h. The initial 76 h are shown in
the images. Rapid transport was visible 1 h after loading (A). Within 4 h,
the signal reached themycelial front and additional cords became labelled
(B). At 16 h a pre-existing cord from the inoculum became transiently
labelled (C) but signal had disappeared again by 76 h (D). The signals
averaged over a number of regions of interest are shown in E and F.
Synchronous pulsation was observed from regions 1, 2 and 3 on the main
cord between the inoculum and the new resource (E). The filling and
subsequent emptying of the cord in region 5 is shown in (F); the cord in
region 4 shows two filling phases. The first is initiated at the start of the
experiment and the second starts around 120 h.

14 D.P. Bebber and others



//FS2/CUP/3-PAGINATION/GADD/2-PROOFS/3B2/0521850290C01.3D – 15 – [3–21] 26.4.2006 3:44PM

pre-existing cord in the area highlighted by the dotted ellipse (Fig. 1.5B)

showed no 14C-AIB movement until around 12 h, then filled at a similar

rate to the primary cord (region 5 in Fig. 5D, F), a process we term ‘route-

switching’. This cord appeared to act as a transport route only transiently,

as the signal declined after around 30 h. Likewise, one of the other sub-

sidiary cords showed two phases of transport, one initiated almost

synchronously with the main cord and the second starting at around

150 h (region 4, Fig. 1.5D, F).

Transport at the centimetre to metre scale

The dynamics of N-fluxes observed in these networks have

prompted us to ask what routes are actually available for transport, how

they are formed and how direction and switching are controlled. Different

species exhibit different foraging strategies and we presume that these

represent a balance between efficient resource capture, tolerance to

damage or predation, and cost. In other areas of biology, networked

systems such as ecological food webs or metabolic and genetic networks

have been successfully analysed by using tools originally developed for

graph theory (Strogatz, 2001; Albert & Barabási, 2001; Dorogovtsev &

Mendes, 2002; Newman, 2003; Amaral & Ottino, 2004). To explore

whether it is possible to apply network analysis tools to fungal mycelia,

it is necessary to translate the morphological structures observed into a

form appropriate for network modelling. Our starting assumption is that

the fungal mycelium forms a (planar) spatial network that can be repre-

sented as a graph comprising a set of nodes (or vertices, V) connected by

links (or edges, E).

As our first approximation we have focused on cords as the most

convenient spatial scale, as these are readily identifiable discrete structures

that represent the major transport pathways through the mycelium

(Fig. 1.6A–C). Each branch point or junction is represented as a node

and the persistent cords connecting them form the links (Fig. 1.6D–F). The

number of links associated with any node is termed the degree of the

node (k). Thus tips will have a degree of 1 as they are only connected to

the previous node; branch points will typically have a degree of 3, because

the growth processes forming the network tend usually to give a single

branch or a single fusion (anastomosis) at each point. It is unlikely that

there will be any loops where a link curls back round on itself to rejoin the

same node, although multiple parallel links between two nodes are possi-

ble. As the fine structure of the mycelium within a food resource (agar or

wood block) cannot be resolved, each of these is represented as a node with

1 Imaging mycelial nutrient dynamics 15
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Fig. 1.6. Network analysis of corded mycelial development in
Phanerochaete velutina. Bright-field images of P. velutina growing from
a beech-block inoculum over compressed soil were collected at 9 (A),
25 (B) and 39 days (C). Branch points and anastomoses were
manually coded as nodes connected by links (D–F) to construct a
network graph (J). The experimental node positions were also connected
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many links, resembling a hub in other network systems (Fig. 1.6J). A num-

ber of different quantities are typically measured for a network to try

to understand its properties better, including:

1. theminimumpath length thatmust be traversed between two nodes;

2. the maximum diameter of the network, in terms of both physical

distance and the number of nodes traversed;

3. the degree distribution, which is given by the frequency of nodes

with different numbers of links;

4. various indices derived from physical geography to describe both

natural and artificial networks that estimate (i) the actual number

of closed paths compared to the maximum possible number of

closed paths (alpha index), (ii) the actual number of links com-

pared with the number of nodes (beta index) and (iii) the actual

number of links compared with the maximum possible number of

links (gamma index);

5. the local clustering or transitivity, which measures the probability

that if a node is connected to two other nodes, they will also be

connected to each other;

6. the network resilience, which estimates the extent to which the

network properties change as nodes or links are removed from the

network.

These quantities can also be derived for model networks that are con-

nected according to well-defined rules exemplifying different classes of

network organization (Fig. 1.6G–I), which can then provide a useful

reference point against which to test the behaviour of the real network

(Strogatz, 2001; Dorogovtsev &Mendes, 2002; Newman, 2003; Amaral &

Ottino, 2004). Most network analysis has so far focused on the network

topology rather than the spatial relations of the nodes. However, it is clear

that most networks have a spatial context and this must impose constraints

on the probability of interconnection between different nodes in the

Fig. 1.6. (cont.)
by using different algorithms to give ‘toy’ networks for comparison,
ranging from highly connected Delaunay triangulation (G), through the
relative neighbourhood graph (H) to the minimal spanning tree (I). A
range of network parameters were measured for the fungal network and
the ‘toy’ networks. To assess the resilience of the network, nodes (120 in
the illustration) were removed at random (K–O) and the network
integrity measured as the fraction of the remaining nodes still connected
to the initial inoculum (P).
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network (Gorman&Kulkarni, 2004; Artzy-Randrup et al., 2004). Thus, in

a spatial network, nodes are likely to have a much higher probability of

connecting to their physical neighbours and, depending on the way the

network is built, a low or even zero (in 2-D planar networks) probability of

links crossing over each other without forming a new node. This makes it

difficult or impossible to create topological equivalents to ‘short cuts’

between physically remote parts of the network. Equally, it is interesting

to speculate that inclusion of weighting by transport speed and/or capacity

may have the equivalent effect of long-range communication, bringing

distant parts of the network into closer contact than expected from their

spatial separation or unweighted path length.

In P. velutina grown in a microcosm 24 cm square, the size of the corded

experimental networks is around 300–500 main nodes, depending on

growth conditions. If the finest hyphae readily discernible are included,

the number of nodes increases to around 3000. It might be appropriate to

consider the links to be directed on the basis of their initial growth direc-

tion. In practice, the physiological direction of nutrient fluxes is more

important and does not have to follow the developmental connection

sequence. Unfortunately, however, we cannot predict a priori in which

direction the flux may move; indeed, we expect it to vary depending on the

source–sink relations within the network. In the future, the techniques to

map fluxes described above may provide this information, but at this stage

it is simpler to assume that links are bidirectional.

The network architecture was not static, but continuously evolved. For

example, growth from the inoculum to connect to a new food source

progressed through an initial proliferation phase with many links forming

(Fig. 1.6A), followed by selection and reinforcement of a sub-set of paths

to create a more limited number of strong links (Fig. 1.6B), eventually with

regression of the remainder of the links to leave a sparser network

(Fig. 1.6C). Nodes were (manually) assigned to each tip, branch or fusion

during colony development to try to understand the network topology that

developed (Fig. 1.6D–F). In the early stages of growth a substantial

number of cords were forming. However, there was also a considerable

number of fine foraging hyphae that could not be resolved clearly. By 18 d,

the mycelium had contacted the new food resource and established more

obvious cords, and much of the fine mycelium had receded. By 39 d, the

number of interconnected cords had reduced further, although the history

of the previous connections remained as a series of nodes with degree 2 left

on the main connecting cords. If these were excluded from the analysis, the

average degree for each node stabilized at around 3.5.
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Although efficient transport is likely to shape fungal mycelial networks,

resilience to accidental damage and predation is also likely to be important

in determining the network architecture. Resilience was assessed in silico

by measuring how the network properties changed as individual nodes or

links were removed at random or in a targeted manner (Fig. 1.6O). The

same approach was used on the model networks (Fig. 1.6K–M) to provide

a basis for comparison (Fig. 1.6P). In a real mycelial network, the prob-

ability of node or edge removal is unlikely to be random and may also

show a high degree of correlation between adjacent nodes. For example,

grazing by soil invertebrates may be in specific locations in the network

(Tordoff et al., 2006). This is because some regions are more palatable than

others. Part of the resilience of such a biological network may not be

just the architecture of the network prior to damage, but the ease and

efficiency with which the network can reconnect itself. In this respect, a

self-organizing spatial network may have considerable advantages over

a random network in the cost, consistency and efficacy of the rewiring

process needed to re-establish a functioning system.

Conclusions

The imaging approaches described here appear to provide a rich

source of new information on the dynamic behaviour of nutrient translo-

cation in saprotrophic basidiomycetes. So farmost of our results have been

derived for P. velutina. We are now expanding the range of species exam-

ined to determine whether these results are of general significance. Despite

the exciting progress made, we still do not have techniques that can easily

span all the length scales of interest. For example, we do not yet have a

clear anatomical description of how the transport pathways map onto the

individual hyphae in a differentiating corded system. These structures have

so far proved difficult to investigate, even by using confocal microscopy,

when they are growing in their natural dry state, but might be susceptible

to serial EM sectioning and 3-D reconstruction. We are also only just

beginning to develop analysis routines that can accommodate the immense

plasticity of a mycelial network, which makes quantitative comparisons

between notionally replicate experiments quite difficult. Despite these

challenges, simply being able to visualize the beauty and sophistication

of solute translocation has already proved very rewarding.
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