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Summary
Transport networks are vital components of multi-cellular
organisms, distributing nutrients and removing waste
products. Animal cardiovascular and respiratory systems, and
plant vasculature, are branching trees whose architecture
is thought to determine universal scaling laws in these
organisms. In contrast, the transport systems of many multicellular fungi do not fit into this conceptual framework,
as they have evolved to explore a patchy environment in
search of new resources, rather than ramify through a
three-dimensional organism. These fungi grow as a foraging
mycelium, formed by the branching and fusion of threadlike
hyphae, that gives rise to a complex network. To function
efficiently, the mycelial network must both transport nutrients
between spatially separated source and sink regions and also
maintain its integrity in the face of continuous attack by
mycophagous insects or random damage. Here we review
the development of novel imaging approaches and software
tools that we have used to characterise nutrient transport and
network formation in foraging mycelia over a range of spatial
scales. On a millimetre scale, we have used a combination of
time-lapse confocal imaging and fluorescence recovery after
photobleaching to quantify the rate of diffusive transport
through the unique vacuole system in individual hyphae.
These data then form the basis of a simulation model to predict
the impact of such diffusion-based movement on a scale of
several millimetres. On a centimetre scale, we have used novel
photon-counting scintillation imaging techniques to visualize
radiolabel movement in small microcosms. This approach
has revealed novel N-transport phenomena, including rapid,
preferential N-resource allocation to C-rich sinks, induction
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of simultaneous bi-directional transport, abrupt switching
between different pre-existing transport routes, and a strong
pulsatile component to transport in some species. Analysis of
the pulsatile transport component using Fourier techniques
shows that as the colony forms, it self-organizes into well
demarcated domains that are identifiable by differences in
the phase relationship of the pulses. On the centimetre to
metre scale, we have begun to use techniques borrowed from
graph theory to characterize the development and dynamics
of the network, and used these abstracted network models to
predict the transport characteristics, resilience, and cost of the
network.
Introduction
Mycelial fungi have a growth form that is unique among multicellular organisms. Individual hyphae have a highly polarized
internal cellular organization to support tip growth, needed
to forage for new resources, often over inert substrates. With
wood decay fungi that can grow out of their food base in
search of new resources, the hyphae aggregate behind the
growing margin and fuse to form persistent, specialized highconductivity channels termed cords (Rayner et al., 1994;
Boddy, 1999; Rayner et al., 1999; Cairney, 2005). These
cords form complex networks that can extend for metres in
the natural environment. The architecture of the network
is not static, but is continuously reconfigured in response to
local nutritional or environmental cues, damage or predation,
through a combination of growth, branching, fusion or
regression (Boddy, 1999; Fricker et al., 2007a; Fricker et al.,
2008).
Embedded within the physical structure is an equally
adaptable set of physiological processes that contribute to
uptake, storage and redistribution of nutrients throughout the
network in an apparently well-co-ordinated manner (Olsson,
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1999; Cairney, 2005; Bebber et al., 2007a, b; Fricker et al.,
2007a, 2008). As the colony grows out from a resource base,
nutrient translocation would be expected to be predominantly
towards the growing margin. If additional resources are
found, then re-distribution back to the base can also occur,
although not necessarily through the same transport system
at the same time. Despite the importance of these processes
(Watkinson et al., 2006; Tlalka et al., 2008), 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 pathways through mycelium that
might contribute to coordinated system-wide responses to
localized nutritional stimuli (Olsson, 1999; Cairney, 2005;
Bebber et al., 2007a, b; Fricker et al., 2007a, 2008). 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 networks spanning several metres. Here we
describe the range of overlapping techniques and software
packages that we have developed to track nutrient flow directly
or indirectly in these systems across a range of length scales.
We have used a combination of time-lapse confocal imaging
and fluorescence recovery after photobleaching (FRAP) to
quantify the rate of diffusive transport through the unique
vacuole system in individual hyphae at the micrometre
to millimetre scale. These data then form the basis of a
simulation model to predict the impact of such diffusionbased movement on a scale of several millimetres (Darrah
et al., 2006). On a centimetre scale, we have developed
novel photon-counting scintillation imaging techniques to
visualise radiolabel movement in small microcosms (Tlalka
et al., 2002, 2003; Fricker et al., 2007b; Tlalka et al.,
2007). On the centimetre to metre scale, these foraging
fungi form networks of hyphal aggregates termed cords. Thus
we have applied techniques borrowed from graph theory
to characterize network development (Bebber et al., 2007a;
Fricker et al., 2007a, 2008).
Transport at the micrometre to millimetre scale
Nutrient translocation in individual hyphae is thought to
be mediated by a combination of mass flow, diffusion,
generalized cytoplasmic streaming and specific vesicular
transport (Cairney, 2005). Here we focus on the role of
the vacuole system in transport. Vacuolar organization is
unique in the filamentous fungi, with all species so far
examined possessing a highly dynamic pleiomorphic tubular
vacuolar system (Shepherd et al., 1993a; Shepherd et al.,
1993b; Rees et al., 1994; Ashford, 1998; Cole et al., 1998;
Inselman et al., 1999; Ashford & Allaway, 2002; Ohneda
et al., 2002; Uetake et al., 2002). While superficially similar
reticulate vacuolar networks appear during normal vacuole
ontogeny in yeasts (Wickner & Haas, 2000) and plants
(e.g. Kutsuna et al., 2003) or in specialized cells such as

pollen tubes (Hicks et al., 2004), only in the filamentous
fungi does the vacuole form a constitutive, physically
contiguous, extended organelle spanning several cell (septal)
compartments over a considerable physical distance. It is well
established that the vacuole serves as a storage compartment
for (poly)phosphate (Ashford, 1998) and nitrogen (N),
particularly as N-rich amino acids (Klionsky et al., 1990),
and these compounds are also extensively translocated in
both mycorrhizal and saprotrophic fungi (Cairney, 2005). If
the vacuole system supported transport, it would provide an
internal compartment, separate from the cytoplasm, with high
concentrations of solutes and would contribute to bidirectional
solute movement (Ashford, 1998).
The structure of the vacuole within a single hypha develops
from a complex reticulum of fine tubes interspersed with
small spherical vacuoles at the tip (Fig. 1D) to a series of
larger, more spherical, adherent vacuoles interconnected with
fine tubes (Fig. 1A). As there are no convenient fluorescent
probes to study N-movement directly, we adopted an indirect
approach to address whether the vacuolar system plays a
role in long-distance transport of N. Vacuolar behaviour
was studied in hyphae of the basidiomycete Phanerochaete
velutina, a widespread cord-forming species. The lumen of the
vacuole was labelled with the fluorescent dye Oregon Green
(OG) to provide a non-specific marker for any movement of
the lumenal contents (Darrah et al., 2006). Inter-vacuole
movement through dynamic tubular connections was then
measured using FRAP (Lippincott-Schwartz et al., 2003;
Lippincott-Schwartz & Patterson, 2003; Ward & Brandizzi,
2004). In essence, a brief, high-intensity pulse of illumination
was used to photobleach the Oregon Green. The rate of
recovery of signal following this bleaching gave a quantitative
measure of the rate of movement of unbleached dye from
adjacent parts of the vacuole system. The following steps
outline the protocol used to build a complete model of vacuolar
transport on a scale of micrometres to millimetres. A flow
diagram is given in Fig. 1.
The vacuolar diffusion coefficient (D v ) of OG in vivo was
estimated by FRAP of half a large, isolated vacuole using
rapid confocal imaging (Fig. 1E and H). The signal dropped
in the bleached half of the vacuole (Fig. 1E and H), but rapidly
recovered as unlabelled dye diffused from the unbleached half,
reaching a new equilibrium after just over 1 s (Fig. 1H). A 1-D
diffusion model fit to the data for this and four other vacuoles
gave a median value of 0.31 × 10−5 cm2 s−1 for D v . The value
measured in vivo compared favourably 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 of D v , it was possible
to estimate the functional tube diameter in vivo between two
vacuoles of defined size and separation using FRAP, assuming
dye movement was mediated only by diffusion (Fig. 1F).
In instances where the only connection was between the
vacuoles under investigation and not adjacent neighbours,
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Fig. 1. Measurement and modelling of longitudinal vacuolar transport in Phanerochaete velutina. Vacuoles were labelled with Oregon Green 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 vacuolar diffusion coefficient (Dv ) for Oregon Green in vivo (E,
H). Signal dropped rapidly in the bleached half of the vacuole (open squares) but rapidly recovered as dye equilibrated by diffusion from the unbleached
half (open triangles). The solid lines represent a diffusion model fit to the data with a diffusion coefficient of 0.31 × 10−5 cm2 s−1 . The tube diameter
between two connected vacuoles (F, I) was estimated by FRAP of the vacuole marked with an asterisk (F and I, open squares), where recovery occurred by
diffusion through an interconnecting tube from its neighbour (I, open triangles). Immediately after the bleach there was no tube present; however, at the
time point indicated a tube formed a connection and allows equilibration of OG between the two vacuoles. The solid lines represent a model fit to the data
using the measured diffusion coefficient D v ; and an estimated tube diameter of 0.6 μm. The effective diffusion coefficient for the tubular vacuolar region
at the tip was determined from FRAP in the boxed region (G). As the extent of the vacuole system that might contribute to the recovery was not defined
in this tubular region, the model was only fit to data from the boxed area (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 (K). The net diffusion coefficient was determined for each compartment by
Monte-Carlo simulation. The maximum supply of N to the tip that could be supported by diffusion was then calculated, using estimates of the maximum
likely vacuolar N-concentration for different branching structures (L). Horizontal scale bar = 10 μm. Vertical scale bar = 2 s (E) or 60 s (F & G).
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a diffusion model described the data well (Fig. 1I). The median
functional tube diameter determined in vivo (0.44 μm, n =
16) compared well with estimates from EM data of 0.24–
0.48 μm (Rees et al., 1994) or 0.3 μm (Uetake et al., 2002).
The tubes are most likely formed by motor-driven extension
of the vacuole membrane along a microtubule cytoskeleton
as tube formation is sensitive to inhibitors that disrupt
microtubules but not inhibitors of F-actin in other species
(Hyde et al., 1999).
Although FRAP experiments on individual vacuoles and
small vacuole strings provided strong evidence for diffusive
movement of solutes on a local scale, they cannot be used to
assess transport on a larger scale. For this we used an extension
of the discontinuous diffusion model to link together results
from separate regions of the hyphae. We measured the width,
length and separation of vacuoles for each compartment
type (Fig. 1A–C) and then re-sampled these distributions
with replacement to build representative strings of connected
vacuoles in silico (Fig. 1K). The strings of vacuoles were
connected by tubes, with the tube diameter set at the median
value (0.44 μm), and run with a unit concentration gradient
to steady state. The steady-state flux was recorded, which
allowed an effective diffusion coefficient, D v α, for the whole
compartment to be calculated from Fick’s first law, where α
had a range from 0 to 1 and measured the reduction in the
vacuolar diffusion coefficient, D v , caused by including many
vacuoles and tubes of smaller diameter in the string relative to
a uniform vacuole of the same length. Repeated simulations
of in silico hyphae were conducted to give a mean α for each
compartment type.
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. 1D). Superficially the network
appeared quite dynamic, but most of the motion appeared to be
short-range micrometre-scale oscillations rather than longerrange translocation of entire structures. Net diffusion in this
tubular region was determined by FRAP of a 40–60-μm-long
region spanning the entire hyphal diameter (Fig. 1G). In this
case the extent of the vacuolar region that might contribute
to fluorescence recovery is not as well defined, so the model
was only fit to the data from the bleached region. The data
were well described by a model that included a well connected
(tubular) component and a smaller immobile (vesicle) phase
(Fig. 1J).
Diffusion was a sufficient mechanism to explain observed
OG transport in the various regions of the vacuolar organelle.
Therefore, we constructed a predictive simulation model
from these data to determine the transport characteristics
of the system over an extended length scale. To assess the
importance of such transport in vivo, we predicted the distance
over which such a transport system could usefully operate
using 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, D e , for
the composite branched structure (Fig. 1L). This approach
revealed that the vacuole system has a major impact on solute
transport, on a scale of millimeters to centimetres. For example,
vacuolar amino acids, particularly arginine (4N), citrulline
(3N), ornithine (2N) and glutamine (2N) are reported to be
about 250–300 mM in mycelium grown on standard media
(approximately 0.5–1M N), increasing to 1M (approximately
2–3M N) with additional amino acid supply (Cramer & Davis,
1984; Kitamoto et al., 1988; Griffin, 1994; Roos et al., 1997).
Taking into account the variable N content of different amino
acids, we assumed a vacuolar concentration of 1M N (14 mg N
cm−3 ). The N demand at the tip will be the product of the rate
of new biomass formation and its N content. The measured
growth rate was 132 μm h−1 , equivalent to production of
3.7×10−6 cm3 of new fungal biomass per cm2 cross-sectional
area of hyphal tips per second. The literature provides values
for N content that have been determined from a wide range
of experimental systems, including colonies growing under
natural conditions. A minimum figure of 0.1–0.2% N dry
weight has been reported for fungi on high C:N media (Levi &
Cowling, 1969). This would require a N flux of approximately
3.7×10−7 mg N cm−2 s−1 to support maximum tip growth.
N contents on low C:N ratio media ranges from 1.3 to 5.0%
(Levi & Cowling, 1969). Others have reported a range of 1–
8% N for different fungi in culture (Griffin, 1994) or 2–4%
N for woodland saprotrophs (Watkinson et al., 2006). Using
these estimates, an unbranched hypha composed entirely of
tubular vacuoles with a 0.1% N demand at the tip could be
supplied via diffusion over a 24 mm length. A fully branched,
2-mm-long, hyphal structure with tubular vacuoles could
have 0.37% N tip content and still support unlimited tip
growth by diffusion. Results for branched models including
all the different vacuolar compartments over a 2 mm length
are shown in Fig. 1L.
Elaboration of such an internal longitudinal transport
compartment provides a unique solution to the problem
of nutrient translocation. Diffusive movement through this
system permits the bi-directional transport along source–
sink gradients and may be particularly important for solute
movement against mass flow needed for turgor-driven tip
extension. The organization of the system into discrete
vacuoles connected by dynamic tubes has the potential for
sophisticated control of flux, through regulation of both
tube elongation and homotypic vacuole fusion. Tubular
connections can also span the septal pore and are capable
of maintaining continuity over an extended length scale
(Shepherd et al., 1993a; Rees et al., 1994), but it is also
clear that the pore can temporarily close following shock
to the system. Furthermore, as diffusion is concentration
dependent, dynamic manipulation of the vacuolar volume
at different locations within the hyphae could also locally
shift the direction of solute flux. There is also a strongly
predicted interaction among vacuolar organization, available
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nutrient levels, the predicted diffusion transport distance, and
the architecture of the branching colony margin (Darrah et al.,
2006).
Transport at the millimetre to centimetre scale
One approach to measuring transport of solutes is to follow
the movement of radio-labelled compounds through the
mycelium. Typically the final radiolabel distribution has
been visualized using autoradiography, phosphor-imaging or
destructive harvesting of the tissues followed by scintillation
counting. We used a novel non-invasive technique to track
movement of 14 C-labelled N compounds in foraging mycelial
networks in contact with an inert scintillation screen, termed
photon-counting scintillation imaging (PCSI, Tlalka et al.,
2002, 2003; PCSI, Fricker et al., 2007b; Tlalka et al., 2007).
We have developed two MatLab software packages (available
on request from MDF) to analyze the distribution patterns
of the amino acid analogue α-amino-isobutyrate (14 C-AIB),
which accumulates in the free amino acid pool, acting
as a proxy for nitrogen translocation (Watkinson, 1984).
14
C-AIB is not metabolized in a range of woodland fungi
so far examined as judged by the lack of incorporation
of 14 C in other metabolites or released as 14 CO 2 (Tlalka,
unpublished data; Ogilvie-Villa et al., 1981; Kim & Roon,
1982; Watkinson, 1984; Elliott & Watkinson, 1989; Lilly
et al., 1990; Olsson & Gray, 1998). 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 (Fig. 2). The second approach focuses
on mapping the pulsatile component of transport that was
observed superimposed on the net AIB translocation pattern
(Fig. 3; Tlalka et al., 2002, 2003; Fricker et al., 2007b; Tlalka
et al., 2007).
To simplify the initial state of the system, we have chosen to
focus on microcosms in which foraging mycelia 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. In these simple microcosms, 14 C-AIB was taken up and
distributed through the growing colony (Fig. 2A–D). The AIB
distribution pattern was characterized by three parameters,
the position of the centre of mass of AIB (CM AIB ) relative to
the centre of the inoculum (Fig. 2E), the extent to which the
AIB was spread evenly around the colony or concentrated in
a particular area, visualized as an angular histogram centred
on the angle to the new resource (Fig. 2F) and quantified by
the angular concentration of the AIB (Conc AIB , Fig. 2G), and
the alignment of the CM AIB vector with the new resource
(Fig. 2H). We have no completely independent measure of
colony growth during the experiment, as PCSI precludes
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separate bright-field imaging, but we determined the area
covered from the scintillation image following contrast-limited
adaptive histogram equalization (CLAHE) and automated
grey-scale thresholding (Otsu, 1979; Fig. 2I). In the first
phase of colony development, the change in area and
14
C-AIB transport were almost symmetrical (Fig. 2A). This was
followed by a transition to sparser, more asymmetric growth
(Fig. 2B–D). The duration of the first growth phase depended
on nutrient availability and developmental age. The different
growth phases were well described by two superimposed
logistic equations which allowed normalization of all data
sets to a common developmental stage of the colony. Growth
was characterized in a user-defined number of sectors around
the colony, which highlighted localized growth in the sectors
around the new resource and cessation in growth in distal
sectors (Fig. 2J). The growth rate was calculated from the
change in sector area (Fig. 2K), and showed that all sectors
initially grew at the same rate, with low variance. However,
following addition of a new resource, there was a marked
increase in the variance of growth between the sectors, with
only the sector containing the new resource approaching or
exceeding the initial growth rate (Fig. 2K).
In a similar manner to the analysis of AIB distribution,
difference values for the change in area, averaged over a
sliding 24-h window, was used to calculated the displacement
of the centre of mass of the change in area (CM area ,
Fig. 2L), the angular concentration (Conc area , Fig. 2M)
and the alignment of the area vector (Fig. 2N). For
comparison between treatments, the time series data for
CM AIB and CM area were normalized to the start of the
second-growth phase and fit using Linear Mixed Effects models
(Pinheiro & Bates, 2000). Added damp cellulosic resources
induced a change in internal nitrogen allocation, promoting
N accumulation (Fig. 2E–G) and asymmetric growth
(Fig. 2L–M) tightly focussed on the new resource (Figs 2H
and N). Canalized flow patterns in cords also emerged with the
transition to the second phase. 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 filterpaper resources. Controls with no additions spontaneously
switched to asymmetric growth and selectively allocated
resources to broad sectors of the colony, but again responses
were not as focussed as with the added filter paper.
Analysis of the pulsatile component
In addition to the evolution of the longer term trends described
above, a strong pulsatile component was associated with
rapid transport, particularly through corded systems (Tlalka
et al., 2002, 2003; Fricker et al., 2007b; Tlalka et al., 2007).
Although it is possible to present a number of time-series
graphs for different regions of interest (ROIs), this can only
capture a very small sub-set of the total oscillatory behaviour.
This approach is progressively less useful as the spatial
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Fig. 2. Analysis of 14 C-AIB distribution and growth 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 (red circle) with or without the
addition of either a glass-fibre or a filter-paper ‘resource’ (green circle). Representative PCSI images are shown (A–D) with the automatically segmented
colony margin shown as a dotted line around the periphery. A filter-paper resource was added at 89 h (green circle, B) which resulted in localized
increased transport of 14 C-AIB (B-D) and localized growth (I). Growth was analyzed from the segmented areas (I) by user-defined sectors (J) to calculate
the sector growth rate (K). The magnitude of these effects was determined from analysis of the displacement of the centre of mass of AIB (CM AIB , E)
and displacement of the centre of mass of the colony area (CM area , L), in which zero displacement represents symmetrical N distribution and growth.
The total angular distribution in 12◦ sectors of AIB (F) indicates how tightly focussed these changes were. The angular concentration (Conc AIB and
Conc area ) provides a quantitative measure of these distributions (G & H), in which values of zero represent completely even distribution or growth and
values approaching 1 indicate a very tightly focussed distribution. The alignment between the centre of the mass displacement vector and the vector
between the inoculum and new resource provides a measure of the degree that resource allocation was directed specifically towards the new resource
(H & N). A value of zero angle represents perfect alignment, whereas the displacement from the centre of the inoculum is given by the circumferential
divisions. Linear mixed effects models were fit to the data for the CM AIB , CM area , Conc AIB and Conc area to allow statistical comparison between the
control and treatments.
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Fig. 3. Mapping frequency, amplitude, and phase of the pulsatile 14 C-AIB transport using Fourier analysis. Images of 14 C-AIB movement were recorded
by photon-counting scintillation imaging of colonies of Phanerochaete velutina (A) growing from an agar inoculum (blue circle) in the presence of an
added resource (red circle). The overall distribution of label was summarized as an average projection over time for the whole image series (B). The
signal-to-noise ratio for each pixel was improved by a combination of spatial averaging in the (x, y) plane, using a 5 × 5 or 7 × 7 pixel kernel, and temporal
averaging over a moving 3- or 5-h window for each pixel. Data from three individual pixels, located within the coloured squares shown in (B), for the
inoculum (blue,1), added resource (red, 2) and developing cord in the mycelium (green, 3), are presented in (C) and (D) to illustrate the effect of these
manipulations. The longer term trends in the data were isolated using a 12–18 h moving average (E), selected to match the period of the oscillations. The
oscillatory component was isolated by subtracting the trend data from the smoothed data to give a stationary series suitable for Fourier analysis (F). To
minimize the effects of abrupt transitions at the end of the time series, data were smoothed with a Hanning window of the same length as the data (G).
If necessary, the array containing the oscillation data was padded with zeros along the time axis to reach the next integer power of 2, typically 128 or
256. The instantaneous magnitude (H) and phase (I) were calculated using the Hilbert transform to provide an indication of the temporal evolution of
the oscillation, particularly the envelope of the amplitude (H). The discrete Fourier transform (DFT) was calculated on a pixel-by-pixel basis to give arrays
of magnitude (J) and phase (K) for each pixel. The dominant Fourier frequency with the maximum magnitude was determined for each pixel and the
corresponding phase and magnitude images were extracted from these arrays. Colour representations of each Fourier variable were constructed in HSB
(Hue, Saturation, Brightness) colour space with the parameter of interest, coded as hue, the intensity coded as the average intensity for each pixel in the
time series, and the saturation set at maximum for all pixels. The HSB images were converted to RGB colour space for display. The pulsatile component of
transport showed the same frequency throughout most of the colony (M), equivalent to a period of 14.3 h in this case. Regions with different frequency
and the growing margins, where the advancing front disrupted the Fourier analysis, were coded in greyscale and excluded from further analysis. Results
were displayed as pseudo-colour-coded maps of the magnitude (N) and phase (O) at the dominant Fourier frequency. The oscillations showed clearly
demarcated domains with high magnitude (N), but different phase (O) in the inoculum and new resource, corresponding to an approximately 3-h phase
difference. There was a greater phase shift in the connecting cord (approximately 5 h), whereas the rest of the mycelium was synchronized but even
further out of phase (6–7 h). To map the spread of the label throughout the network, the time when the signal rose higher than the mean plus 2 × SD of
the background level was also determined. In this example, the time of arrival image (L) shows that 14 C-AIB movement was initially directed to the left of
the colony and gives a signal early in the time course (red). Addition of the new resource was accompanied by increased growth along the top and right
margins, giving a signal later in the time course (blue).

complexity of the rhythmic behaviour increases. For example,
in microcosms with an additional cellulose resource (Fig.
3A), the pattern of distribution and oscillation was complex.
Labels preferentially accumulated in the sector of the colony
containing the new resource (Fig. 3A), and measurements
from specific regions of interest (Fig. 3B), such as the inoculum
(1), added resource (2) or developing cord in the mycelium
(3), revealed that different domains within the colony all
pulsed (Fig. 3C and D) but were not necessarily in phase
with each other (Fig. 3F). However, even with repeated
sampling from different ROIs, it was extremely difficult to
build up a picture of how these oscillations were organized
or propagated over the whole colony by simple comparison of
traces over time. We therefore analyzed the image series in the
frequency domain and summarized the oscillatory behaviour
by mapping particular key attributes, such as the frequency,
phase or magnitude, on a pixel-by-pixel basis and representing
them as the hue in pseudo-colour-coded images (Visser et al.,
1990; Gilbert & Visser, 1993; Tlalka et al., 2002, 2003; Fricker
et al., 2007b; Roussel & Lloyd, 2007; Tlalka et al., 2007). This
maintains the spatial information in the image and greatly
facilitates understanding of potentially complex propagating
waves or development of oscillatory domains with distinct
behaviour (see for example Gray et al., 1998; Mrsic-Flogel
et al., 2003; Sawai et al., 2005; Fricker et al., 2007b).
The scintillation image series were noisy (Fig. 3A and C)
and required smoothing in either the (x, y) plane or over time
or both (Fig. 3D). Oscillations superimposed on different longterm trends were clearly seen in the smoothed data (Fig. 3D).

It was also apparent that the oscillations were not in-phase for
samples taken from the inoculum, added resource or foraging
cord. Fourier analysis requires a stationary time-series with
a mean of zero (Priestley, 1981; Diggle, 1990; Chatfield,
2004). However, the oscillatory behaviour of interest was
superimposed on relatively strong underlying trends arising
from increasing time-dependent uptake and transport of 14 CAIB around the colony (Fig. 3D). Thus the trends had to be
removed before the data were suitable for further analysis.
De-trending was achieved by subtracting an estimate of the
trend derived from a simple moving average with an order
that matched the period of the oscillation (Fig. 3E; Priestley,
1981; Fig. 3E; Diggle, 1990; Smith, 1997; Chatfield, 2004).
Choosing the correct order took two or more iterations as the
appropriate period for de-trending required knowledge of the
period of the oscillations.
In many cases, the trend itself contained useful biological
information. For example, in the case of 14 C-AIB transport, the
trend gave a measure of the rate and magnitude of 14 C-AIB
accumulation in different parts of the colony. In situations
where the tracer was added to a pre-grown colony, the time at
which the trend increased more than 2 SD above the local
background provided an objective measure of the time of
arrival of the amino acid (Fig. 3L).
Analysis of the oscillatory component using Fourier techniques
Subtraction of the trend provided an oscillation centered about
zero (Fig. 3F). To avoid abrupt transitions at the start and end
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of the series where the data was truncated, the time-series
was filtered with a Hanning window function to reduce the
contribution of samples at either end of the signal (Fig. 3G;
Priestley, 1981; Diggle, 1990; Smith, 1997).
As many experimental time series were short with relatively
few cycles, the Fourier spectrum lacked resolution and the
finite length of the data series gave rise to spectral leakage with
broadening of the main peak (Chatfield, 2004). Thus, without
further adjustment, the fundamental Fourier frequency was
constrained by the length of the data to one cycle in N
data points, and the oscillations then partitioned amongst a
limited number of integer multiples, or harmonics, up to the
Nyquist limit of twice the sampling period. The main frequency
of the oscillation apparent in the time-series plots was not
necessarily present as one of the Fourier basis functions but fell
between adjacent frequencies. Improved resolution of the peak
frequency was achieved by padding the windowed series with
zeros (Smith, 1997), typically to lengths that were powers of 2,
to speed up calculation of the discrete Fourier transform (DFT).
For example, the typical period for 14 C-AIB transport ranged
from 12–16 h in P. velutina (Tlalka et al., 2002, 2003, 2007),
thus a signal digitized at 1 h intervals and lasting 128 h gave
relatively coarse resolution of this peak Fourier frequency (FF)
as FF 8, 9 and 10 corresponded to periods of 16 h, 14.2 h and
12.8 h, respectively. Increasing the padding to 256 samples
introduced two additional Fourier frequencies in this range,
corresponding to periods of 15.1 h and 13.5 h, increasing
the probability that the “true” frequency of the oscillation
would coincide with one of the discrete Fourier frequencies
in the analysis. Clearly, more padding gives increasingly fine
resolution of the spectrum, but at the expense of computational
time and memory storage.
The DFT decomposes the time-domain signal into arrays of
pure sine and cosine waves at each FF. It was more convenient
to convert these into polar form as arrays of magnitude and
phase for each FF, as these provided a direct readout of the
main parameters of biological interest (Fig. 3J and K). Twodimensional arrays of these values for each pixel at the peak
FF (Fig. 3M) were mapped across the spatial field and pseudocolour-coded with appropriate scaling (Fig. 3N and O).
Phase comparisons across the image only make sense for
oscillations that have the same frequency. Thus pixels outside
a limited frequency tolerance range, typically ±1 from the
peak FF from the padded data series, were excluded from
the pseudo-colour representation. The excluded regions were
then displayed in grey-scale to retain an impression of their
morphology (Fig. 3O). Typically such regions occurred at
the growing margins where the dramatic increase in signal
as the growing margin or transport front passed across a
pixel initially swamped the contribution from the subsequent
oscillatory behaviour and gave the Fourier spectrum a more
complex form. To facilitate comparison between experiments,
it was convenient to express the phase on a rainbow spectrum,
tuned so that particular reference regions, such as the
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inoculum, had the same initial colour. The colour scale then
ran from ±π radians or ±180◦ , but was also annotated with
the period in hours. This visually focussed attention on the
relative phase relationship between different regions, but also
allowed cross-reference to the absolute phase difference in
hours.
Analysis of the temporal evolution of the oscillation using the
Hilbert transform
Although the Fourier approach is useful to provide single
summary values of the phase, amplitude and frequency that
capture the essence of the oscillation, it does not give a
detailed view of the temporal evolution of the oscillation.
We have therefore explored the use of the Hilbert transform,
which provides a measure of the instantaneous magnitude
and phase of the signal for each time point in a time series
(Huang et al., 1999). The instantaneous magnitude gives
the envelope of the oscillation and was often more useful
than the single value derived from the Fourier analysis, if the
oscillation changed amplitude over the time course (Fig. 3H).
In theory, the instantaneous phase should increase linearly
for a simple sinusoidal oscillation. In practice, it was difficult
to detect deviations from linearity in the instantaneous phase
plot that might be of interest. However, the local gradient
of the instantaneous phase gave a measure of changes in the
instantaneous frequency (Fig. 3I; Huang et al., 1999). In some
cases, this provided a convenient way to detect discontinuities
in the time series. For example, if the frequency changed or
there was a subtle shift in the shape of the oscillation (arrow
in Fig. 3G), there was a corresponding peak in the differenced
instantaneous phase signal (arrow in Fig. 3I). However, it
was difficult to interpret the meaning of the instantaneous
frequency unless the signal had a limited bandwidth following
smoothing and de-trending and behaved as a very clean
oscillation (Huang et al., 1998). Thus so far, we have used
the instantaneous frequency response to detect whether a
Fourier analysis was appropriate over the whole time series,
or whether some form of data truncation or windowing was
needed.
In juvenile mycelial systems with no additional resource,
the mycelium beneath the inoculum and that growing over
the screen formed distinct oscillatory domains with the same
frequency, but they were 150◦ out of phase with each other,
corresponding to a lag of about 6 h (Tlalka et al., 2007).
There was no change in the frequency of the pulses with
the introduction of a new C-resource, but in the majority of
cases a distinct phase domain became established at the new
resource that differed from the remainder of the mycelium
and the inoculum (Fig. 3O). In most of these cases, the phase
difference in the new resource was slightly (approximately 3–
5 h) ahead of the inoculum (Fig. 3O). However, in one case the
phase domain in the new resource lagged by approximately
5 h. Thus, although well-demarcated phase domains were
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commonly observed in colonies with additional resources,
their precise phase relationship was not fixed.
In more established colonies, distinct phase domains
comprising the inoculum, new resource and the rest of the
mycelium were observed irrespective of whether 14 C-AIB
was loaded at the inoculum or new resource (Tlalka et al.,
2007). In individual experiments, the cord interconnecting
the inoculum with the new resource appeared to have a
slightly different phase from the rest of the mycelium (e.g.
Fig. 3O). However, the overall variation in phase of the
different regions between experiments obscured any trend
for the cord, with considerable overlap for the average phase
vector for these regions (Tlalka et al., 2007).
Transport at the centimetre to metre scale
As the mycelial network continues to develop, the relatively
fine mycelium at the growing margin becomes consolidated
into a network of cords. Different species exhibit different
network architecture and foraging strategies and we presume
that these represent a balance between efficient resource
capture, nutrient transport, tolerance to damage or predation
and cost (Boddy, 1999; Fricker et al., 2007a, 2008). In
other areas of biology, networked systems such as ecological
food webs or metabolic and genetic networks have been
successfully analyzed using tools originally developed for
graph theory (Strogatz, 2001; Albert & Barabasi, 2002;
Dorogovtsev & Mendes, 2002; Newman, 2003; Amaral &
Ottino, 2004; Boccaletti et al., 2006). We therefore developed
a MatLab package to translate the morphological structures
observed into a form appropriate for network modelling
(Bebber et al., 2007a, b, Fricker et al., 2007a, 2008, available
from MDF on request).
Colonies of P. velutina were grown on compressed, nonsterile soil from a colonized wood block inoculum (I) in
the presence and absence of additional wood resources,
or ‘baits’ (B), designed to simulate the sporadic capture
of wood during mycelial foraging or stochastic input from
the forest canopy (Fig. 4A). The mycelium spread radially
across the soil surface, eventually reaching the edge of
the microcosm within 5–6 weeks (Fig. 4A). The growing
margin comprised fine branched hyphae, although their small
diameter (approximately 10 μm) made it difficult to resolve
the detailed organization of the mycelial fans at the very
periphery. Over time, the mycelium behind the growing
margin became consolidated into thicker bundles of hyphal
cords, with regression of interstitial hyphae. The presence of
additional resources stimulated formation of a particularly
strong corded network between the inoculum and the new
wood block (Fig. 4A). A sparse network formed, with the
overall architecture resembling a branching tree, particularly
at the margin. A limited number of additional tangential
cross-links developed, particularly in response to increased
resources.

The structure of the network was extracted by manually
classifying junctions (branch-points and anastomoses) as
nodes, and the cords between nodes as links. As the
thickness of the cords varied markedly with development
of the network, the cord diameter, and hence cord area
a, was estimated by image analysis. The internal structure
was modelled as a cylinder packed with identical hyphae,
although it is recognized that cord anatomy can be
more complex (Thompson & Rayner, 1982). The weighted
networks were visualized as pseudo-colour representations
to emphasize the change in diameter of particular cords
over time; reinforcement increasing the cord diameter
shifted the hue to the red end of the spectrum and
thinning out by regression shifted the hue towards blue
(Fig. 4B).
A range of parameters were measured from the digitized
network including the convex hull area (A), the total amount
of material present as the sum of the link lengths multiplied
by their cross-sectional areas (C =  la) and the cost density,
defined as the cost per unit area (i.e., CA−1 ). Interestingly,
although the network increased in physical size to fill the
microcosm, the total amount of material present increased
much more slowly, resulting in a decrease in the material
cost density over time. This quantitative measure corresponds
to the qualitative observation that intervening regions of
redundant mycelium were recycled as the corded network
formed.
The observed change in network topology from a branching
tree to a sparse network (Fig. 4A and B) was quantified using
the meshedness, or alpha, coefficient (Haggett & Chorley,
1969; Buhl et al., 2004). This gives the number of closed
loops or cycles present as a fraction of the maximum possible
for a planar network with the same number of nodes. The
alpha coefficient measured over the whole colony increased
over time from near zero, as expected for a branching tree,
to 0.11 ± 0.04 in control systems, and to 0.2 ± 0.05 in
systems with an additional wood block resource. Thus, these
fungal networks progress from a branching tree to a weakly
connected lattice-like network behind the growing margin,
through a process of fusion and reinforcement to form loops,
with selective removal and recycling of excess redundant
material.

Predicted transport characteristics of the network
To investigate the predicted transport capacity of the network,
we first estimated the resistance of each link, assuming that
nutrient fluxes would be determined not only by the physical
length of links in the path but also by their cross-sectional
area (a), with thick connections having lower net resistance
than thin ones. Thus, we defined the resistance of a link as
its length divided by its cross-sectional area (la−1 ). We then
calculated the path of least resistance between each node in
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Fig. 4. Network analysis of corded mycelial development in Phanerochaete velutina. Bright-field images of P. velutina growing from a beech-block inoculum
(I) to a set of additional resource blocks (R) over compressed soil were collected at approximately 3-day intervals for 45 days (A). Branch points and
anastomoses were manually coded as nodes connected by links and the cord diameter estimated by image analysis, to give a weighted network (B) in
which thick cords are represented in red and thin cords in blue. The experimental node positions were also connected using a fully connected Delaunay
triangulation (DT) or the minimal spanning tree (MST). The transport performance was predicted from the local efficiency, defined as the inverse of
the sum of the shortest paths (C), for the real network (black circles), a ‘uniform’ network with the same topology but with equally weighted links (red
diamonds), the DT (blue squares) and MST (green triangles). The resilience was assessed for the same set of networks following sequential removal of
links according to their length and weight (D), symbols as for (C). To compare the predicted transport properties of the network with actual transport,
14 C-AIB movement was mapped by photon-counting scintillation imaging (PCSI) at the end of the time series (E) and the amount of AIB present on each
link extracted using the digitized network (F). The distribution of AIB was then compared with various network parameters including link weight (G),
link evolution (H & I) or betweenness centrality (J & K). The link weight represents the cord diameter shown in (B), with the colour-coding by the final link
weight. Link evolution was based on linear regression of the change in link weight with time, and colour-coded by gradient of the regression equation
(H). In the corresponding scatter plot (I), colour is used to code the final link weight according to the scheme shown in G. Two populations of links were
observed: those that showed little evolution but high levels of AIB, and those with some degree of correlation between link evolution and the amount of
AIB present (I). The betweenness centrality (BC) was measured as the number of shortest paths passing through each link (J), and also showed different
populations links with different behaviour (K).
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the functional network, using a shortest path algorithm (Gross
& Yellen, 2005; Long & Carey, 2006), with the assumption
that low node-to-node resistance indicated better connection
and more efficient nutrient distribution.
The overall performance of the network was summarized
by the average efficiency (E, defined as the mean of the
reciprocal of shortest path lengths, Latora & Marchiori,
2001; Latora & Marchiori, 2003). This was compared to
‘uniform’ model networks having identical network topology,
but with links given a constant thickness, such that
the total construction cost was the same as the actual
weighted network. Comparisons were also made with model
networks constructed using well-defined neighbourhood
graphs, including the minimum spanning tree (MST) as a
lower bound giving a low-cost but extremely vulnerable
network, and the Delaunay triangulation (DT), giving
an upper bound for a well-connected, robust, but rather
expensive network (Buhl et al., 2004; Nakagaki et al.,
2004; Cardillo et al., 2006; Gastner & Newman, 2006).
To date, such comparisons of spatial networks have not
included the possibility of varying the link diameter; thus
all links are treated as having unit diameter but with
varying Euclidean length (Buhl et al., 2004; Nakagaki
et al., 2004; Cardillo et al., 2006; Gastner & Newman,
2006).
We compared local efficiency of the different network
configurations from the inoculum (or ‘root’, Gastner &
Newman, 2006) to all other nodes as the central inoculum is
the biologically relevant source of nutrients supplying the rest
of the mycelium. As there was no appropriate method to assign
varying cross-sectional areas to each link in the model MST or
DT networks, we compared the performance of the functional
network with uniform models based on the fungal topology,
or MST and DT networks constructed with constant crosssectional areas such that the total cost of the network remained
the same. Effectively we asked what the consequences for
transport would be if the fungus had chosen to allocate the
same amount of resource evenly over the existing network
or the MST and DT networks. In unweighted networks the
fully connected DT would be expected to perform better than
the MST. However, when the same amount of material was
distributed across the different networks, the DT performed
badly, with the ‘uniform’ fungal network and MST about 2fold better. The real network outperformed all of them by a
considerable margin (Fig. 4C). By normalizing to the DT, the
local efficiency of the real network, uniform network and MST
were calculated as 4.4 ± 0.11, 2.22 ± 0.07 and 2.08 ± 0.12,
respectively (Bebber et al., 2007a). Thus, differential weighting
of links in the real network gave a >4-fold improvement in
local efficiency, in comparison to a fully connected uniform
network constructed with the same total cost. Importantly,
the biological system achieves this level of performance
without centralized control by implementation of local
rules.

The developing network architecture confers high robustness
High transport capacity and low construction cost could have
come at the expense of other network properties, such as
robustness to damage, as there is no a priori reason why
link weight allocation for one feature necessarily enhances
another. This is clearly seen in the improved global transport
efficiency of the uniform MST, even though the MST would
be expected to be very vulnerable to disconnection during
attack. In nature, mycelial cords can be broken by physical
disturbance or attack by mycophagous animals (Kampichler
et al., 2004). To test whether the structure of the fungal
networks was robust to directed attack, we compared the
effects of link breakage on models of the functional fungal
networks to the corresponding uniform network, MST and
DT, built with the same overall cost. We chose to look at
link breakage rather than node removal, which is commonly
used in other networks, as the cord is the biologically relevant
target for attack. We assumed that the probability of breakage
decreased with the cord thickness and increased with length,
that is long, thin links were more likely to break than
short, thick ones. As with the transport efficiency measures,
we compared the robustness of the differentially weighted
network to the uniform models, in which all links were
assigned the same thickness to give a constant overall cost.
The robustness was defined as the fraction of the total material
cost of the network that remained connected to the inoculum,
when a certain fraction of the total link cross-sectional area
was broken (Bebber et al., 2007a).
As expected, the MST fell apart very quickly, with 50%
of the mass of the network becoming disconnected after
approximately 10% of the links had been removed (Fig. 4D).
However, the real fungal networks had greater robustness
to link removal than the uniform model or the DT
(Fig. 4D). The real network matched the DT until
approximately 40% of link area had been removed, but then
maintained a stronger connected core that was robust to
damage following removal of a considerable proportion of link
area (Fig. 4D). Thus, the differential strengthening of a subset of links that imparted high local transport capacity also
conferred robustness, particularly to targeted attack in the
developing mycelial network.
Given that we have methods to image nutrient movement
in these microcosms, we were interested to compare the
predictions made by the theoretical network analysis to the
actual pattern of nutrient movement in the same microcosms.
We therefore added 14 C-AIB at the end of the growth period
and used PCSI to map movement over the first full oscillation
(Fig. 4E). The pre-determined topological network was then
superimposed on the 14 C-AIB image to extract the amount of
AIB present in each link (Fig. 4F). At the moment we have only
considered the integrated 14 C-AIB intensity, which represents
a measure of the amount of material present rather than the
flux directly. Ideally we would like to calculate the total flux
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through each link using knowledge of the amount of 14 CAIB appearing further downstream. This is challenging as it
requires assumptions about the flow pathway to reallocate the
AIB signal correctly. Nevertheless, as a first approximation
we have compared 14 C-AIB maps with various network
parameters such as link weight (Fig. 4G), link evolution,
based on linear regression of the change in link weight with
time (Fig. 4H and I) or betweenness centrality (BC), defined
as the number of shortest paths passing through each link
(Fig. 4J and K). In each case, a number of different populations
of links were identified. The most prominent were a cluster
with high 14 C-AIB but low link weight, link evolution or
BC, corresponding to the tips where the AIB accumulated.
For the other links there was some degree of correlation
between the AIB distribution and the network parameter.
Equally, the AIB pattern did not always match expectations.
For example, in Fig. 4E and F, there is no obvious reason why
there should be substantial accumulation on the right-hand
side of the colony and essentially no transport beyond the new
resource based on the distribution of link weight (Fig. 4B), link
evolution (Fig. 4H) or BC (Fig. 4J). There are clearly additional
features governing the control of nutrient distribution that
cannot be captured by simple predictions of flow based solely
on network measures or shortest path calculation. We are
currently exploring models that incorporate full parallel flow
solutions to transport across the network instead of shortest
path calculations, which are computationally simpler but
perhaps less relevant, to a system with physical flows obeying
conservation laws.
Conclusions
The imaging approaches described here provide a rich source
of new information on the dynamic behaviour of nutrient
translocation in saprotrophic basidiomycetes. So far most of
our results have been derived for a single fungus, P. velutina
– we are now expanding the range of species examined 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.
At the level of individual hyphae, we now need to expand the
vacuole diffusion model to accommodate parallel transport
pathways in the vacuole, cytoplasm and apoplast. This would
then provide a complete transport model for movement
in single branching, hyphae, most appropriate for the
peripheral growth zone before aggregation and cord formation
is initiated. Nevertheless, parametizing and experimentally
validating the scaled-up model and bridging the gap from the
millimetre to the centimetre range is challenging. The simplest
approach would be to adapt the same fluorescence techniques
to the whole colony level. However, we have not yet been
successful in loading sufficient dye to image transport clearly
in the complex hyphal system behind the growing margin and
are not optimistic that the same FRAP approach is feasible
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on a centimetre scale. Conversely, scintillation imaging works
extremely well on a centimetre scale but does not have the
spatial resolution to link up with the fluorescence techniques
on a millimetre scale. Furthermore, we have a very poor
understanding about the interface between transport through
multi-hyphal aggregates in cords and the individual hyphae
at the margin, even at the anatomical level. These structures
have so far proved difficult to investigate, even using confocal
microscopy, when they are growing in their natural dry state,
but at least their anatomical details might succumb to serial EM
sectioning and three-dimensional reconstruction following
fixation.
It is already clear from the rate of radiolabel movement
observed in developing corded systems, that the diffusion
model used for vacuole transport in individual hyphae is
not sufficient to describe transport at this scale. Our current
expectation is that formation of vessel hyphae in cords opens
up a suitable conduit for long-distance mass flow behind the
margin in which the maximum flux scales with the number
of tips subtended by each cord. We will need to develop
models that capture both the rate of movement and the
developing network pathway that forms. Characterization of
mycelial networks is in its infancy, and the simple models
predicting transport through such networks, so far based on
shortest path considerations through the weighted network,
only capture part of the experimentally determined transport
behaviour. In particular, phenomena such as route switching
and pulsatile transport are impossible to integrate into a simple
model based solely on the architecture of the system. Models
that include parallel-flow pathways and evolution of the
network should improve the match between simulation and
experiment, but we are currently a long way from identifying
the rules that would allow the network to iteratively refine its
structure and transport behaviour. Nevertheless, we feel that
the network approach has provided a way of quantifying and
analyzing complex fungal systems for the first time and also
makes it possible to link measurements on microcosms in the
laboratory to observations of networks in the field. Although it
is possible to use radiolabels non-invasively in the field, albeit
without continuous imaging, it is more straightforward to use
heavy isotope labelling and destructive sampling to determine
nutrient translocation on a scale of several metres in excavated
network systems (Bebber et al., unpublished). Tracking heavy
isotope distribution is a standard approach to study nutrient
fluxes in ecosystems, so experimentally validated fungal
models up to and including this level could integrate well with
larger scale modelling of fungal saptrotrophs in ecosystem
scale nutrient cycles.
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