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Abstract  18 

The white-rot fungus, Physisporinus vitreus, degrades the membranes of bordered pits in 19 

tracheids and consequently increases the permeability of wood, which is a process that can be 20 

used by the wood industry to improve the uptake of wood preservatives and environmentally 21 

benign wood modification substances to enhance the use and sustainability of native conifer 22 

wood species. To understand and apply this process requires an understanding of how a complex 23 
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system (fungus–wood) interacts under defined conditions. We present a three-dimensional fungal 24 

growth model (FGM) of the hyphal growth of P. vitreus in the heartwood of Norway spruce. The 25 

model considers hyphae and nutrients as discrete structures and links the microscopic 26 

interactions between fungus and wood (e.g. degradation rate and degree of opening of pits) with 27 

macroscopic system properties, such penetration depth of the fungus, biomass and distribution of 28 

destroyed pits in early- and latewood. Simulations were compared with experimental data. The 29 

growth of P. vitreus is characterized by a stepwise capture of the substrate and the effect of this 30 

on wood according to different model parameters is discussed.  31 

 32 

Keywords: bordered pit, filamentous fungus, fungal colony, mycelia modelling, Picea abies  33 

 34 

1 Introduction  35 

Hyphal growth and the impact of a fungus are inextricably linked to the underlying substrate and 36 

the extracellular digestion of organic matter. The interplay among the chemical composition of 37 

the substrate and the concentration of its components, the geometrical structure of the substrate 38 

and fungal enzymes determine the growth of fungi. Normally, the natural resources of fungi are 39 

physically and chemically complex and structured in space, and often the natural nutrient sources 40 

are not continuously uniform, but spatially discrete and heterogeneously distributed. The discrete 41 

form of the nutrient source depends on the modelling scale, as well as the porous structure of 42 

many natural substrates such as soils or wood.  43 

Wood is a porous material with a complex cellular and hierarchical structure (Fig. 1). On 44 

the macroscopic scale, wood consists of growth rings. The three orientations of wood are 45 

denoted as longitudinal (along the trunk), radial (from the pith to the bark) and tangential 46 



(tangent to the growth rings). In regions of the world with distinct seasons the growth rings 47 

correspond to the stem’s annual increase in diameter. On the mesoscopic scale, the growth rings 48 

are formed of cells that vary significantly in their geometry and dimensions according to their 49 

function. To transport nutrients at the beginning of the vegetative period the tree produces wood 50 

with a high porosity (early-wood), whereas latewood is more dense in order to stabilize the tree. 51 

At the microscopic level the lumens of the cells (i.e. the voids within the cells) are 52 

interconnected through pits. In softwood there are mainly two types of cells: tracheids and rays, 53 

which are positioned radially in order to transport nutrients across the growth rings. The pits 54 

connecting adjacent tracheids (i.e. bordered pits) have a membrane that controls fluid flow in the 55 

tree and most of the bordered pits are located in the radial walls of the tracheids [1]. Partial 56 

pitting exists on tangential walls [2, 3]. The pits connecting tracheids and rays are much smaller 57 

(i.e. half-bordered or pinoid pits). Wood is an opaque material, so to analyse its three-58 

dimensional structure, samples are usually sliced into thin sections and analysed by light 59 

microscopy [4, 5] or, for non-destructive analysis, X-ray tomography can be used [32]. At the 60 

submicroscopic level the cell wall is composed of layers of macromolecules, such as cellulose, 61 

lignin and hemicelluloses, which are the main nutrient sources of wood-decay fungi, besides 62 

water and oxygen. Over time, fungi have evolved different strategies to exploit these nutrients in 63 

complex substrates such as wood.  64 

Wood-decay fungi are classified into three types according to their decay pattern: brown 65 

rot, white rot (i.e. selective delignification and simultaneous rot) and soft rot (types 1 and 2). An 66 

overview of wood decay fungi is presented by Schmidt et al. [7] and Schwarz et al. [8]. In the 67 

present work we studied the growth of the white-rot fungus, Physisporinus vitreus, in the 68 

heartwood of Norway spruce (Picea abies (L.) H. Karst.). Generally, in its primary stage of 69 



growth this fungus, which is a filamentous basidiomycete, selectively degrades the lignin and 70 

hemicelluloses of wood. In the secondary stage it degrades cellulose [9]. Schwarze and 71 

Landmesser [10] have reported that P. vitreus also degrades pit membranes in the heartwood of 72 

Norway spruce and that this degradation of pit membranes is pronounced in the primary stage of 73 

growth [11, 12]. Therefore, in the initial stage of its growth P. vitreus significantly increases the 74 

water uptake by wood without significantly reducing the breaking strength of the wood [26, 22], 75 

but it alters the breaking strength during the secondary stage of its growth. Thus, P. vitreus can 76 

be use for biotechnological applications, e.g. as shown by Lehringer et al.[15, 16]. 77 

The growth and impact of P. vitreus have been the subject of many previous studies, 78 

although most have dealt with the decay pattern of the fungus [10, 16] or have tried to quantify 79 

the effect of the fungus on macroscopic wood properties such as density [10], Young’s modulus 80 

and sound velocity [12], and permeability [13, 14]. Lehringer et al. [16] used light microscopy to 81 

quantify the patterns of decay of bordered pits, half-bordered pits and cell walls and classified 82 

these elements according to fungal activity as ‘intact’, ‘degraded’ or ‘strongly degraded’. 83 

However, physical quantification of the microscopic decay patterns of the fungus is difficult, 84 

because of the opacity of wood and the heterogeneity of its structure, so mathematical modelling 85 

can potentially be a powerful and efficient method of investigation. 86 

Computational modelling in combination with laboratory experiments can give a deeper 87 

insight into the complex interactions between organisms and their environment. For example, 88 

irreversible growth has been extensively investigated in the context of cancer growth, dendritic 89 

growth, gelation and penetration in porous media [17, 18, 19, 20]. The irreversible hyphal 90 

growth and expansion of P. vitreus can be modelled by stochastic processes in both time and 91 

space. Wood-decay fungi and their substrates have complex cellular structures from the 92 



nanoscopic to the macroscopic level (Fig. 2). Growth of filamentous fungi, especially in such 93 

‘multi-scale’ materials as soils or wood, is a challenge to quantify and different modelling 94 

techniques have been used [21, 22]. Modelling of filamentous fungi on the colony scale is 95 

difficult because the processes governing the growth of the mycelium occur on different scales; 96 

for example, uptake of nutrients occurs on the microscopic scale, whereas the transport of 97 

nutrients takes place on the meso- or even macroscopic scale. To link the various scales in 98 

structured and unstructured soils, Boswell [23] developed hybrid discrete–continuum models of 99 

fungal growth in which hyphae are considered as individual discrete structures and nutrients are 100 

modelled as continuous variables. A review of lattice-based and lattice-free models linking 101 

hyphal growth to colony dynamics is presented by Boswell and Hopkins [24]. 102 

The focus of our investigation was the effect of microscopic parameters, such as the 103 

degradation rate, degree of opening of pits and pellet (i.e. starting node) concentration, on 104 

macroscopic system properties, such as the penetration depth of the fungus, biomass, distribution 105 

of destroyed pits and resultant changes in the wood’s permeability. By comparing the 106 

macroscopic system properties obtained from simulations with the results of laboratory 107 

experiments we hope to improve our understanding on how a complex and difficult to observe 108 

system, such as fungus–wood, interacts on the microscopic scale under defined conditions. For 109 

this purpose we devised a lattice-free three-dimensional fungal growth model (FGM) that 110 

considers hyphae and nutrients as discrete structures. This FGM is, to our knowledge, the first to 111 

simulate hyphal growth and the impact of wood-decay fungi. 112 

 113 

2 Description of the model 114 



The main focus of the FGM is the identification and investigation of key processes of hyphal 115 

growth (e.g. uptake of nutrients) and the resulting increase in wood permeability. In order to 116 

investigate these, we developed a model of the microscopic level, focusing on the wood’s 117 

structure and nutrients (i.e. the substrate) and the tree-like network of the fungus (i.e. the 118 

mycelium). Generally, the FGM reduces the enormously complex growth of P. vitreus to a pit-119 

to-pit growth of individual hyphae: Starting from an initial state m = 0 at each iteration step m ∈ 120 

 the mycelium may be extended by one edge. This approach uses an adaptive time increment, 121 

which enables simulation of the growth of wood-decay fungi from the microscopic (μm) to the 122 

macroscopic scale (cm). We used a three-dimensional FGM because of the distinct properties of 123 

Norway spruce wood in the longitudinal, radial and tangential directions. The interaction of a 124 

fungus with the underlying substrate is enormously complex because of the many feedback 125 

mechanisms. The aim of our model is to reduce a complex (biological) system to the essential 126 

key processes governing the growth of the fungus and we consider that a model that includes 127 

polarization, degradation, transport, branching, growth costs and direction of growth will 128 

describe the growth of P. vitreus in wood sufficiently for our purpose. 129 

 130 

2.1 Substrate (Wood) 131 

Norway spruce is a softwood consisting mainly of two cell types. Tracheids are the main cells 132 

(90-95%) and the rest are parenchymal cells. During its primary stage of growth P. vitreus 133 

degrades the lignified pit membranes of Norway spruce heartwood [10]. The FGM reduces the 134 

complex structure of the wood to a network of tracheids (cell walls) connected by bordered pits 135 

(nutrient source). Rays and other types of cell wall breaches, such as pinoid pits, are not 136 

considered in the model. 137 



 The nutrient source is what fungal enzymes act upon. The model assumes that all the 138 

essential substances for fungal growth, such as lignin and water, are concentrated in the 139 

membranes of bordered pits. The fungus degrades the pit membranes by extracellular digestion 140 

and the pit membranes are modelled as points with the attributes 141 

  

 (1) 

where Rj denotes the coordinates of an arbitrary nutrient point (j), NP is the number of nutrient 142 

points in the system and the variable Fj
(m)

 describes the available amount of nutrients at point (j) 143 

at iteration step m; ν denotes the initial (m = 0) amount of nutrient at point (j). By degrading the 144 

lignified pit membrane P. vitreus opens the closed connection between two adjacent tracheids, 145 

which allows the fungus to exploit the wood and capture the resource. Thereby, the fungus 146 

increases the wood’s permeability. We assume that the fungus is able to cross the degraded pit 147 

membrane and grow into the pits of adjacent tracheids if 148 

 (2) 

where κ ∈ [0,ν] denotes a specific opening threshold. 149 

Cell walls are the substratum on which the hyphae grow. During the primary growth 150 

phase we assume that extracellular enzymes secreted by hyphae do not interact with the cell 151 

walls. Hyphal degradation of cell walls commences mainly during the secondary stage. In the 152 

present model only the primary stage of hyphal growth is taken into account. Cell walls are 153 

additional boundary conditions within the system: they determine the distance between the pit 154 

membranes and limit the accessible set of pit membranes for the fungus.  155 

Figure 3 shows the model wood composed of cell walls and nutrient sources. The 156 

tracheids are polyhedrons with six faces. In the model, all tracheids have the same dimension in 157 



tangential w2, as well as in the longitudinal w3 directions. In order to model a growth ring, the 158 

tracheid width, w1, differs for early-, transition- and latewood. The pits are randomly uniformly 159 

distributed along the cell walls according to specific pit densities that depend on the orientation 160 

of the underlying cell wall (i.e. tangential or radial pitting) and the position of the cell wall axis 161 

within the growth ring (early- and latewood pitting). In order to model overlapping tracheids pits 162 

are also located at the tracheid end faces. Differences in size and shape between early- and 163 

latewood pits and parenchyma cells (rays) are not considered in this model. 164 

 165 

2.2 Mycelium (Fungus)  166 

An aggregation of edges and nodes form the mycelium. The edges connect the nodes and 167 

represent the filaments, which are the framework of the mycelium. The nodes are at the sites of 168 

the pits. Thus, 169 

 
  

  (3) 

   

where Nk
(m)

 denotes the number of nodes in the system at iteration step m, ri represents the 170 

coordinates of node (i); R is a vector containing the coordinates of the pits; and fi
(m)

 is the amount 171 

of nutrient at node (i). The variable bi denotes the iteration step at which node (i) is added to the 172 

mycelium. The consumption of nutrients is irreversible. The nodes are connected by edges. The 173 

adjacency matrix of the network has the order (Nk
(m) 

x Nk
(m)

) and is defined as 174 

  

 (4) 



  

where each entry of ain
(m)

 represents a connection between two nodes, (i) and (n), receiving the 175 

values of 1 and 0 for connected and unconnected nodes, respectively. Thus, the degree qi
(m)

, the 176 

total length li
(m)

 of mycelium associated with a node (i) and the orientation of a node ci
(m)

 177 

are given by 178 

 
(5) 

 (6) 

 
(7) 

where  denotes the Euclidian norm. The total hyphal length of the mycelium at iteration step 179 

(m) is given by summing Eq. 6 over i.  is the HEAVISIDE step function defined as 180 

 (8) 

There is no restriction concerning the crossing of edges. The model omits autolysis and growth is 181 

irreversible. A node with the degree of 1 is called a tip node and nodes with more than one edge 182 

are link nodes. Figure 4 shows the network consisting of edges and nodes. The key processes 183 

(i.e. polarization of growth, hyphal growth, uptake and concentration of nutrients and branching 184 

(lateral and apical)) describe the dynamics of this network and therefore the growing mycelium. 185 

For filamentous fungi the dynamics of the mycelium are dominated by the extension of 186 

the filaments at the tips. This apex-located building up of cell walls, called polarization of 187 

growth, distinguishes filamentous fungi and is a key aspect of their morphogenesis [25]. The 188 

hyphal tip growth is supported by a Spitzenkörper. These sub-apical phase-dark structures found 189 



in higher fungi play an important role in the growth and orientation of the hyphal tip [9]. The 190 

Spitzenkörper seems to work as a switching station between the incoming vesicles transporting 191 

components for the cell wall and the synthesis of the proteins comprising the cell wall. In higher 192 

fungi, hyphal morphogenesis seems to be inextricably linked with the existence of a 193 

Spitzenkörper. In order to simulate the dynamics of mycelium we introduced the concept of 194 

polarization and Spitzenkörper into the model. The continuous hyphal growth of every polarized 195 

fungal cell is modelled by a sequential growth algorithm (i.e. the FGM). Starting from an initial 196 

state m = 0 at each iteration step m ∈  ONE active node (polarization p > 0) is chosen with a 197 

probability P, using uniformly distributed random numbers, and the mycelium may extended by 198 

ONE edge. The probability P of adding an edge to node (i) at iteration step m is 199 

. (9) 

The polarization pi
(m)

 of an arbitrary node (i) of the mycelium is given by 200 

 (10) 

where si
(m)

 is the number of Spitzenkörper at node (i). We define a node as polarized if pi > 0. 201 

Spitzenkörper arise from branching and more than one Spitzenkörper per node is possible. The 202 

number si
(m)

 of Spitzenkörper at node (i) is given by 203 

, (11) 

, 
(12) 

where δij is the Kronecker delta and [·] is the entire function. The total number of Spitzenkörper 204 

in the system at iteration step m is calculated by integrating Eq. 11 over i. βi

(m) 
introduces a 205 



specific branching threshold that depends on the degree of node (i), i.e. apical (qi
(m) 

= 1) or lateral 206 

branching (qi
(m) 

> 1). 207 

Branching is very common in nature, from river networks to living organisms such as 208 

fungi [26], which show two types of branching: apical and lateral. If the concentration of 209 

nutrients fi
(m)

 on a link node (lateral) or tip node (apical) exceeds the concentration of 210 

, then branching occurs and the number of Spitzenkörper is incremented by one. βt or 211 

βs are specific thresholds for apical (qi
(m) 

= 1) or lateral branching (qi
(m) 

> 1). 212 

As noted before, the FGM is implemented as a sequential algorithm and grows the 213 

mycelium by one edge each iteration step m. We define the real (laboratory) time increment by 214 

 (13) 

where L
(m) 

is the length of the edge added to the mycelium at iteration step m, µ is the mean 215 

hyphal growth rate, which is equivalent to the averaged velocity of hyphae measured from 216 

laboratory experiments, and NS
(m)

 is the total number of Spitzenkörper in the system. Therefore, 217 

the algorithm of the FGM has to run NS iteration steps to simulate the simultaneous extension of 218 

the mycelium at NS polarized (pi > 0) nodes. If no edge is added to the mycelium (i.e. no event) 219 

then the time increment dt
(m) 

= 0. The real time t is calculated by integrating Eq. 13 over m.  220 

We define the hyphal growth rate as the growth velocity of a single hypha and the mean 221 

hyphal growth rate as the averaged growth velocity of several hyphae at a specific region of a 222 

colony (e.g. the growth front). The mean hyphal growth rate can be evaluated from laboratory 223 

experiments, in our case the radial expansion of a colony on malt extract agar (MEA) at 22°C 224 

and pH 5 for different levels of water activity (aw). The aw is defined as the vapour pressure of a 225 

liquid divided by that of pure water at the same temperature. Schubert et al. [27] found that, apart 226 



from nutrients and oxygen supply, pH and aw play an important role in substrate colonization. On 227 

basic MEA medium the optimal conditions for growth of P. vitreus are aw = 0.998, 20°C and pH 228 

5. To reduce the FGM to its essential processes we assume that changes in aw, temperature and 229 

pH only affect the mean hyphal growth rate μ. We omit effects of the substrate ( e.g. swelling 230 

and shrinking of wood) and assume that the hyphal growth rate is the same in the whole colony 231 

from the front to the pellet.  232 

Uptake and concentration of nutrients takes place at the nodes. The evolution equations 233 

for the nutrient concentration of a node (i) and a pit (j) after m iteration steps are defined by Eqs 234 

14–19. The terms  and  describe transport processes, while  and  are the degradation 235 

rate and the costs of growth, respectively 236 

 (14) 

 

(15) 

 

(16) 

 

(17) 

 

(18) 

 (19) 

 and  are the initial and continuous degradation rate, respectively, and ε is the growth costs.  237 



Wood-decay fungi are aerobic organisms producing CO2, water and energy from wood 238 

by respiration. They break lignin by oxidoreductase and the degradation of cellulose and 239 

hemicelluloses is predominantly by hydrolases [28]. Physisporinus vitreus secretes ectoenzymes, 240 

such as laccase, to metabolize lignin. In our model the degradation rate Δ
ij

(m,bi) 
represents a more 241 

mechanistic view of nutrient uptake by the fungus; that is, if a hypha reaches a pit the transport 242 

distance of nutrients to the hyphal tip is very short. Thus, in this initial phase we assume that a 243 

hyphal tip accumulates specific amount of nutrients  and in a second phase the fungus 244 

consumes the nutrients by a constant rate  (see Eq. 15).  245 

Transport mechanisms are essential for the growth of filamentous fungi and their hyphae 246 

in a mycelial network. The mechanisms of nutrient translocation in fungi have not yet been 247 

characterized in detail, but a mixture of mass flow, diffusion, cytoplasmic streaming and specific 248 

vesicular transport is observed. To encompass these complex biological processes we introduce 249 

simple mechanisms into the model, described by  and  in Eq. 16. 250 

We assume that a specific hyphal length supports a tip node. The supporting length 251 

corresponds to the adjacent nodes, as well as to the neighbouring adjacent nodes described by 252 

terms 1 and 2 in Eqs 17 and 18. If the mycelium is extended by one edge, a proportion of the 253 

nutrients, depending on the number of Spitzenkörper at the specific node, are transferred to the 254 

new tip node. 255 

 The direction of hyphal growth depends on the distance and orientation of the node to 256 

the reachable pits. For a hyphal node, all pits within the same tracheids, as well as the pits of 257 

adjacent tracheids, can be reached if the pit membrane at the underlying hyphal node is open, 258 

that is, degraded by the fungus (see Eq. 2). After choosing a node (i) according to its polarization 259 

every pit (j) fulfilling the conditions  260 



 

and 

 

(20) 

is chosen with the same probability using uniformly distributed random numbers. The model 261 

parameters  and  describe the direction of growth. At first glance, this approach appears too 262 

simple, because of the predominantly forward motion of a hypha [29]. However, wood does in 263 

fact canalize hyphal growth, because of the directed distribution of the pits and cell walls, which 264 

restricts the available nutrients.  265 

Fungi require nutrients in order to elongate their hyphal cells. In our model the growth 266 

costs or nutrients used to synthesize a specific number of hyphal cell walls depend linearly on the 267 

length of a new edge (see Eq. 19). The concentration of nutrients fn
(m)

 in the adjacent node n is 268 

then reduced by . The mycelium is extended by one edge if fn
(m) 

of the nutrients in the 269 

adjacent node n is larger than . If fn
(m)

 < , growth ceases and no edge will be added 270 

to node n.  271 

 272 

3 Simulation  273 

The FGM is a sequential algorithm consisting mainly of three stages. At the beginning, the 274 

model is initialized and the boundary conditions are set. The simulation starts at iteration step m 275 

= 0 by defining the initial state of the mycelium. Typically, the mycelium simply consists of 276 

nodes placed with a density of nk
0
 on the surface of the wood specimen. These starting nodes (i.e. 277 

the pellets) have a node degree qi
0
 = 0, an initial number of Spitzenkörper si

0
 = ns

0
, nutrient 278 

concentration fi
0
 = nn

0
 and orientation ci

0
 = nc

0
. Next, the evolution of the mycelium starts by 279 



executing the FGM for as long as the simulation’s end is not reached and consists of the 280 

following sequential processes. First, a polarized node (pi > 0) of the mycelium is chosen 281 

randomly using uniformly distributed random numbers according to Eqs 9 and 10 (polarization). 282 

The mycelium is extended by one edge (growth) if pits are available in the vicinity of the chosen 283 

node (Eq. 20) and the nutrient source is larger than the growing cost (Eq. 19) of extending the 284 

mycelium to the next pit. Next, the real time increment is calculated according to Eq. 13 and all 285 

pits underlying a node are degraded according to Eq. 14 (uptake and concentration). 286 

Subsequently, all nodes are checked if the condition for branching is fulfilled (branching). 287 

Finally, we check if the simulation’s end has been reached and if so, the macroscopic variables 288 

are estimated (e.g. the distribution of degraded pits).  289 

A typical simulation is shown in Fig. 5 using the model parameters given in Table 1 and 290 

one pellet (initial node). We use a rectangular Cartesian coordinate system with the base vectors 291 

e1, e2 and e3, where the unit vectors er = e1, et = e2 and er = e3 denote the radial, tangential and 292 

longitudinal directions, as shown in Fig. 1. The mean hyphal growth rate µ was estimated by 293 

laboratory experiments [30]. The wood sample consisted of 1,575 tracheids and 96,711 pits. At 294 

the beginning of the simulation all pits are closed (κ < ν) and have the same initial amount of 295 

nutrient ν. Initially, the pellet has the attributes ns
0
 = 1, nn

0
 = 3βt/2 and nc

0
 = e1 = [0 0 1]. In order 296 

to model unlimited extension of the specimen in the radial and tangential directions, periodic 297 

boundary conditions are imposed to all faces of the specimen, normal to the given directions. 298 

When a hypha passes through such a face, it reappears at the opposite face. The simulation ends 299 

when all nutrients are exhausted or a specific number of time steps are reached. In Fig. 5 the 300 

simulation was interrupted after 4,000 iteration steps ( 2.5 day). 301 

 302 



4 Results and Discussion  303 

The growth and impact of wood-decay fungi is complex because of the heterogeneous structure 304 

of the substrate and the mechanism of the growing mycelium of these higher fungi. In the 305 

longitudinal direction the tracheids determine the course of the growing mycelium, whereas in 306 

the radial direction the rays canalize the hyphae. In the tangential direction the pits are the main 307 

pathway for the fungus to move from tracheid to tracheid. In the presented model the rays are not 308 

considered in order to reduce the complexity of the substrate. Therefore, the discussion will 309 

focus on the penetration of P. vitreus in the longitudinal and tangential directions only.  310 

In order to demonstrate the ability of our proposed model to simulate the growth and 311 

impact of wood-decay fungi, we discuss the growth pattern, growth characteristics and the 312 

impact of the fungus on the substrate and compare the results obtained from our simulations with 313 

experimental results. Unless otherwise specified, the parameters given in Table 1 are used 314 

throughout. 315 

 316 

4.1 Growth pattern  317 

Figure 6 shows the modelled growth of P. vitreus in the heartwood of Norway spruce after 1, 318 

1.5, 2 and 2.5 days, starting from a single pellet. The wood specimen consisted of 1,516 tracheids 319 

and 96,711 pits. Periodic boundary conditions were applied to surfaces in the tangential and 320 

radial directions.  321 

The hypha enters a tracheid and grows from pit to pit. The tracheids canalize the growth 322 

of the fungus in the longitudinal direction because of their cylindrical lumens and the initially 323 

closed pits. During growth along the tracheid in a longitudinal direction, the tip of the hypha 324 

splits several times, depending on the apical branching threshold. If the end of a tracheid is 325 



reached, the spread of the mycelium in the longitudinal direction ceases and the mycelium 326 

becomes more dense, because of the uptake of nutrients, and lateral branching occurs. After 327 

some time, the membranes of the bordered pits open (Fj
(m)

 < κ) and the fungus is able to colonize 328 

an adjacent tracheids, beginning the colonization process again. Therefore, the fungus colonizes 329 

the substrate in the stepwise growth pattern shown in Fig. 6 (d): only a few leading hyphae 330 

penetrate the adjacent tracheids in the longitudinal direction, while the bulk of the mycelium 331 

consists of nodes with coordinates ri·el < w3. Laboratory experiments confirm this characteristic 332 

growth pattern of P. vitreus [5].  333 

 334 

4.2 Growth characteristics 335 

In order to analyse the characteristics of growing mycelium in wood we use the same system and 336 

parameters as shown in Fig. 6, but with a different pellet density nk
0
 = 105 1/mm

2
, totalling 45 337 

pellets. A mean hyphal growth rate of µ = 1 mm/day corresponds to aw = 0.972, 22°C and pH 5 338 

[19]. Figure 7 shows the evolution of the number of Spitzenkörper NS with time. After 2 days the 339 

mycelium consists of approximately 52,000 nodes and edges and 6,400 Spitzenkörper. After a 340 

transient phase, the number of Spitzenkörper increases exponentially (see inset in Fig. 7). 341 

Between 0.2 and 1.4 days they fit the law a·exp(t/τ) with the parameters a = 49.8 and τ = 0.38 342 

and between 1.5 and 2.25 days a = 188 and τ = 0.56. Thus, between 0.2 and 1.4 days it takes 343 

approximately 1 day to increase the number of Spitzenkörper by a factor of 10. Most 344 

Spitzenkörper arise from apical branching and the first lateral branching occurs after 345 

approximately 0.5 days. The transient phase is more pronounced, with lateral rather than apical 346 

branching. Between 1 and 2.25 days the ratio of the number of Spitzenkörper arising from apical 347 

and lateral branching is approximately constant. 348 



For P. vitreus, aw is the most influential factor on the growth rate [27]. The different 349 

phases of growth, with a mean hyphal growth rate µ varying from 1 (aw = 0.972) to 2 (aw = 350 

0.982) mm/day), are shown in Fig. 8. For the different growth rates the penetration depth and 351 

shape of the growth front are similar. During 2 days of growth there are a transient phase and 352 

two phases of approximately exponential expansion. The mechanism is the same as the one 353 

shown in Fig. 6. In the transient phase the hyphae initiated from the pellets grow without any 354 

restrictions, which mean that at every iteration step the mycelium is extended by one edge, but 355 

the branching rate is low because of the low nutrient concentration. In this phase all branching is 356 

apical. After 12 hours the transient phase ends and the mycelium starts to grow exponentially, as 357 

long as the first row of tracheids in the longitudinal direction is colonized. After approximately 358 

36 hours the growth front penetrates adjacent tracheids in the longitudinal direction and reaches a 359 

phase of continuous tip production after 1.5 days, again as long as the next row of tracheids in 360 

the longitudinal direction is reached. Generally, the penetration of the fungus is characterized by 361 

alternating exponential (unrestricted) and restricted growth at a specific frequency. Obviously, 362 

this frequency depends on the length of the tracheids in the longitudinal direction.  363 

During unrestricted growth, the total hyphal length and the number of tips of the 364 

mycelium increase at the same rate. The ratio between the total length of mycelium and the total 365 

number of tips is a constant called the hyphal growth unit (HGU), first postulated by Plomley 366 

[31]. The HGU is the average length of a hypha associated with each tip of the mycelium and 367 

depends on the fungus and the environmental conditions (e.g. aw or temperature). In the present 368 

model between 0.5 and 1.5 days the HGU is approximately 350 and 550 μm for µ = 1.0 and µ = 369 

2.0, respectively. The smaller the mean hyphal growth rate the denser the mycelium. Figure 9 370 

shows the HGU plotted for different mean hyphal growth rates against time. Between 1 and 2.5 371 



days the HGU oscillates around 350 and 550 μm for µ = 1.0 and µ = 2.0, respectively. After 10 372 

and 28 hours the penetration depth of the growth front increases more than w3·and 2·w3, 373 

respectively. Thus, the oscillation occurs because of the stepwise invasion of the substrate in the 374 

longitudinal direction. The alternation of restricted and unrestricted growth phases seems to be a 375 

characteristic of P. vitreus. Obviously, the present model overestimates the fluctuations in the 376 

HGU because of the simple substrate used. In reality, the lengths of the tracheids are Gaussian 377 

distributed [1] and there are defects in the overlapping regions. In order to analyse the 378 

characteristics of the observed fluctuations, further qualitative and quantitative experiments and 379 

simulations are necessary. 380 

 381 

4.3 Impact on early- and latewood  382 

The distribution of pits in Norway spruce wood is inhomogeneous. Because of the different 383 

function of the tracheids in early-wood (nutrient transport) and latewood (stability of tree), most 384 

of the bordered pits are located in the early-wood tracheids and both the size and number of 385 

bordered pits in latewood is smaller. Therefore, the intensity of fungal activity in the first stage 386 

of growth strongly correlates with the underlying substrate, because of the different amounts and 387 

availability of nutrients in early- and latewood.  388 

Figure 10 shows the number of open pits plotted against time for different mean hyphal 389 

growth rates. The number of open pits increases exponentially with time, and surprisingly, there 390 

are no fluctuations resulting from the stepwise growth.  391 

In order to analyse fungal activity in early-, transition- and latewood we use a model 392 

specimen with 25, 40 and 100 tracheids/mm, respectively, in the radial direction, with a pellet 393 

density of 25 mm (Fig. 5a). Thus, early-, transition- and latewood occupy the same volume. The 394 



simulation parameters are the same as shown in Table 1, except for the growth cost ε. Figure 11 395 

shows the mycelium, the distribution of remaining nutrients and the number of open pits (see Eq. 396 

2) for all pits occupied by more than one node after 2.5 days of incubation for ε  [10
−4

, 10
−3

]. 397 

Generally, there is much higher fungal activity in early- and transition wood than in 398 

latewood with regard to the amount of mycelium, the growth front and the number of degraded 399 

pits. Because of the strong correlation between the number of open pits and the remaining 400 

nutrients we focus our analysis on the number of open pits. The difference in the number of open 401 

pits in early-, transition-and latewood for ε = 10
−4

 and ε = 10
−3

 is approximately 35%, 11% and 402 

43%, respectively. In total, after 2 days approximately 77% and 75% of the occupied pits are 403 

open for ε = 10
−4

 and ε = 10
−3

, respectively, while the absolute number of open pits is 404 

approximately 17% higher in measurement Fig. 11 (c) than in Fig. 11 (d). As anticipated, the 405 

cost of growing affects the number of occupied pits and the growth front: the higher the growth 406 

cost the smaller the polarity and therefore the velocity of the fungus.  407 

A detailed view of the distribution of open pits in measurement Fig. 11 (c) shows that, 408 

surprisingly, there is a significant difference in the number of open pits: after 2 days of 409 

incubation approximately 71%, 91% and 55% of occupied pits are open in early-, transition- and 410 

latewood, respectively. Because of the linear degradation rate , we would expect 411 

approximately the same proportion of open pits, but the mean number of nodes per pit in 412 

transition wood is higher than in early- and latewood. Thus, the initial degradation rate plays an 413 

important role by opening the pits and therefore enhancing the spread of the mycelium in the 414 

tangential and radial directions. Latewood seems to be less accessible to hyphae than early- and 415 

transition wood.  416 



The lower accessibility of latewood regions by P. vitreus was also supposed by Lehringer 417 

et al. [16], because of the cavities and notches that are mainly in the latewood. Perhaps P. vitreus 418 

creates its own voids in order to colonize regions of Norway spruce with fewer and smaller pits. 419 

If we compare the distributions between studies, there is a difference: Lehringer et al. [16] found 420 

no significant differences between the degradation of bordered pit membranes in early- and 421 

latewood whereas in our simulation the number of strongly degraded pits (fi
(m)

 < 0.2·ν) was 422 

higher in early-wood than in latewood (Fig. 11). However, this result depends on the definition 423 

of ‘strongly degraded’ and the incubation conditions. Thus, further qualitative and quantitative 424 

experiments and simulations are necessary to explain the colonization strategy of the fungus.  425 

 426 

5 Conclusion  427 

We present a three-dimensional mathematical model of hyphal growth and the impact of the 428 

white-rot fungus P. vitreus. The model focuses on the structure of the wood (i.e. nutrients and 429 

substrate) and the tree-like network of the fungus (i.e. the mycelium), the evolution of which 430 

with time is governed by key processes such as polarization, uptake and transport of nutrients 431 

and the cost of growth. The model reduces the enormously complex growth of P. vitreus to a pit-432 

to-pit motion of individual hyphae. Such an approach uses an adaptive time increment, which 433 

enables simulation of the growth of P. vitreus from the microscopic (μm) to the macroscopic 434 

scale (cm).  435 

We found that the fungus captures the substrate in a stepwise pattern, with alternating 436 

phases of restricted and unrestricted growth, and we compared the simulation results 437 

qualitatively with experimental results [5, 16]. We found that fungal activity in early-wood is 438 

much higher than in latewood after 2 days of incubation, whereas Lehringer et al. [16] found no 439 



significant differences in fungal activity. The discrepancy in these findings may be explained by 440 

the different observation times, but further qualitative and quantitative experiments and 441 

simulations are necessary to explain the colonization strategy of the fungus.  442 

In particular, the influence of tracheid length on the penetration velocity of wood-decay 443 

fungi in the longitudinal direction is of interest, as well as the impact of the fungus on the 444 

substrate (e.g. changes in permeability). In order to simulate the permeability changes induced by 445 

P. vitreus, a more accurate wood model in terms of pit distribution and pit size, as well as 446 

parenchymal cells, is essential. Images from synchrotron radiation tomography show the 447 

anatomical features of wood, such as pits and rays, and confocal laser scanning microscopy 448 

offers a technique for measuring the evolution and spatial distribution of biomass in wood. These 449 

microscopic techniques will enable the development of a more realistic model that includes 450 

anastomosis, metabolism and the presence of an inhibitor.  451 

Generally, hyphal growth models are limited up to the centimetre scale because of the 452 

growth of millions of hyphal tips in the small specimens of wood. However, we consider that the 453 

present model enables analysis of the effects of microscopic parameters, such as the degradation 454 

rate and degree of opening of pits, on macroscopic system properties such as penetration depth of 455 

the fungus, biomass and distribution of destroyed pits in early- and latewood. This understanding 456 

of how complex systems (e.g. fungus-wood) interact under defined conditions is crucial for the 457 

biotechnological applications of P. vitreus. 458 
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 539 

Figure captions 540 

Figure 1: Cellular structure of wood. Tracheids and rays comprise the cellular structure of 541 

Norway spruce (Picea abies [L.] H. Karst.). Bordered and pinoid pits connect the cell lumens 542 

(voids within the cells). The cells vary significantly in their geometry and dimensions and form a 543 

growth ring consisting of a continuous transition from early-wood (high porosity) and transition-544 

wood to latewood (low porosity). As shown, at the boundary between adjacent growth rings 545 

there is a sharp transition from early- to latewood. The three orientations of wood are denoted as 546 

longitudinal (L), radial (R) and tangential (T). 547 

Figure 2: Hierarchical structure of wood and fungi. Wood-decay fungi and their substrates have a 548 

complex cellular and hierarchical structure from the nanoscopic to the macroscopic scale. 549 

Modelling wood-decay fungi is a challenge because of the processes governing the growing 550 

mycelium being performed on different scales (e.g. uptake of nutrients on the microscopic scale 551 

while transport of nutrients takes place on the macroscopic scale). 552 



Figure 3: Model of Norway spruce wood. The model reduces the complex wood structure to a 553 

network of tracheids connected by bordered pits. The pits are randomly uniformly distributed 554 

with density ρ along the cell wall axis (dotted line), depending on the orientation of the 555 

underlying cell wall (tangential or radial pitting) and the position of the cell wall in the growth 556 

ring (early- and latewood pitting). In order to model a growth ring, the tracheid width w1 for 557 

early-, transition- and latewood differs. 558 

Figure 4: Model of Physisporinus vitreus. An aggregation of edges and nodes forms the 559 

mycelium. The position of the nodes is restricted to the pits. Spitzenkörper denote polarized 560 

nodes. Branching occurs if the concentration of nutrients at a node exceeds a specific threshold. 561 

Figure 5: Specimens used throughout the study. (a) Typical simulation: penetration of the fungus 562 

(black) after 1 day (approximately 100 iteration steps of the fungal growth model) in the 563 

longitudinal direction using the parameters shown in Table 1. The wood sample (grey) consists 564 

of 1575 tracheids and 96,711 pits. Periodic boundary conditions are applied to the specimen’s 565 

faces, normal to the tangential (T) and radial (R) directions. In this case fungal growth started 566 

from a single initial node (pellet) with one Spitzenkörper. (b) In order to analyse fungal activity 567 

in early-wood (EW), transition-wood (TW) and latewood (LW) we used specimens consisting of 568 

25, 40 and 100 tracheids/mm, respectively, in the radial direction, with a pellet density nk
0
 = 25 569 

1/mm
2
. Thus, EW, TW and LW occupy the same volume. 570 

Figure 6: Evolution of the mycelium. (a)–(d) Growth of the fungus Physisporinus vitreus in 571 

heartwood of Norway spruce after 1, 1.5, 2 and 2.5 days, starting from a single pellet. The wood 572 

specimen consisted of 1516 tracheids and 96,711 pits. Periodic boundary conditions were applied 573 

to surfaces in the tangential and radial directions. The model parameters are given in Table 1. 574 

After 2 days, only a few leading hyphae have penetrated into adjacent tracheids in the 575 



longitudinal direction and the bulk of the mycelium remains in the first section of the specimen 576 

(nodes with coordinates ri·el < w3). 577 

Figure 7: The number of Spitzenkörper plotted against time for a mean hyphal growth rate of μ = 578 

1.0 mm/day. Between 0.2 hours and 1.4 days the Spitzenkörper evolution fits an exponential law 579 

a·exp(t/τ) with the parameters a = 49.8 and τ = 0.38. Most Spitzenkörper arise from apical 580 

branching. Between 1.4 and 2.25 days the ratio of the number of Spitzenkörper arising from 581 

apical and lateral branching is approximately constant. 582 

Figure 8: The number of Spitzenkörper plotted against time for hyphal growth rates varying from 583 

μ = 1.0 to μ = 2.0 mm/day. During 2 days of growth there are a transient phase and two phases of 584 

approximately exponential expansion. Generally, the penetration of the fungus is characterized 585 

by alternating exponential (unrestricted) and restricted growth at a specific frequency. 586 

Figure 9: The hyphal growth unit (HGU) plotted for different hyphal growth rates. The HGU is 587 

defined as the ratio of the total length of the mycelium and the total number of tips. For 588 

unrestricted growth, the HGU is a constant. Between 0.5 and 1.5 days the HGU oscillates around 589 

350 and 550 μm for μ = 1.0 and μ = 2.0, respectively. The oscillation occurs because of the 590 

stepwise invasion of the substrate by the fungus in the longitudinal direction. The alternation of 591 

restricted and unrestricted phases of growth seems to be a characteristic of Physisporinus vitreus. 592 

After 10 and 28 hours the penetration depth of the growth front increases more than w3 and 2·w3, 593 

respectively (arrows). 594 

Figure 10: The number of open pits plotted against time for different mean hyphal growth rates 595 

increases exponentially with time. Surprisingly, there are no fluctuations in the evolution of the 596 

number of open pits arising from the stepwise growth. 597 



Figure 11: Fungal activity characterized by the mycelium (a, b), the distribution of remaining 598 

nutrients (c, d) and the number of open pits (e, f) (see Eq. 2) for all pits occupied by more than 599 

one node after 2.5 days of incubation for ε ∈  [10
−3

, 10
−4

]. There is much higher fungal activity in 600 

early- and transition wood than in latewood with regard to the amount of mycelium, the growth 601 

front and the number of degraded pits. 602 

 603 

Table caption 604 

Table 1: Parameters used in the development of the fungal growth model. We used a rectangular 605 

Cartesian coordinate system with the base vectors e1, e2 and e3, where the unit vectors er = e1, et 606 

= e2 and er = e3 denote the radial (R), tangential (T) and longitudinal (L) directions as shown in 607 

Fig. 1. 608 
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Substrate (Wood):    

tracheid width / height / length w1,2,3 0.001-0.04 / 0.04 / 2 mm 

pit density early-wood  ρET (ρER) 0.02 (ρET/2) 1/mm 

pit density latewood ρLT (ρLR) ρER/2 (ρER/2) 1/mm 

    

Mycelium (Fungus):    

mean hyphal growth rate µ 1 mm/d 

Growth cut-off length θ w1/20 mm 

Growth cut-off angle ξ 90 ° 

Growth costs ε 0 mol/mm 

Pit inital nutrient ν 4*10
-13

 mol 

Pit initial degradation rate αI ν/20 mol 

pit degradation rate αC 0.45*ν mol/d 

Pit opening κ 0.1 mol/mol 

Apical branching threshold βt 0.6*ν mol 

Lateral branching threshold βs 0.35*ν  mol 

    

Simulation:    

Initial pellet density nk
0
 12 1/mm

2
 

Initial number of Spitzenkörper ns
0
 1 - 

Initial nutrient concentration nn
0
 3/2*βt mol 

Initial orientation nc
0
 [0 0 1] - 

 

5. Tables


