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ABSTRACT
Comparisons were made between the sensitivities of unique ‘wild’ isolates and domestic 
isolates of the dry rot fungus, Serpula lacrymans, to temperature, water potential and pH. 
Comparisons were also made between their capacities of timber decay. The ‘w ild’ 
Himalayan isolates displayed slightly less marked sensitivities to high and low temperature 
and lowered water potential, yet the isolates were equally tolerant of pH. In general, the 
linear growth rates of the domestic isolates proved to be twice those of the ‘w ild’ 
Himalayan set, whereas little variation occurred between their rates of timber decay. This 
study also resulted in the first isolation and reliable identification of ‘wild-growing’ S. 
lacrymans collected in Europe. The main part of the project involved the construction of 
novel chambers in order to examine the effects of lowered humidity and moving air flow  
on the activity of S. lacrymans. In the smallest and simplest of these, its growth and timber- 
decaying activities could be stopped by incubation at 86% relative humidity or by the 
application of a pumped air flow rate of 2.5 litres per minute; however, S. lacrymans was 
not inactivated until more-stressful conditions were applied. In addition, an intermediate 
rate of air flow provoked marked directional growth away from the stress. Furthermore, the 
introduction of stone, brick and plaster into these models encouraged the capacities of 
timber decay and mycelial growth. The use of a larger and more representative model 
incorporating simulated flooring and plaster walling within glass tanks revealed differences 
in the appearances and patterns of colonisation by S. lacrymans depending upon whether 
aged or new materials were used. Treatments involving air drying by fans caused both a 
shrivelling and a loss of viability of the fungus only when there was no ‘reservoir’ of water 
available; when there was water present, latent activity remained. An elaboration of this 
experimental design tested the effects of a combined biological and environmental 
treatment. Subsequently, the application of Trichoderma harzianum, a known antagonist of 
S. lacrymans, proved not to be an effective remedial treatment on its own, but appeared to 
impart a mildly protective effect when combined with a drying regime. Importantly, in the 
latter situation T. harzianum caused a severe degradation of the part of the colony 
responsible for the uptake of water in S. lacrymans. Another workshop-scale model 
simulating more authentically a damp sub-floor space and a cavity behind aged plaster 
walling was developed. When respective treatments by fan drying and passive ventilation 
were compared, the former were more effective, but its efficacy could be augmented by 
incorporating low-level passive ventilation via discreet vents. In this manner, a successful 
remedial treatment of S. lacrymans could be effected, though the prevalence of mould 
could prove to be undesirable in practice. However, some samples o f this displayed 
antagonistic effects against S. lacrymans. A further experiment was designed to test the 
effects of air drying on the production of the stress-protective carbohydrate trehalose and of 
some associated solutes by S. lacrymans. In contrast to reports of some other organisms, no 
definite stockpiling of any of the compounds occurred. A final series of experiments 
revealed that S. lacrymans removed calcium, silicon and iron from sandstone and calcium, 
sulphur and iron from aged plaster; these elements were sequestered on its hyphae, 
especially in the form of calcium oxalate. Degradation of the sandstone was implicit but 
not obvious microscopically. Furthermore, S. lacrymans transported iron from these 
building materials through its mycelial system. An attempt to determine the effects of 
separate minerals in sandstone and plaster on timber decay revealed few variations.
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1.1. Characteristics of S erp u la  la c ry m a n s  the domestic dry rot fungus

1.1.1. An introduction to the organism
S erp u la  la crym a n s  (Schumach. ex Fr.) Gray, known commonly as the dry rot fungus, is the 
most serious agent of timber decay in buildings of Northern, Central and Eastern Europe. 
This Basidiomycete, formerly known as M eru liu s lacrym an s, causes similar damage in 
South Australia, New Zealand and parts of Japan (Hennebert e t  a l., 1990; Schmidt & 
Moreth-Kebernik, 1991). In the United Kingdom alone, the estimated cost of rectifying 
damage caused by dry rot is at least £150 million per annum (Jennings & Bravery, 1991). 
This degradation of timber (1.1.4.) is characterised by softening, loss of density, cuboidal 
cracking and ultimately the loss of all mechanical strength; shrinkage and distortion may 
also be evident (Coggins, 1980; Anon, 1985). Historic buildings are particularly 
susceptible to attack by S. la crym a n s’, the resulting damage to these structures is typically 
costly and difficult to rectify (Singh, 1991; 1994; 1996). Historical aspects of the 
description, nomenclature and treatment of the dry rot fungus are discussed by Coggins 
(1980; 1995) and Hennebert e t al. (1990).

The locations that favour the activities of S. lacrym an s  are typically damp, humid, 
darkened and poorly-ventilated spaces such as those that may exist underneath floors, 
behind plaster, in cellars and behind skirting boards, especially in old buildings. As with all 
timber decay, the presence of dry rot can always be attributed to dampness, which 
frequently enters a building via defects in the structure such as leaking roofs, defective 
guttering, defective plumbing or rising damp, or as a result of firefighting. Inadequate 
ventilation, especially under timber floors, is another major contributing factor. S. 
la crym a n s  preferentially attacks softwoods but also attacks hardwoods as well as other 
cellulosic materials such as paper, cardboard and textiles (Hennebert e t a l., 1990; Jennings 
& Bravery, 1991; Singh, 1991). Interestingly, S. lacrym an s  is only very rarely found 
growing away from buildings; such examples of the species do not occur in regions where 
it constitutes a problem in buildings (Palfreyman e t a l., 1995; White e t a l., 1997).

Compared with other timber-decaying fungi, S. la crym a n s  poses a greater threat to 
buildings since, unlike the others, it often ramifies throughout a structure. S. la c ry m a n s  can 
also traverse non nutrient-providing surfaces such as plaster and masonry for several 
metres until it encounters a fresh supply of nutrients. Plaster and masonry are also readily 
colonised by it, with the dry rot fungus sometimes growing considerable distances within
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layers of mortar and plaster and in the interfaces between them and brick or stone. S. 
la crym a n s  readily transports water and nutrients across these materials by a robust network 
of strands. The fungus also releases large numbers of spores from conspicuous fruiting 
bodies that may emerge at a distance from regions of decay. For these reasons, dry rot is 
more insidious and difficult to treat than wet rot (Anon., 1985; 1989; Jennings & Bravery,
1991). Consequently, the notoriety of the dry rot fungus causes a great deal of concern 
amongst homeowners, although misconceptions about it are also common (Palfreyman e t  
a l., 1999).

The infection of timber by S. lacrym an s  commences with germination of its (basidio)spores 
or by an invasion of the material by its vegetative mycelia. Normally, S. la c ry m a n s  cannot 
degrade timber or germinate upon it unless the latter contains more than about 20% 
moisture (w/w); an optimum moisture content of 30-40% is frequently quoted. These 
moisture requirements are lower than those of the wet rot fungi (Cartwright & Findlay, 
1958; Jennings & Bravery, 1991). Within timber the fungus obtains essential materials 
such as carbohydrates, nitrogenous compounds, minerals (potassium, magnesium, calcium,
iron, phosphorous and sulphur) and water (Hennebert e t a l., 1990). Laboratory experiments

0show that S. la crym a n s  grows best at around 21-22 C, with growth occurring in the
0relatively narrow range of 3-26 C (Hennebert e t a l., 1990; Schmidt & Moreth-Kebernik, 

1991; Coggins, 1991). Normally, the activities of S. la crym a n s  are adversely affected by 
light, although fruiting (1.1.2.) appears to be induced by it. In addition, S. la c rym a n s  
favours the acidic conditions of moist timber, which are necessary for the germination of 
its spores. High humidity and little or no ventilation are also prerequisites for its active 
functioning (Hennebert e t a l., 1990). Overall, the dry rot fungus appears to have found an 
ideal niche within buildings, one where it can grow extremely luxuriantly and destructively 
almost to the exclusion of competitors while it is active (Carlile & Watkinson, 1994; 
unpublished observations).

1.1.2. The life cycle of S erpu la  lacrvm an s
S. la crym a n s  is a higher fungus belonging to the class Basidiomycetes and the family 
Coniophoraceae, and as such is related to other macrofungi such as the mushrooms and the 
toadstools (the Boletales, the Agaricales and the Poriales). The sexual reproduction and 
genetics of S. lacrym an s  have been investigated by Harmsen (1960) and Schmidt & 
Moreth-Kebernik (1991). Detailed morphological and taxonomic information on this
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species is provided by Falck (1912), Cooke (1957), Harmsen (1960), Hornung & Jennings 
(1981) and Jennings & Bravery (1991).

The first stage in the life cycle of S. la crym a n s  commences with the germination of its 
basidiospores; microscopically, these spores are smooth, yellowish-brown and of 
dimensions 9.1-10.4iam by 4.6-6.2pim, with one side flattened and the other curved (Falck, 
1912; Nuss e t a l., 1991). They are disseminated widely in the environment. In suitable 
conditions (1.1.1) a spore may produce a filament (the germ tube) which branches 
repeatedly to constitute a monokaryotic primary mycelium. Usually, a combination of 
monokaryotic mycelia of different mating types gives rise to a dikaryotic secondary 
mycelium. This process is accompanied by an increase in hyphal diameter and the 
formation of clamp connections; these buckle-like hyphal protuberances are characteristic 
of most Basidiomycetes and are indicative of the dikaryotic state in them. Only the 
dikaryotic mycelium can form spore-producing stmctures (Nuss e t a l., 1991; Hennebert e t  
a l., 1990; Carlile & Watkinson, 1994).

The dikaryotic secondary mycelium spreads and degrades substrates as a white, fluffy mass 
when there is adequate humidity. However, in a building it may also take the form of 
ragged mycelial ‘sheets’ if conditions become dryer or the colony is old. In places, the 
mycelium may also develop a yellow, brown or grey appearance; however, the young 
mycelium is always white, but turns grey on ageing (Hennebert e t a l., 1990; Nuss e t a l., 
1991). Sometimes droplets form, usually near the hyphal tips; this exudation is 
characteristic of S. lacrym an s  and is reflected in the name of the species (Coggins e t  a l., 
1980a; Hennebert e t a l., 1990). It is also common to observe a fan-like linear spread of S. 
la crym a n s  over substrates and non-nutrient materials. Generally, however, the aerial 
mycelium displays a pearly-white, silky appearance in the freshly growing parts, while the 
older regions become flatter or more felt-like, accompanied by some yellowing or 
browning. These patterns of growth are evident in laboratory culture and in buildings 
(Hennebert e t a l., 1990; unpublished observations).

S. la crym a n s  produces two morphologically and physiologically distinct types of mycelia: 
one is capable of giving rise to strands (syrrotia), whereas the other has the potential to 
form fruiting bodies (basidiocarps). Localised environmental conditions such as humidity, 
light, aeration and temperature appear to determine which form predominates; these 
developmental pathways may also be genetically determined. It is the strands that
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contribute greatly to the facility with which S. la crym a n s  spreads within a building. Strands 
do so by allowing materials to be translocated from one part of the thallus to another within 
a tough, environmentally-resistant covering (Hennebert e t a l., 1990; Nuss, 1991). Their 
structure and function are outlined in section 1.1.3.

The spore-bearing fruiting bodies of S. la crym a n s  usually form in exposed areas where 
basidiospores may be disseminated into the surroundings and beyond. A basidiocarp 
develops from mycelium that becomes more dense and firm; the border of this ‘cushion’ of 
growth then becomes raised. Subsequently, hyphal aggregations, bound together by 
mucilage, form. Within the margins of the developing structure, the hymenium or spore
bearing layer develops. This part is composed of vertically-growing hyphae that eventually 
form basidia; it is on the end of these swollen projections that basidiospores eventually 
form and from which they are projected into space (Nuss e t a l ., 1991; Hennebert e t a l .,
1990).

In time, the upper part of the fmiting body becomes more dense and rubbery, while the 
spore-bearing surface becomes heavily folded and pore-like. The colour of the structure 
also changes: the growing margin remains white, but the spore-bearing surface gradually 
turns rusty brown. The location, form, thickness and extent of fruiting bodies are variable 
in S. lacrym an s. They may vary from several centimetres to over one metre in diameter, 
and vary in location from cellars to the insides of rooms; however, only rarely do fruiting 
bodies appear on the exterior of a building. Sometimes multiple basidiocarps appear in 
bunches or in bracket-like arrangements. After the release of the monokaryotic spores, the 
basidia collapse. Unless drying is rapid, the fruiting body rapidly decays via autolysis and 
the action of saprophytic organisms (Falck, 1912; Hennebert e t  a l., 1990; Nuss e t  a l., 1991; 
Hegarty, 1991).

1.1.3. Mycelial stranding and the transport of water and nutrients
One of the most striking features of an outbreak of dry rot is the prevalence of mycelial 
strands that spread for considerable distances over and sometimes through non-nutrient 
material. The strands of S. lacrym an s  form as the secondary mycelium matures and may 
reach a thickness of 5-8mm. They permit growth at a distance from a source of nutrients 
and moisture. In addition, their tough outer coverings appear to confer a resistance to dry 
conditions and the presence of other organisms. Furthermore, timber that is too dry to
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decay may be bridged by the aid of strands, as can wood that has been treated by 
preservatives (Cartwright & Findlay, 1958; Jennings & Watkinson, 1982; Coggins, 1991).

The strands of S. la crym a n s  may also serve the purpose of retaining nitrogenous 
compounds within the mycelium. By localising new growth in the region of the existing 
mycelium, stranding enables newer hyphae to absorb nutrients lost from older ones, 
especially scarce nitrogenous material. Consequently, the high carbon to nitrogen ratio of 
the surroundings favours stranding, possibly because the strands become an important 
source of nitrogen themselves. It appears as though S. la c rym a n s  not only conserves 
nitrogen obtained from timber, but also transports it and re-uses it. Such recycling of 
nitrogen m a y  therefore have conferred an evolutionary advantage to this fungal lifestyle 
(Watkinson, 1975; Jennings & Watkinson, 1982; Watkinson, 1984).

The formation of each strand is preceded by the development of aerial mycelium, an event 
that is accompanied by hyphal differentiation. A short distance behind the margin of 
growth, four types of hyphae become distinguishable: ‘undifferentiated hyphae’, ‘vessel 
hyphae’, ‘tendril hyphae’ and ‘fibre hyphae’. In this manner, tendril hyphae can overgrow a 
comparatively wide vessel hypha in order to form a nascent strand. This strand grows in 
length at the same rate as that of the preceding mycelial front. An increase in the diameter 
of this structure is achieved by the convergence of developing strands and by the growth 
and branching of associated hyphae. Furthermore, strands are produced by aerial mycelia, 
never by mycelia that are growing inside the substrate. The diameters, lengths and 
formations of strands are typically irregular; in addition, they often radiate in a network, 
with mycelia or thinner intervening strands linking them. It appears as though the thickness 
of strands is related to the amount of nutrients available and the time available for 
development of the structures (Falck, 1912; Butler, 1957; 1958; Hornung & Jennings, 
1981; Nuss e ta l . ,  1991).

Mycelium attacking the timber digests the cellulose to glucose, which is passed into the 
hyphae by active transport; here this carbohydrate building block is converted into the 
disaccharide trehalose. The accumulation of trehalose creates an osmotic gradient that 
favours the entry of water through the plasma membrane, which, in turn, generates osmotic 
pressure. Consequently, water and other nutrients are believed to be translocated 
throughout the interconnected hyphal system by the resulting pressure-driven bulk flow of 
solution (Jennings, 1991b; 1995). Furthermore, there are specific pathways for
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translocation: in the mature strand this stream appears to be handled by the vessel hyphae 
(Brownlee & Jennings, 1982; Eamus e t a l., 1985). Trehalose is the main carbohydrate that 
is translocated; however, when it reaches its destination (e.g., the growing mycelial margin) 
it is metabolised (Brownlee & Jennings, 1981a).

Translocation by bulk flow also serves to maintain a positive turgor pressure, which is 
thought to be one of the prerequisites for the extension of fungal hyphae (Gow, 1995). It 
has also been argued that the translocation of water enables the fungus to moisten its own 
environment in a localised manner (Savory, 1964).

1.1.4. The decay of timber by brown-rot fungi
S. la crym a n s, like many of the principal wood-decaying fungi, degrades timber by a 
process designated b ro w n -ro t deca y . Brown-rot decay is the most common and most 
destructive type of decay v is -a -v is  timber in service. Such fungi produce the enzymes 
necessary to depolymerise cellulose and hemicellulose rapidly, while leaving lignin 
undegraded, albeit modified by demethylation and oxidation. Consequently, the woody cell 
walls suffer severe degradation, leaving only a framework of lignin intact. Furthermore, the 
loss of mechanical strength of the timber proceeds rapidly, typically more so than the 
accompanying loss of density (Hennebert e t a l., 1990; Dashek e t a l., 1990; Ritschkoff, 
1996; Green & Highley, 1997).

Despite increased efforts by researchers, the mechanism of decay by brown-rot fungi 
remains unclear. Since cellulases and hemicellulases are believed to be too large to reach 
cellulose bound in the cell walls, it is suspected that a non-enzymatic oxidative agent might 
be involved in the early stages of the depolymerisation of cellulose. The first proposed 
candidate relates to the components of Fenton’s reaction, namely peroxidase and iron 
(H20 2/Fe2+). This theory has been strengthened by the finding that S. la c ry m a n s  and some 
other brown-rot fungi produce detectable amounts of hydrogen peroxide in the presence of 
wood (Ritschkoff & Viikari, 1991; Ritschkoff, 1996; Green & Highley, 1997). A second 
proposed mechanism relates to high affinity iron-binding chelators, known as siderophores, 
which brown-rot fungi produce. Because of the low molecular weight of these agents and 
the oxidising potential of the bound transition metal, certain siderophores (phenolates) m ay  
be involved in the early stages of cellulose depolymerisation (Jellison e t  a l., 1997; Goodell 
& Jellison, 1998). Thirdly, oxalic acid (1.1.5.) has been implicated directly and indirectly 
in the brown-rot decay process; this acid is produced in significant amounts during the
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growth of brown rot fungi, especially S. lacrymans. It has been suggested that by 
hydrolysing hemicellulose, oxalic acid makes cellulose in timber more accessible to 
enzymatic action (Bech-Andersen, 1987a; 1995; Green & Highley, 1997).

1.1.5. Masonry and cations
It is common for S. lacrymans to lower the pH of media considerably as it performs an 
uptake of essential nutrients, with oxalic acid eventually predominating as an excretory 
product (Goksdyr, 1958; Smith, 1949; Akamatsu et al., 1994). However, like other aspects 
of the metabolism of S. lacrymans, the biochemistry of this process has received little 
attention (Jennings, 1991b). Akamatsu et al. (1994) suggested that in order to maintain a 
permissible C:N balance, brown-rot fungi eliminate excess carbon in the form of 
metabolites such as oxalic acid, a strong organic acid; this process may therefore be an 
adaptation to low prevailing levels of nitrogen.

The ability of S. lacrymans to produce oxalic acid led Bech-Andersen (1985; 1989; 1995) 
to propose a hypothesis to explain the unusually marked affinity of the dry rot fungus for 
buildings, and particularly for the timber and masonry within them. In his examinations of 
the dry rot fungus in infected buildings, Bech-Andersen (1985) found that no part of an 
outbreak existed more than 1 metre from stone, brickwork, cement or plaster (mean 
distance 140mm). He also pointed out that these materials are concentrated sources of 
metallic ions, especially calcium. The same author (Bech-Andersen, 1987b) demonstrated 
by electron microscopy that S. lacrymans was capable of degrading the mineral-based 
insulator rockwool, with the result that calcium was removed from the material. Analyses 
revealed elevated levels of calcium in the hyphae (in the form of a calcium oxalate) and a 
corresponding depletion of calcium in the rockwool. Similar observations were made when 
mortar was infected by the fungus. Bech-Andersen (1985, 1989; 1995) thus argued that 
calcium from the masonry and plaster of buildings is necessary to effect the neutralisation 
of the oxalic acid produced by S. lacrymans. Correspondingly, it has been noted that 
infection by the dry rot fungus is almost unknown in buildings constructed from timber 
only (J. Palfreyman, personal communication).

Several authors have reported that the presence of cations increases the rate of timber decay 
by S. lacrymans. Palfreyman et al. (1996) demonstrated that adding calcium nitrate to 
media had a stimulatory effect on the decay of timber blocks, as well as on the linear 
growth rate of the organism. S. lacrymans acidified the media, but profiles of the surface



pH indicated that the organism was better able to buffer the conditions when divalent 
cations were available. Similarly, Paajanen (1993) found that the rate of timber decay by 
the organism increased when iron sulphate was added to the medium; a similar result 
occurred when iron nails or stone wool were present. Furthermore, in an experiment 
comparing the behaviour of Coniophora puteana, Rigidoporus vitreus and S. lacrymans, 
Bech-Andersen (1989) found that the presence of mortar accentuated the timber-decaying 
capacity of S. lacrymans, but not those of the others.

1.1.6. Growth of Serpula lacrymans in the wild
One of the most interesting facets of S. lacrymans, and one that has not been satisfactorily 
explained yet, is that despite being an extremely successful coloniser of buildings in 
temperate regions, S. lacrymans is only rarely found growing in nature, away from 
buildings. To date these finds have been restricted to occasional specimens in the foothills 
of the Indian Himalayas (Bagchee, 1954; Singh et al., 1993; White et al., 1995b; 1997), 
Mt. Shasta in California, USA (Cooke, 1957; Bech-Andersen, 1995), and more recently in 
woodland of Czechoslovakia (J. Singh, personal communication; Chapter 3, unpublished 
findings). Furthermore, other timber-decaying fungi including its closest relatives, such as 
Serpula himantioides and Poria (Meruliporia) incrassata, do not display such an 
idiosyncratic distribution (Burdsall, 1991; White et al., 1997).

Two pertinent questions that may be asked are: why does S. lacrymans cause problems in 
some countries but not in others with similar climates (e.g., regions of North America)?; 
and why is the natural habitat of the organism so restricted geographically (Palfreyman et 
al., 1995)? Already, a number of studies, including the profiling of proteins and DNA, have 
compared isolates of the species from most of the regions where dry rot occurs (Harmsen, 
1960; Thornton & Wazny, 1986; Cymorek & Hegarty, 1986; Schmidt & Kebernik, 1989; 
Palfreyman et al., 1991; Palfreyman & Vigrow, 1994; Theodore et al., 1995; Schmidt & 
Moreth-Kebernik, 1998). However, despite similarities and differences being found, 
fundamental questions remain unanswered. It would be interesting - and possibly beneficial 
to the development of new remedies for dry rot - to determine whether this species 
formerly had a wider distribution in the wild (which may have been lost via environmental 
or ecological changes) and whether its ‘wild-growing’ form has natural competitors or 
antagonists that trammel its frequency and spread. It is also possible that the ecological 
success of S. lacrymans in buildings is purely a consequence of man’s exploitation and
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movement of wood: this fungus m a y  have attained a marked selective advantage by 
harbouring itself there.

1.2 The effects of water potential and temperature

The occurrence and rate of timber degradation in a particular environment are dependent 
on two types of factors: a) those pertaining to localised environmental conditions and the 
characteristics of the nutrient resource (abiotic variables); b) those relating to the organism 
itself (i.e., its physiological and genetic characteristics, its activity and the prevailing stage 
of its life cycle), as well as the presence of other organisms (biotic variables). These 
constraints are outlined in Fig. 1 (Rayner & Boddy, 1988; Hennebert e t  a l., 1990).

_______ Resource Quality
C h em ica l: Nutrients

Vitamins 
Extractives 
Energy resources 

P h ysica l:  Hardness
Toughness 
Porosity 
Bulk

Eco-physiological
_____ Considerations
Species of decay organism 
Physiological state of the 
decay organism 
Presence of competing or 
antagonistic organisms

Figure 1: The relationship between a decay organism and the physical, chemical and 
biological properties of its environment

Microclimate 
Moisture and humidity 
Temperature 
Gaseous composition 
pH_________________

Biological stress has been defined as ‘any form of continuously-imposed environmental 
extreme that tends to restrict the production of biomass’ (Cooke & Rayner, 1984). Severe 
stress may prevent growth completely, but less severe stress may induce changes in the 
morphological formation and physiology of the fungus (Dix & Webster, 1995). Coggins
(1976) reported that S. lacrym an s  possesses the capabilities to overcome stresses such as 
acidity, alkalinity, non-optimal temperature and the presence of wood preservatives. On
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artificial medium, the dry rot fungus initially responded to these stresses by displaying a 
decrease in its rate of linear growth or by refusing to grow altogether; however, after 
several weeks it produced discrete flushes of rapid growth similar to that observed in 
buildings.

Conditions that lead to drying constitute a prominent form of environmental stress, one that 
most organisms have to counter to some extent. Since water is the most important 
component in living systems, the survival of desiccation by anhydrobiotic organisms 
entails their withstanding harsh physiological stresses. Water, which is essential to many 
cellular processes, confers a structural order to membranes and proteins. As dehydration 
proceeds, a series of cellular changes occurs, which includes a rise in solute concentration, 
changes in pH, altered ionic strength, the acceleration of destructive reactions and the 
denaturation of proteins and membranes (Wiemken, 1990; Blomberg & Adler, 1992; Sun 
& Leopold, 1997).

The growing fungal mycelium or thallus consists mostly of water. It must therefore draw 
moisture from its environment if it is to increase in volume and carry out essential 
processes of life. The balance of water in fungi is a delicate one: water must be present and, 
more importantly, available in the micro-environment of the organism, and must not be lost 
excessively to the environment. Consequently, the higher fungi are usually found to be 
active only in conditions of dampness and high humidity. An excessive loss of water leads 
to dehydration or desiccation and eventually to death (Cooke & Whipps, 1993; Carlile & 
Watkinson, 1994).

In laboratory studies, the availability of water to a micro-organism is usually expressed as 
water potential (XF), a thermodynamic concept that encompasses all the factors that affect 
the ease or difficulty with which an organism can absorb water from its localised 
environment. It is expressed as a negative pressure. Water potential may be defined by the 
following equation:

lF = vFm + lF 7 t+ lF p + vFg

where 'Flu is the matric potential (the potential of water per unit volume, as affected by the 
presence of a solid matrix and the associated surface tension); 'Ftc is the solute or osmotic 
potential resulting from the presence of dissolved solutes; *Fp is the potential of water as
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affected by the external pressure; and is the gravitational potential. In wood, 'Em is 
normally the predominant component, whereas ^ g  is significant only in standing trees and
'Ftc in situations where large amounts of solutes occur, as in living, freshly-cut or 
waterlogged wood, and in regions where the activities of extracellular enzymes result in the 
release of soluble substrates (Milburn, 1979; Griffin, 1981; Rayner & Boddy, 1988).

Numerous studies have assessed the effects of water potential on fungi growing in 
laboratory culture. Boddy (1983) and Griffith & Boddy (1991) found the growth rates of 
wood-rotting Basidiomycetes to decrease as the water potential of the medium was 
lowered, with growth not being permitted below values of around -4 MPa. However, Dix 
(1984) observed the growth of leaf-litter Basidiomycetes to cease around -7 MPa. For 
S erp u la  lacrym an s, Clarke e t a l. (1980) reported a cessation of growth at around -6 MPa on 
artificial media. S. la crym a n s  therefore appears to be similar to other wood-degrading 
Basidiomycetes in that it has a comparatively low tolerance of drying conditions in such 
systems (Findlay, 1950; Findlay & Badcock, 1954; Griffin, 1977; Clarke e t a l., 1980; 
Eamus & Jennings, 1986). In contrast, numerous microfungi and yeast exhibit far greater 
tolerance, some growing at -30 MPa on artificial media and others at even lower values 
(Griffin, 1972; Carlile & Watkinson, 1994; Jennings, 1995).

Fungi that form lichen are generally more tolerant of drying than others are. Before drying, 
the algal partner forms polyols such as ribitol, erythritol and sorbitol, which are typically 
converted to mannitol, arabitol or glycogen within the fungus; these may then perform a 
dual role as storage reserves and stress protectants. However, as in all fungi, the synthesis 
of polyols is energetically demanding - a factor that probably contributes to the slowing of 
fungal growth when the availability of free water decreases (Smith, 1978; Cooke & 
Whipps, 1993; Isaac, 1996a).

Most of the published studies on the effects of water potential utilised artificial media of 
which the solute potential was altered. However, fungi appear to be less adversely affected 
by a lowering of the osmotic potential compared with that of the matric potential (Griffin, 
1972). Studies that are more representative of natural fungal growth in this respect have 
been reported, albeit infrequently. In these, attempts were made to set the water potential of 
materials such as timber and plaster; however, experimental problems were reported and
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their use has been confined to exacting small-scale experiments (Griffin, 1977; Clarke e t  
a l ,  1980; Griffith & Boddy, 1991).

Many studies have been published on the effects of osmotic stress on the growth and 
physiology of fungi (reviewed by Jennings & Burke [1990], Bloomberg & Adler [1992] 
and Money [1994]). In contrast, comparatively few studies have been published on the 
effects of air drying and desiccation on filamentous fungi. However, S. la crym a n s, like 
other wood-decaying Basidiomycetes, is generally believed to require high levels of 
humidity in order to permit mycelial growth, although its strands and fruiting bodies appear 
to be tolerant of dryer conditions (Brown e t a l., 1968; Rayner & Boddy, 1988; Jennings & 
Bravery, 1991).

Temperature is another major environmental constraint that influences fungal growth and 
distribution. In addition, the environmental stresses of high/low temperatures and drying 
conditions often accompany each other in nature (Carlile & Watkinson, 1994). Fungi vary 
widely in their tolerances of and responses to temperature. However, in general they are 
mesophilic, having an optimum for mycelial extension and the production of biomass

Obetween 15-40 C (Cooke & Whipps, 1993). Compared with other wood-decaying fungi, S. 
la crym a n s  is more susceptible to inhibition by supraoptimal temperature, even that slightly

. oabove its optimum for linear growth (22 C). The reason for this marked sensitivity is still 
unknown (Jennings & Bravery, 1991; Palfreyman e t a l., 1995). Furthermore, supraoptimal 
temperatures appear to induce S. la crym a n s  to produce heat-shock proteins, a response that 
appears to be linked to a slightly increased heat-tolerance of the organism (Palfreyman e t  
al. 1995; White e t a l., 1995a; Sienkiewicz e t a l., 1997).

1.3. The use of experimental modelling in mycology

In nature, the fungal mycelium has the potential to extend indefinitely until it is inhibited 
by unfavourable micro-environmental or nutrient-related conditions; competition from and 
inhibition by other organisms, particularly fungi and bacteria, may also be a strong 
constraint (Carlile & Watkinson, 1994). Growing the higher fungi in Petri dishes, flasks 
and other small vessels containing homogeneous, artificial media is not a good way to take 
into account the marked developmental versatility that characterises these organisms in 
nature. In addition, the form that nutrient resources take in the natural environment of a
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fungus is likely to have a marked effect on its metabolism and morphogenesis, since both 
are closely linked in fungi (Watkinson, 1984). Furthermore, Rayner (1988) emphasised the 
need for mycologists to develop test systems that mimic the fluctuations, heterogeneities 
and discontinuities that mycelia experience in their natural environments. Similarly, Ritz
(1995) pointed out that the majority of fungal growth studies still take no account of the 
spatial and qualitative heterogeneity of the nutritional resources that fungi encounter in 
nature.

Jennings (1991a; 1991b) also puts forward an argument for experimental techniques that 
are more representative of natural conditions and that take into account the differentiation 
exhibited by higher fungi such as S. la c rym a n s . He suggested that more informative studies 
are required in order to further an understanding of the integration of activity in fungal 
thalli that grow across heterogeneous and non-nutrient materials. Jennings (1991a) 
suggested that differing water relations in separate parts of the mycelium could play an 
important role in the developmental organisation of such fungi. On the basis of the 
arguments raised by the above-mentioned authors, experimental modelling could be seen as 
a valuable bridge or compromise between convenient, but unrepresentative, culturing in the 
laboratory and far more representative, but often unwieldy, field work.

Recent developments in modelling the growth of fungi have taken advantage of modern 
computing to form part of the field of bioinformatics. The mathematical modelling of 
fungal growth is a developing area of research; however, so far its use has mostly been 
confined to pure scientific studies of colony development (reviewed by Jennings, 1991a 
and Prosser, 1995). However, a study of particular relevance is that of Regalado e t al.
(1996) , who presented a mathematical model to facilitate the assessment of exogenous and 
endogenous factors in the development of fungal growth in complex, heterogeneous 
environments such as fungi exploit in nature.

Another aspect of bioinformatics in mycology relates to the use of image analysis to 
characterise rates and patterns of mycelial development. Digital imaging has the major 
advantage of providing quantitative data with minimal disturbance to biological systems, 
so that non-destructive analyses can be made over time. As in the mathematical modelling 
of fungal growth, fractal geometry may be used to describe mycelial patterns. Examples of 
the applications of image analysis include quantifying the growth and regression of 
mycelial cords on beds of soil (Bolton e t a l ., 1991), determining growth rates, biomass and
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fractal dimensions of mycelia growing on soil (Donnelly et al., 1995; 1999) and assessing 
the distribution of mycelial density in colonies subjected to heterogeneous nutritional 
conditions (Olsson, 1995). However, major technical difficulties remain, especially those 
of characterising the growth of fungi within  materials such as soil (S. Olsson, personal 
communication).

1.4. The treatment of dry rot

1.4.1. Carrying out a survey for timber decay in buildings
Decay is a consequence of dampness on or in the vicinity of the materials harbouring 
decay. Surveying buildings for defects and the evidence of decay involves first consulting 
the plans, if available, to locate areas where water may enter the structure, such as the 
external drainage system, porches, extensions, windows, skylights and chimneys. Next the 
building is inspected externally for signs of vegetation, damp patches, blocked or leaking 
gutters, defective roofing, masonry, pointing or rendering. Comprehensive note-taking is 
essential. Inside, all visible timbers should be inspected for evidence of dampness, fungal 
growth, cracking, softening when prodded, hollowness and distortion; the masonry and 
plaster should be checked for dampness and fungal growth. The rooms should also be 
searched for evidence of fruiting bodies (sometimes indicated by rusty-red spores of S. 
lacrym ans on floors and furniture) and fungal odour (Hennebert et al., 1990; Bricknell, 
1991; Douglas & Singh, 1995).

Unless the building appears to be dry and sound throughout, the surveyor should open 
plaster and flooring in vulnerable areas to reveal hidden timber and recesses. Beams and 
joists are particularly susceptible to decay wherever their ends are embedded into walls. It 
is also important to examine timber lintels in old properties (D. Sinclair, personal 
communication). If S. lacrymans is found, an even more extensive opening of flooring, 
panelling and plasterwork would be necessary in order to determine the full extent of the 
outbreak. Various aids may be used during the survey; these include moisture meters for 
timber and plaster, drills designed for the detection of softening within timber, as well as 
the use of fibreoptic instruments for viewing recesses. Trained dogs may even be used to 
detect decay. It is especially important that any existing S. lacrym ans is correctly identified 
as such, since the remedial treatment of the dry rot fungus is a more serious proposition
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than that of other fungi in buildings (Hennebert et al., 1990; Hutton e t al., 1991; Lloyd & 
Singh, 1994).

1.4,2. The use of chemical agents for the treatment and prevention of dry rot 
At present, the standard treatment for dry rot in buildings encompasses the following 
measures 1) the assessment of the damage and threat to the construction 2) the remedying 
of defects that permit the ingress of water (e.g., a leaking roof, broken or blocked gutters 
and rising damp) 3) the removal of infected and decayed materials 4) chemical treatment of 
timber, both remaining and replaced, along with plasterwork and brickwork; occasionally 
an undersite or a concrete floor is treated as well. Such a treatment may be carried out by 
local, regional or national companies specialising in the treatment of building decay. 
Alternatively, some methods may be performed on a DIY basis (Anon, 1985; Hilditch, 
1994; Richardson, 1995).

The first part of this conventional treatment involves carrying out necessary repairs and 
maintenance to the exterior of the building, as described by Insall (1972), Brereton (1991) 
and Richardson (1995), so that the ingress of moisture can be prevented. Decayed timber is 
then excised; cutting should extend at least 300-500mm beyond any apparent infection. 
Likewise, infected plaster is removed up to 600mm beyond any growth. All debris should 
be removed from the site and disposed of appropriately. If dry rot has occurred in structural 
timber, it is recommended that a structural engineer be consulted. In addition, all remedial 
work must be performed in accordance with the prevailing building regulations (Anon, 
1985; Hilditch, 1994).

Wood Preservatives

Organic Solvents Waterborne

Liquid
Pre-treatment/
Remedial

Paste^ Emulsion
Remedial

Liquid
Pre-treatment

Figure 2: Types of wood preservative (after Hilditch, 1994)

Creosote

Liquid
Not used in 
buildings
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Wood preservatives for use in buildings fall into two categories: those based on organic 
solvents and those based on waterborne solutions, as shown in Fig. 2. It is important that 
appropriate health and safety recommendations are followed whenever pesticides or 
preservatives are used (as discussed by Hilditch [1994] and Richardson [1995]).

Organic solvents have the advantage of penetrating wood more readily than aqueous 
solutions. The two most widely used solvent-based wood preservatives in the last 20 years 
have been pentachlorophenol (PCP) and tributyltin oxide (TBTO), the latter of which is 
now restricted to use in pastes only. Other solvent-based fungicides in use include 
acypetacs-zinc (3% zinc) and other zinc salts of high molecular weight organic acids 
(naphthenate, octoate, versatate), IPBC (3-iodo-2-propenyl-rc-butyl carbamate), TCMTB 
(2-(thiocyanomethylthio)benzothiazole), and azaconazole. Solvent-based fungicides that 
are recommended for the surface treatment of walls are sodium pentachlorophenoxide and 
sodium 2-phenylphenoxide (Anon, 1985; Hilditch, 1994).

The use of water-based preservatives on building timber is usually possible only in 
industrially pre-treated material, due to a requirement for pressure impregnation. The 
compounds used in buildings are likely to consist of the sodium salts of pentachlorophenol 
or orthophenylphenol. The only water-based fungicide recommended for the surface 
treatment of walls consists of an aqueous mixture of an organo-tin and a quaternary 
ammonium compound. There also exists a zinc oxychloride-cement mixture that serves as 
a fungicidal rendering for walls (Anon, 1985; Richardson, 1995).

In recent years, formulations of borate have become accepted as wood preservatives. Their 
active ingredient is disodium octaborate tetrahydrate dissolved in either an organic solvent, 
water or glycol. Borate treatments are claimed to be particularly suitable for use in 
buildings, since the active ingredients penetrate either wet or dry timber and possess a dual 
action against both fungi and invertebrates. Formulations of borates may also be applied to 
masonry. In addition, the borate itself has low mammalian toxicity and no odour (Doi et 
a l ,  1992; Richardson, 1995; Beauford, 1995).

Depending upon the manufacturers’ instructions, chemical agents may be applied to 
materials in the following ways a) surface application by brush b) spraying evenly onto 
surfaces c) insertion of preservative plugs or pastes (these are placed into pre-drilled holes 
in wood or masonry to allow diffusion into the materials) d) injection of the liquid agent
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into pre-drilled holes in timber e) irrigation of masonry via pre-drilled holes (the liquid is 
poured in or introduced under pressure until saturation is achieved). Where applicable, 
unaffected materials surrounding an infection are also treated, particularly if the full extent 
of the infection is uncertain or if it occurs close to an adjoining property. It has been 
recommended that replacement timbers be treated in accordance with an appropriate 
British Standard (Anon, 1985; Hilditch, 1994).

1.4.3. Regulatory issues concerning timber preservation in buildings
Legislation governing the use of toxic chemicals has become increasingly restrictive in 
recent years with successive measures affecting the wood-preserving industry coming into 
force: The Food and Environment Protection Act 1985; The Control o f Pesticides 
Regulations 1986; The Control o f Substances Hazardous to Health Regulations (COSHH) 
1988; and The Environmental Protection Act 1990. The last-mentioned act introduced 
licensing provisions for timber treatment plants in order to eliminate unacceptable 
emissions to air, soil and water. Consequently, the running costs of plants have increased, a 
development that may lead to a reduction in their number. Furthermore, the legislative 
changes have reduced the range of formulations that may be produced and sold; active 
ingredients such as lindane, pentachlorophenol and organo-tin compounds have therefore 
mostly gone out of use. (Coggins, 1996; 1997).

Similarly, a recent governmental report on the use of timber for construction in the UK 
expressed the need ‘to develop improved, environmentally-benign, protection strategies to 
enhance the durability of wooden components’ (Anon., 1995). In addition, two key pieces 
of European legislation that impinge greatly upon the wood-preserving industry have been 
prepared, namely, The Biocidal Products Directive (BPD) and The Limitation o f Emissions 
o f Volatile Organic Compounds (VOC) Directive (Coggins, 1997). Overall, products for 
timber protection indoors are likely to be affected most. However, the industry is dealing 
with the additional legislation by means of political lobbying, the refinement of its own 
voluntary codes of practice, and by channelling more effort into research and development 
(Sparkes, 1994; Coggins, 1996, 1997). However, concern has been expressed about the 
broad-spectrum, or indiscriminate, toxicity of many current timber preservatives 
(Ritschkoff, 1996).

Nevertheless, there remain serious concerns with regard to the use of conventional wood 
preservatives, since many cases of illness including headaches, respiratory problems and
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chest pains, to name a few, have been linked to the use of such agents within buildings. 
Furthermore, clinical evaluation has tended to validate these concerns. In particular, the 
organic solvents used in wood preservatives are thought to be capable of inducing serious 
neurological damage in human beings. Thus, there is a strong argument for the eschewal of 
all harsh chemicals in timber preservation on the basis that their harmfulness m ay  outweigh 
their benefits (Watts, 1998). Promising novel agents such as 2-aminoisobutyric acid 
(Watkinson, 1984; Dobson et al., 1993) and antifungal constituents of bark (Mori et al., 
1997) may alleviate this problem, provided that their efficacy and commercial viability can 
be achieved.

Another concern is that of the unwarranted and excessive inundation of buildings with 
chemical agents and the unnecessary removal of sound timber. Such an approach may have 
been adopted by some companies who wish to maximise the value of their contracts and to 
minimise, at all costs, the probability of their having to repair guaranteed work. Sometimes, 
costly remedial treatments for dry rot have been prescribed when S. lacrym ans is not 
present or is inactive and posing no threat to the structure. This situation is aggravated by 
the notoriety that dry rot has in the UK; consequently, the veritable fear exhibited by many 
home owners provides a strong selling point for treatments, no matter how drastic or 
expensive these may be. In addition, the finding that some surveyors and remedial treaters 
display an ignorance of the true nature of the dry rot fungus is worrying. Nevertheless, 
some trade organisations and established firms claim to maintain high trading standards 
and ethics in this regard (Coggins, 1994; Moore, 1995a).

1.4.4. The environmental control of dry rot
Despite its being known as the dry rot fungus, the availability of free water and high 
humidity are usually the prerequisites that are most likely to determine whether S. 
lacrym ans will grow in a building or not, as well as in determining the amount of damage it 
causes to timber. The presence of dry rot or wet rot is therefore indicative of the ingress of 
moisture into the structure, or of its excessive generation and retention. Water ingress due 
to building defects and neglect poses the greatest threat, along with that of poor ventilation 
of enclosed spaces (Brereton, 1991; Jennings & Bravery, 1991; Singh & Nuss, 1995; 
Maxwell, 1995). Though it is not possible to prevent the entry of moisture and its 
generation within buildings entirely, good building practice ensures that such moisture is 
permitted to dissipate before it causes problems. It is therefore important for a building to
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have evaporative surfaces and for these not to be covered by impermeable materials or left 
without aeration (Lloyd & Singh, 1994).

In conventional treatments (as outlined in 1.4.2.), the control of dry rot relies upon the 
extensive use of preservatives or pesticides, which have often been used without an 
adequate understanding of the biology of timber decay. In recent years, however, remedial 
treatments that utilise drying conditions alone to combat S. lacrym ans have been used 
commercially in the UK. These treatments rely upon the imposition of environmental 
stresses on the fungus, in particular through the removal of sources of dampness along with 
the application of improved ventilation to the enclosed spaces where high humidity 
frequently permits active decay. Perceived advantages of the environmental control 
treatments include an avoidance of costly, potentially unsafe and environmentally harmful 
wood preservatives, together with possible reductions in the costs of treatment (Lloyd & 
Singh, 1994). The principles and methods of environmental control in buildings have been 
described in detail by Bravery (1991), Hutton et al. (1991) and Lloyd & Singh (1994).

The principles of such a treatment may therefore be summarised as follows: -

• A thorough survey is performed in order to locate all areas of dampness and decay, 
taking note of all building defects that permit water ingress and favour high humidity. It 
is also important for the causative agent of decay to be determined, especially if dry rot 
is suspected.

• Building defects are then rectified, whether these result from lack of maintenance (e.g., 
overflowing gutters and roof leaks) or bad design (e.g., lacking or poor under-floor 
ventilation, joists bearing into masonry without hangers or spacers and the lack of 
damp-proof membranes). Irreparably rotted timbers are replaced. Since moisture cannot 
be eliminated entirely, an attempt is made to maximise its dissipation from materials; 
here porous materials are preferred. Water-permeable paint may be used during repairs.

• Enclosed cavities are opened for purposes of inspection and ventilation; the relative 
humidity is thus lowered and the evaporation of water from surfaces is encouraged. The 
application of dehumidifiers, heating and occasionally fans is recommended, provided 
that correct monitoring (e.g., to check for the warping of timbers) is carried out. The 
speed and intensity of drying may therefore have to be adjusted accordingly. Ventilators
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and spacers may be introduced into dry-lined walls, external walls and roof spaces. 
Permanent time-controlled fans may also be installed.

• After the ventilation and structural repair of the building, a regular, thorough 
programme for monitoring and maintaining the building is instigated in order to prevent 
a re-emergence of the dampness and humidity that led to the timber decay. Systems that 
monitor the levels of moisture and humidity within the building may be installed; these 
would provide an early warning of potential problems.

Although the general principles of environmental control are sound, it is likely that there 
are situations in which the efficacy of the treatments may be doubtful. It has therefore been 
suggested that this method of treatment should be more conclusively and quantifiably 
tested (Palfreyman, 1994; Palfreyman et al, 1995). For example, it must be shown whether 
the fungus is being inactivated permanently or only temporarily. It may also be possible 
that only parts of an infection are being inactivated, leaving other parts comparatively 
unaffected due to their location in parts of the building that are not freely penetrated by the 
increased ventilation.

In Denmark, heat treatments have been tested as potential remedies for dry rot. One method
0involves the passing of heated air (40 C minimum for 24 hours) into infected parts of a 

building (Koch et al., 1989; Koch, 1991). In preparation for the treatment, the building, or 
selected parts of it, is shrouded in insulating material; in addition, temperature sensors are 
placed in selected locations, especially in areas that are difficult to heat. Warm air from an 
oil or a gas burner is then channelled into the structure. Afterwards, routine repairs are 
carried out to prevent the ingress of water. A related treatment involves the application of 
high-frequency radio waves (microwaves) to infected materials in order to effect heating 
(Bech-Andersen & Bech-Andersen, 1992; Munck & Sundberg, 1994). While heat 
treatments would be very effective in theory, practical difficulties related to the safe and 
consistent heating of masonry and timbers in situ  have prevented these methods from 
becoming widely adopted so far.

1.4.5. Biological control and the use of Trichodenna  spp.
A recently-proposed treatment for S. lacrym ans is that of biological control (biocontrol). 
Biological control has been defined, in general terms, as the introduced use of organisms or 
their products to keep in check the numbers or activities of particular species of pests or
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pathogens. As such, biocontrol is perceived as being more environmentally acceptable than 
the use of chemical pesticides (Bruce, 1998). Such treatments, including those utilising 
fungal agents, have been proposed for a number of decades, especially in agriculture, where 
their use against a diverse range of pests and pathogens is established (Tronsmo, 1986; 
Jeffries & Young, 1994; Bruce, 1998)

Nevertheless, the use of agents of biological control against wood-decaying fungi lags far 
behind that of agricultural pests and pathogens, even though the former application has 
been proposed for several decades. One of its earliest and most successful applications to 
date involves control of the pathogen of conifers Heterobasidion annosum by the 
application of Phanerochaete gigantea, one of its competitors in nature (Jeffries & Young, 
1994). More recently, biocontrol via the artificial introduction of Trichoderma spp. has 
been proposed for use against decay fungi in wooden distribution poles (Bruce et al., 1990; 
Bruce, 1998) and tested against S. lacrymans in several experiments (Doi & Yamada, 
1991; Score & Palfreyman, 1994; Doi et a l., 1994; Score et al., 1998). Similarly, various 
reports of Trichoderma spp. and Scytalidium  spp. displaying inhibitory and inactivating 
effects against other wood-decaying fungi in laboratory-scale tests have been published 
(e.g., Highley, 1990; Tuckered/., 1997; Highley, 1997; Highley et al., 1997).

Admittedly, the efficacies of such treatments are subject to limitations, with their 
effectiveness often being less marked in field situations than in laboratory-based tests 
(Freitag et al., 1991). Furthermore, the requirement for the remedial treatment of infected 
timber (as is often necessary in buildings) places great demands upon competitors and 
antagonists of the decay fungi; this situation tends to reveal the relative limitations of the 
agents, especially Trichoderma spp. (Jeffries & Young, 1994; Score et al., 1998). In 
addition, the commercialisation of biocontrol agents for wood preservation has proved to 
be very slow so far - a situation that is likely to continue until the relevant industries are 
forced by legislative constraints to look for alternatives to existing chemicals. The 
proposed biocontrol agents must also compare favourably with existing treatments in terms 
of performance, cost, safety and practicality (Jeffries & Young, 1994; Coggins, 1996; 
Bruce, 1998). But according to Bruce (1998), ‘it may be justified to use a biological control 
agent which is marginally less efficient than its chemical counterpart if its use is associated 
with cost savings or is environmentally more acceptable than the chemical which it 
replaces’.
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The Deuteromycete Trichoderma harzianum (Rifai) was used as a biological control 
treatment during part of this project. The Hyphomycete genus Trichoderma (Pers. ex Fr.) is 
characterised by fast growing, hyaline colonies bearing branched conidiophores possessing 
green or occasionally hyaline conidia. Hyaline chlamydospores may also be present. 
Trichoderma spp. have simple nutrient requirements, tolerate acidity and alkalinity in soil 
and produce masses of conidia. Another advantage of this genus for biocontrol is that its 
species readily acquire resistance to fungicides after exposure to them and possibly by 
treatment with ultra violet light alone; Trichoderma spp. therefore has the potential to be 
applied in conjunction with other treatments (Domsch & Gams, 1980; Tronsmo, 1986; 
Jeffries & Young, 1994). The production and application of Trichoderma spp. may also 
prove to be more economical and less harmful to the environment than standard chemical 
treatments (Palfreyman, 1994; Palfreyman et al., 1995).

T. harzianum is possibly the commonest species of the genus, one that has been isolated 
from the soils of a diverse range of countries. T. harzianum has also been found growing 
indigenously on edible mushrooms, crops, wood and even aviation fuel. Its conidia were 
found to germinate at water potential levels of between -7 to -10 MPa, with acidic 
conditions being favoured. In addition, the optimum temperature for its growth falls

Osomewhere between 15 to 35 C - a range that coincides with that typically found in 
buildings (Domsch & Gams, 1980).

1.5. Historic architecture in Scotland - the built heritage and its preservation

1.5.1. Historic Scotland
As stated in the acknowledgements, the principal sponsor of this project is Historic 
Scotland. This governmentally-funded organisation has the purpose of ‘safeguarding the 
nation’s built heritage and promoting its understanding and enjoyment’ - as quoted from its 
mission statement. It is also the sister organisation of English Heritage, which plays a 
similar role south of the border. The responsibilities of Historic Scotland include 
overseeing the restoration and running of historic buildings and monuments all over 
Scotland, as well as opening them to the public when possible. This organisation also 
administers grants to assist the repair of listed buildings and monuments, as well as funding 
associated research. Consequently, its Department of Technical Conservation, Research 
and Education produces a number of Technical Advice Notes, Research Study Reports and
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other specialist publications. Some of the findings of the present study will constitute part 
of a Technical Advice Note entitled provisionally The Environmental Control o f Dry Rot: 
Definitions, Limitations and Methodologies. Further information on Historic Scotland is 
provided in Appendix H.

1.5.2. A brief review of Scotland’s architectural heritage
The designs of Scottish castles and fortified (tower) houses varied over the centuries, 
depending upon the demands placed upon them. Until The Act of Union in 1707 defensive 
concerns had precedence; accordingly the prevailing weaponry and styles of warfare had a 
strong influence on the designs of the original buildings and upon any fortifications that 
were added to existing structures. The medieval castle was also the centre of local 
administration. Palatial royal castles, such as those at Stirling, Holyrood, Falkland and 
Linlithgow, were also built in Scotland. Although each of the palaces is unique and 
characteristically Scottish in design, architectural and stylistic influences from other parts 
of Europe are evident in them. Later castles, constructed during the Edwardian and 
Victorian periods, often combined the styles of earlier times with more recognisably 
modern architectural forms and purposes. These later castles or mansions served a more 
domestic or ornamental role.

Tower houses form a common and characteristically Scottish type of castle, a style that 
epitomises the Scottish tendency to build upwards rather than outwards. Many of these 
fortified houses are square or rectangular in plan, with thick stone walls rising to a 
crenellated parapet that is crowned by turrets at the corners. As in other types of castles, 
timber constitutes a prominent part of the interior, especially in the form of beams, 
panelling, suspended flooring and roofing. Many remaining tower houses have been altered 
internally to accommodate demands of the nineteenth and twentieth centuries; others are in 
disrepair or ruin, as are numerous other castles and mansion houses in this country 
(Lindsay, 1986; Howard, 1995).

The urban architecture of Scotland is also highly characteristic. As towns and cities 
expanded in population and area, stone superseded timber as the principal structural 
material, with the result that stone-fronted tenements emerged. These buildings, which still 
house a large part of the population, proliferated between the sixteenth century and the end 
of the nineteenth. The internal structures of these rely heavily upon dressed timber, 
especially for structural purposes. However, it is the sandstone fagades of the tenements,
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the colours of which vary according to the local varieties of stone, that contribute greatly to 
the character of Scottish towns and cities, and make them distinct from those in other parts 
of the UK. An interesting exception, however, is Aberdeen, which is characterised by the 
use of grey granite for houses, tenements and public buildings.

During the same period noteworthy streets, public buildings and monuments were 
constructed, especially in Edinburgh and Glasgow. Sometimes the designs of these 
buildings incorporated classical or gothic styles from other parts of Europe, but most are 
characteristically Scottish. Their development also benefited from an abundant supply of 
building stone and skilled labour in this country. Consequently, Scotland is renowned for 
its architects. The most celebrated of these include Robert Adam (1728-92), David 
Hamilton (1768-1843), Alexander Thompson (1817-75) and James Gowans (1821-90). 
Examples of their work are still in existence, including houses and civic buildings. Like the 
other buildings mentioned in this section, these constitute a vital part of our heritage and 
are constantly in need of care and preservation (Maclnnes et al., 1999).

1.5.3. The restoration of historic buildings
The primary aim of repairing historic buildings is to arrest and remedy deterioration 
without altering architectural features unnecessarily or replacing more of the original 
materials than is necessary. In this manner, their structures may be preserved and their 
chances of long-term survival increased. The authenticity of an historic building depends 
upon how much of its fabric and design is original, though this matter may be complicated 
by the finding that such buildings often incorporate additions and alterations from different 
periods. These modifications may also merit rigorous conservation, or may sometimes be 
removed or re-styled back to an earlier pattern; such alterations may involve the re
construction of pinnacles, balustrades, parapets, cornices, window tracery, timber frames 
and even whole roofs. An outstanding example of this type of restoration is that of The 
Great Hall of Stirling Castle, which has recently been returned to its original Renaissance 
grandeur by the restoration and replacement of stonework and timbers that had been 
removed, damaged or modified during the intervening centuries.

Authentic restoration of an historic building necessitates a thorough understanding of the 
construction; this information may have to be obtained by means of historical and 
architectural investigations by experts. The chosen methods of repair should therefore be 
compatible with existing materials and methods of construction; they should also retain as
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much of the remaining materials as possible if they be sound enough. After the satisfactory 
repair of such a building, regular maintenance must be applied (Brereton, 1991; Singh & 
Nuss, 1995; Maxwell, 1995; Slattery, 1995).

1.6. The rationale and aims of the project

This thesis is the result of Historic Scotland’s willingness to fund research to investigate 
ways to preserve historic buildings from the effects of dry rot while minimising or 
obviating the use of conventional preservatives and pesticides, as well as the replacement 
of materials. Projects of this type facilitate the discovery, evaluation and promotion of 
safer, more cost-effective and environmentally-benign strategies to preserve buildings.

The main rationale of the project was to perform a preliminary investigation of the efficacy 
and ecological implications of manipulating selected environmental conditions in order to 
inhibit and inactivate Serpula lacrymans. By the start of this project, remedial treatments 
that rely solely upon the sensitivity of the dry rot fungus to ventilation and drying (instead 
of the accepted use of chemicals) were already being recommended and exploited 
commercially in the UK (1.4.4.), even though hardly any specific research had been 
produced to validate the treatments p e r  se (Hutton et al., 1991; Lloyd & Singh, 1994; 
Palfreyman, 1994; Palfreyman et al., 1995). Consequently, this project serves to evaluate 
these environmental treatments so that users of them can be better informed about the 
efficacy and possible consequences of the treatments. Investigating some effects of the 
localised environment on little-studied physiological and morphological aspects of S. 
lacrym ans constituted a secondary aim of the programme, as did comparative studies on 
geographically-diverse isolates of this species.

Much of the project involved the development of novel experimental modelling. 
Accordingly, the use of a progressive series of related experiments having differing 
structural arrangements, elements of scale and treatment regimes was vital, since each 
experiment was best suited to the collection of a particular form of information.

The aims of the project may therefore be summarised as follows
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• To compare the environmental sensitivities and decay capacities of geographically- 
diverse isolates of S. lacrymans and also to perform the isolation and characterisation of 
putative samples of rare ‘wild-growing’ S. lacrymans (Chapter 3)

• To develop small-scale models to test the effects of humidity and ventilation on the 
growth, decay capacity and survival of S. lacrymans, as well as the effects that building 
materials have on its activities and its susceptibility to environmental treatments 
(Chapter 4)

• To develop medium-scale workshop models to assess fan drying as a remedial treatment 
for S. lacrymans, along with those of a combined environmental and biological control 
treatment (Chapter 5)

• To develop a further, more representative set of medium-scale models to assess passive 
ventilation and fan drying as remedial treatments for S. lacrymans (Chapter 6)

• To investigate the effects of air drying on the intracellular levels of trehalose and other 
solutes with regard to possible adaptations to stress, and, at the same time, to determine 
whether any of these compounds could serve as a marker or indicator of stress (Chapter 
7)

• To study the relationship between S. lacrymans and selected forms of masonry, along 
with the effects of their principal components on the decay of timber (Chapter 8)

Although quite a wide range of scientific studies on the dry rot fungus had already been 
published by the start of this project, only very little of this work pertains to the remedial 
treatment of the fungus, and none to the use of drying alone as such a treatment. 
Fundamentally, this Ph.D. project could be viewed as a continuation of the applied studies 
of W.P.K. Findlay, which were published several decades ago, before this area of research 
was mostly discontinued for many years (Findlay, 1937; Findlay, 1950; Findlay & 
Badcock, 1954). Other key references that served as a starting point for the development of 
the project are studies by Brown et al. (1968), Coggins & Jennings (1975a), Clarke et al. 
(1980) and Bravery & Grant (1985). As Thornton (1989) and Palfreyman et al. (1995; 
1999) have pointed out, misconceptions and gaps in fundamental knowledge about the dry 
rot fungus have prevailed for a long time, and continue to do so. It is therefore the intention
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that this thesis will help to clarify some of these matters, as well as benefit later, more 
detailed studies of the topics approached.
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C h a p t e r  2

Materials and Methods
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2.1. Experiments of Chapter 3

2.1.1. The routine culture of Serpula spp.
Existing stock cultures of Serpula lacrym ans were used during this project (Table 1), as 
were isolates prepared from field samples (Table 2) during the programme. These were all 
routinely maintained on 20ml aliquots of 2% malt extract agar (2% MEA) in 90mm Petri 
plates (Sterilin® single vented); 2% MEA consisted of 2% w/v malt extract (Oxoid® L39) 
and 1.5% w/v agar technical (Oxoid® L13) in de-ionised water produced by a Barnstead®
NANO-pure II system. This medium was autoclaved for 20 minutes at 121°C. Subculturing 
consisted of transferring lOmm-diameter cores of mycelia, sampled from just behind the 
growth margin, to fresh medium in a laminar flow cabinet (Gelaire® TC 120). Each core 
was placed centrally on the medium, face upwards. This procedure was adapted for the 
inoculation of the other types of culturing vessels that were used in this project. Sealing 
film (American National Can® Parafilm ‘M’) was applied to the culture plates to minimise 
evaporation and contamination. The cultures were then incubated in closed polythene bags
at 22°C in a cooled incubator (LMS®). Care was taken to prevent the ingress of mites and 
contaminating spores.

Table 1: Verified isolates of Serpula lacrym ans (Schumach. ex Fr.) Gray

Code Origin and Year of 
Isolation

Source

FPRL 12C * England, 1949 Building Research Establishment, Watford
DIT-101 * Dundee, Scotland, 1989 From the collection in the laboratory
BF-050 * Melbourne, Australia, 

1981
Courtesy of Dr B. Hegarty, 
Rohm & Haas S.A., France

HIM 27 Woodlands of Narkanda, 
Indian Himalayas, 1994

From the collection in the laboratory 
(see White et al., 1997 and Appendix G)

HIM 28 Same Same
HIM 67 Same Same

FORFAR Tayside, Scotland, 1996 Isolated from field samples
MILL Tayside, Scotland, 1996 Isolated from field samples

* Previously used by Palfreyman et al. (1991) and Vigrow (1992)

In addition, an existing isolate of Serpula him antioides (Fr ex Fr) Karsten with the code 
Bb24 was obtained from our own culture collection for use as a reference culture (2.1.7. 
and 2.1.10.).
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2.1.2. The isolation of field samples
The isolates FORFAR and MILL were cultured from the vegetative parts of fresh 
basidiocarps of S. lacrym ans that were collected in two buildings in separate parts of 
Tayside Region in Scotland. Axenic cultures were obtained by plating dissected portions of 
the hymenium onto 2% MEA (2.1.1.) containing filter-sterilised 0.4% w/v Benlate®, both 
with and without prior rinsing of the sample in 1 % v/v sodium hypochlorite (after White et

Oa l., 1997). Incubation was performed at 22 C and all promising growth was immediately 
subcultured onto 2% MEA.

Other cultures were prepared from rare ‘wild-growing’ forms of the genus Serpula  that 
were collected in woodlands of Northern California and The Czech Republic respectively 
(Table 2). Portions of the respective basidiocarps were kindly supplied by Professor J. 
Bech-Anderson of the Hussvamp Laboratoriet, Denmark, and Dr J. Singh, a UK-based 
associate of the same group, who collected them on recent expeditions (Bech-Anderson,
1995).

Table 2: Isolates of Serpula  cultured from ‘wild-growing’ field samples

Code Origin and Year of 
Collection

Source and Year of Isolation

USA’94 Mt. Shasta, N. California, 
USA, 1994

Courtesy of Professor J. Bech-Anderson, 
isolated in 1998

Czech’95 Boubin, Sumava Mountains 
Czechoslovakia, 1995

Same source
Czech’98 Same location, 1998 Courtesy of Dr J. Singh, isolated in 1998

Pieces of these basidiocarps were plated-out as described previously. Since the ‘wild’ 
basidiocarps were received in a dried and partially deteriorated condition, an attempt was 
also made to germinate basidiospores from them after White et al. (1997). Two acidified 
media were prepared: these consisted of a) 2% w/v malt extract (Oxoid® L39), 2% w/v 
agar technical (Oxoid® L13) and 1% w/v citric acid (Sigma®) autoclaved in de-ionised 
water b) 3.5% w/v malt extract (Oxoid® L39), 1.5% w/v agar bacteriological (Oxoid® 
L ll)  and 1% w/v malic acid (Sigma®) autoclaved in de-ionised water. The acidic
constituents were autoclaved separately from the others, then added at a pouring

0temperature of 50 C. Pieces of the fruiting body were then cut into sections of 2-4 mm2. A 
spot of petroleum jelly was applied to the inner periphery of a plate lid, then a portion of
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basidiocarp was carefully attached so that the spore-bearing surface faced downwards. 
When the sample was suspended over the medium, the lid was tapped sharply above the 
sample and revolved slightly to release the spores. This process was repeated twice-daily

Ofor 4 days, with the unsealed plates being incubated at 22 C in metal boxes sealed by 
means of Sellotape®. These plates were checked regularly for the next 6 weeks; any 
promising growth was subcultured onto 2% MEA in sealed plates (2.1.1.).

2.1.3. The effects of temperature on the growth rates of isolates
Cultures of S.lacrym ans FPRL 12C, DIT-101, BF-O50, HIM 27, HIM 28 and HIM 67 were 
prepared in quadruplicate on 2% MEA as described in 2.1.1. After the growth of initial

Ocolony radii of 10-15mm at 22 C, followed by the marking of these at the 4 cardinal points,
O Oquadruplicate sets of cultures were transferred to separate incubators set to 4 C, 15 C,

O 0 o o22 C, 26 C, 32 C and 37 C respectively. The cultures were inspected regularly, so that 
their final growth radii could be marked when the radial mycelial growth had reached 
within about 10mm of the sides of the plates. In addition, the macroscopic appearances of 
the colonies were assessed for yellowing, exudation of liquid, effuseness and aerial growth.

The radial extension rate for each colony (in mm per day1) was determined by dividing the 
mean value of the larger growth radii minus that of the smaller by the number of days 
elapsed between the measurements. All data were processed and analysed on the software 
MINITAB for Windows (Minitab Inc.®). See Appendix J for additional information 
regarding statistical analysis.

2.1.4. The effects of water potential on the growth rates of isolates
This test was organised in a similar manner to that of 2.1.3. except that, instead of varying 
the temperature, regimes of varying water potential were created through the addition of 
potassium chloride to the medium. Appendix A outlines how 2% MEA was adjusted to 
produce separate regimes of 0.00 MPa, -0.46 MPa, -2.22 MPa, -3.99 MPa and -7.15 MPa.

OThe cultures were then incubated at 22 C and finally assessed in the manner described in
2.1.3.

2.1.5. The effects of pH on the growth rates of isolates
Again the experimental arrangement described in 2.1.3. was followed, with the exception 
that regimes of differing pH were created by the mixing hydrochloric acid and/or sodium
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hydroxide with 2% MEA as described in Appendix B. Regimes of pH 3.05, 4.40, 5.56,
6.09, 6.51, 6.94 and 7.60 were produced at an incubation temperature of 22°C.

2.1.6. Comparing the timber-decaving capacities of isolates
The following isolates of S. la crym a n s  were used for this experiment: FPRL 12C, DIT-101, 
BF-O50, HIM 27, HIM 28, HIM 67, FORFAR and MILL. Fresh Scots pine (P in us
sy lv e s tr is ) sapwood was cut into 10 mm cubes, numbered, oven dried at 103°C for 48 
hours, weighed, soaked overnight in de-ionised water, drained, then autoclaved for 40

Ominutes at 121 C in foil-covered beakers. When cool, blocks were aseptically placed on 
discs of autoclaved plastic mesh resting on 2-week-old cultures growing in 500ml vented 
glass jars containing 200ml of 2% MEA (2.1.1.). The jars were loosely covered by
aluminium foil and incubated in a constant-environment room at approximately 22°C and 
65% relative humidity. At intervals of 3, 6, 9, 12 and 15 weeks, blocks were removed in
sets of 4 from each vessel, gently wiped to remove adhering mycelium, dried at 103°C for 
48 hours, then re-weighed. For each block, the percentage of the original dry weight that 
was lost during the experiment was calculated; all data were processed and analysed on the 
software MINITAB for Windows (Minitab Inc.®).

2.1.7. Preparation of samples for profiling by SDS-PAGE
The isolates FPRL 12C, Bb24, USA’94, Czech’95 and Czech’98 were grown for 3 weeks 
on 2% w/v malt extract (Oxoid® L39) in unsealed 90mm plates (Sterilin®) containing 
20ml of medium. Cultures were prepared in quadmplicate and were incubated for 3 weeks
at 22°C within metal boxes sealed by Sellotape®. Afterwards, the colonies were carefully 
removed from the plates, rinsed in de-ionised water for at least 30 seconds, then gently 
blotted dry on paper towels and placed in 1.5ml microcentrifuge tubes (Fisherbrand®). 
These tubes were immediately frozen in liquefied nitrogen for 2 minutes then stored in a

odeep-freeze at -22 C until required.

The samples were subsequently thawed, ground for 1 minute within the tubes by means of 
a sample grinder (Drill Master® A600) fitted with interchangeable micropestles, then 
centrifuged for 5 minutes at 13,000 rpm. Whenever possible, samples were stored on ice. 
Removal of lOOpl of supernatant was followed by the addition of 50ul of boiling mix 
(Appendix C, section C 1) and vortex mixing for 10 seconds; sample tubes were then
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boiled for 4 minutes in a water bath and centrifuged for 5 minutes at 13,000 rpm. The 
resulting supernatant was divided into 40pl portions in 0.5ml tubes (Fisherbrand®), ready 
for loading onto the SDS-PAGE gels (2.1.8.).

2.1.8. Preparation and running of polyacrylamide gels
The reagents and mixtures are listed in Appendix C, Section C 1. SDS-PAGE gradient gels 
were prepared according to the manufacturer’s instructions using a Hoefer Scientific 
Instruments® SE600 series vertical slab gel unit, a Hoefer® gradient maker attached to a 
magnetic stirrer (Hanna Instruments®) and a Watson Marlow® peristaltic pump. The 
running gel was poured first, then carefully overlaid with water-saturated butanol 
(Fisons®); 35 minutes later the butanol was rinsed away by means of stacking gel buffer, 
then the stacking gel was poured. A 10-tooth ‘comb’ was inserted between the plates then 
the gel was left for 25 minutes to set. Afterwards, the ‘comb’ was carefully withdrawn and 
the wells filled with electrode buffer; 40pl portions of the samples were then introduced 
into respective wells; 20pl portions of the molecular weight marker solution was 
introduced into the outermost wells. The gel kit was fully assembled and loaded with cold

oelectrode buffer in a coldroom at 4 C, then a current of 35mA was applied to each gel for 
approximately 3 hours via a LKB Bromma® 2197 power pack. In this manner proteins 
were separated according to their molecular weights (Appendix C, section C l) .

2.1.9. Silver staining and imaging of gels
The gels were immediately removed from the kit so that they could be stained to reveal the 
proteins. The reagents and mixtures are listed in Appendix C, Section C 2. Detection of the 
proteins in the samples was by the method of silver-staining after Blum e t a l. (1977). This 
method consisted of soaking each gel in fix solution overnight, followed by three 20- 
minute rinses in wash A, a 1-minute soak in pre-treat, three 20-second rinses in de-ionised 
water, a 20-minute soak in impregnate, two 20-second rinses in de-ionised water, followed 
by a soak in develop until brown/yellow lines appeared in each lane. When these ‘bands’ 
became sufficiently pronounced, the gel was rinsed twice in de-ionised water for 2 minutes, 
soaked for 10 minutes in stop, then stored in wash B within a sealed container.

Images of the stained gels were prepared on a Leica® Quantimet 600S image processor by 
means of a Sony® DXC-930P colour video camera and a Hancocks® 2 x 15w light box 
situated in a darkroom. The image processor was operated by the manufacturer’s software
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running in the environment of Microsoft® Windows 3.1. After imaging, the gels were 
sealed into polythene sachets to facilitate visual analysis and longer-term storage. The 
sample ‘lanes’ were compared in order to seek similarities and differences in the banding 
patterns and respective weights of the proteins indicated. The latter criterion is a function 
of the distance a band migrates on the gel with regard to that of the molecular weight 
markers. Unavoidable distortions of migratory patterns during electrophoresis were taken 
into account.

2.1.10. The morphological examination of isolates and the production of photographs 
Cultures of FPRL 12C, Bb24, USA’94, Czech’95 and Czech’98 growing on 2% MEA 
(2.1.1.) were compared macroscopically to determine whether each ‘wild’ isolate 
resembled S. la crym a n s  FPRL 12C (originally sampled from a building) or S. h im a n tio id e s  
Bb24. These last-mentioned isolates were known to be representative of their species, as 
found in Northern Europe. Both actively-growing and aged cultures of each isolate were 
examined. Criteria that were assessed included the thickness and the hue of mycelial 
growth, the amount of aerial growth present, the presence or absence of yellowing on older 
cultures, the formation of stranding and the presence or absence of tufted agglomerations of 
hyphae that are characteristic of S. h im an tio ides.

The cultures were photographed on a light table (Krokus® Repro PZO) using a Cannon® 
AE-1 35mm camera fitted with a Makinon® zoom lens (28-80mm) and a blue filter 
(Jessop®, 62mm 88B). Exposures were captured on Jessop® SHR 200 DX colour film, 
then processed by the same company. These specifications apply to all the other 
photography in the project.

Mycelia from the periphery of the cultures were sampled in order for the hyphae to be 
examined under a light microscope (Meiji Techno®, model 13370). Small scrapings of 
each culture were mounted in de-ionised water to form ‘smears’ between the glass slides 
and the coverslips. These preparations were viewed at up to x400 magnification in order to 
check for the presence of clamp connections (1.1.2.).
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2.2. Experiments of Chapter 4

2.2.1. The development of small-scale models to test separately the effects of relative 
humidity and air flow on S. la crvm a n s
Fresh Scots pine sapwood (P in u s sy lve s tr is )  was cut into blocks of size 10 x 10 x 5mm and

O10 x 10 x 20mm respectively, oven dried at 103 C for 48 hours, numbered, weighed, 
soaked overnight in de-ionised water, drained, then autoclaved for 40 minutes in foil- 
covered beakers. When cool, blocks were aseptically placed on discs of sterile plastic mesh 
resting on 2-week-old cultures of S. la crym a n s  FPRL 12C growing on 200ml of 2% ME A 
in 500ml vented jars. The jars were loosely-covered with aluminium foil and incubated at

Oapproximately 22 C and 65% R.H. for 2 weeks (the smaller blocks) and 3 weeks (the larger 
blocks).

The experimental chambers consisted of plastic storage boxes (Addis® inner dimensions
O210 x 140 x 85mm) that were autoclaved at 121 C for 20 minutes without lids, but covered 

by aluminium foil. All lids were treated by ethanol and ultra violet light prior to use. For 
testing the effects of humidity, the chambers contained 200ml of sterile de-ionised water or 
saturated salt solutions (see Appendix D) to maintain relative humidities of 100%, 97%, 
93%, 86%, 81% and 76% in separate chambers respectively (Fig. 3). The chambers for 
testing the effects of air flow each contained 200ml of sterile de-ionised water, which was 
periodically replenished during the experiment via a small bung on the lid; these chambers 
each possessed a 50mm in-line filter (Whatman HEP A-VENT® 0.3pm no. 6723-5000) 
fixed into a side of the chamber. This filtration mechanism was connected to a pierced 
nylon pipe (10mm bore) situated horizontally within the vessel to serve as a distributor of 
air (Fig. 4). A 0.12 kW diaphragm pump (KNF Neuberger® model VDE 0530) was used to 
supply four of these chambers with air flow rates of 1.5, 2.5, 4.0 and 6.0 litres per minutes 
respectively, through 9mm-bore flexible tubing (Nalgene® no. 8007) fitted with Y joints 
(BDH®); flow rates leading to the boxes were regulated by pinch clamps (BDH®). Air 
exited each air flow chamber through three lOmm-diameter vents that were packed loosely 
with non-absorbent cotton wool. Accordingly, a chamber with no pumped air flow served 
as a control.

Inoculated blocks were aseptically placed on an arrangement of raised Petri plates within 
each chamber, with two such platforms in each model (Fig. 3). The blocks were placed
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with the tangentially-cut face upwards. Once loaded, the chambers were sealed with 
Sellotape® and incubated at 22  C  (the optimal temperature for S. la c ry m a n s) in the case of

Othe air flow chambers and 20 C (the requisite temperature for maintaining the stated levels 
of humidity) for the humidity chambers. The smaller blocks were subjected to a 4-week 
treatment regime, whereas the larger blocks were treated for 8 weeks.

Blocks Pierced plate (plastic)
Solution Inverted plate lid (plastic)

O O "O O

Glass plate

O O

Figure 3: A representation of the platforms within the small-scale models (both types). A 
lengthways cross section of a chamber is shown, illustrating the stacked plate arrangement 
and the position of the blocks with respect to the source of moisture. Four (small) or two 
(large) blocks were placed centrally on each platform according to the experiment. The 
internal detail of the air flow chambers is not shown (see Fig.4). Not to scale.

Figure 4: A line drawing representing the internal view of an air flow chamber, looking 
downward with the lid removed. The resulting arrangement of blocks and plates was the 
same in both the air flow and the humidity chambers. Not to scale.
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At the end of each experimental regime the interiors of both types of chamber were 
photographed (section 2.1.10.), the amount of radial mycelial growth away from the 
infected blocks assessed, and the percentage weight loss and moisture contents of the 
blocks determined after oven drying once more. Percentage weight loss values were 
calculated with respect to the original dry weights of the blocks; similarly, final percentage 
moisture contents of the blocks were calculated with respect to their final dry weights. 
Percentage weight loss values were also calculated for blocks sampled from each jar at the 
end of the 3-week period of inoculation; the mean percentage weight loss after the 
inoculating period was thus subtracted from the respective mean values for final weight 
loss: these adjusted values are presented in Chapter 4. Data were processed and analysed 
on the software MINITAB for Windows (Minitab Inc.®). The viability of S. la c rym a n s  
after each experimental regime was ascertained by plating representative samples of the 
blocks onto 2% MEA (2.1.1.) and benomyl®-supplemented MEA (2.1.2.), along with any

Oadhering mycelia that were present. The plates were incubated at 22 C, then assessed for 
active growth of the fungus after 2-3 weeks.

2.2.2. Determining the equilibrium moisture content of Scots pine sapwood
Fresh Scots pine sapwood from the same batch as that used for the other small-scale
experiments was cut into 10mm cubes. These were randomly sorted into 2 groups, then

0numbered. One set of blocks was oven-dried for 48 hours at 103 C then soaked for 48hours
0in de-ionised water, then drained; this set was autoclaved for 40 minutes at 121 C within

Ofoil-covered beakers (the ‘wet’ set). The second set of blocks were autoclaved at 121 C for
40mins in beakers loosely covered by foil, then oven-dried for 48hours at 103°C within the 
beakers (the ‘dry’ set).

600ml-capacity plastic jars (Nalgene®) each containing 200ml of de-ionised water were
0autoclaved for 20 minutes at 121 C. Saturated solutions of salts (Appendix D) were 

prepared within separate vessels in order to maintain relative humidities of 100%, 97%, 
93%, 86%, 81%, 76%, 65%, 55% and 33% respectively. A pair of vessels was prepared for 
each nominal humidity, one vessel for the ‘dry’ blocks and another for the ‘wet’ blocks. 
Sections of 90mm-diameter drainage pipe, sawn to adequate lengths, were autoclaved as 
described above, along with lOOmm-diameter discs of 2mm-thick nylon mesh; these were 
loaded into the vessels as illustrated in Fig.5. Eight replicate blocks from each respective 
set were aseptically placed within the appropriate vessels (Fig.5).
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Lid of vessel
Scots pine blocks 

-Nylon mesh
Sawn-off plastic drainage pipe
Humidity-generating solution

Figure 5: A representation of the vessel used to effect an equilibrium of moisture within 
wooden blocks. Not to scale.

After being sealed twice by means of Parafilm ‘M’ (American National Can®.), the
0chambers were stored for 6 months in an incubator set at 20 C. Afterwards, the blocks were 

removed to be weighed immediately, then re-weighed after having been dried for 48 hours
Oat 103 C; in this manner values for their levels of moisture at putative equilibrium could be 

determined. All data were processed and analysed on the software MINITAB for Windows 
(Minitab Inc.®).

2.2.3. Determining the water-holding capacities of selected timbers
Samples of Scots pine sapwood, Scots pine heartwood, sitka spruce (P ic e a  s itc h e n s is) 
sapwood, sitka spmce heartwood and oak (Q u ercu s spp.) heartwood, that had each been 
subjected to ambient humidity for several weeks, were cut into 10mm cubes. Groups of 8 
replicate blocks, selected randomly from each set, were passively soaked for 5 days in de
ionised water at room temperature then removed, shaken and tapped to remove excess
water; they were then weighed. The blocks were subsequently oven-dried for 4 days at

0103 C then re-weighed. The individual ‘wet’ weights were thus compared with the final 
‘dry’ weights. All data were processed and analysed on the software MINITAB for 
Windows (Minitab Inc.®).

2.2.4. The use of small-scale models to test the effects of selected building materials on the 
susceptibility of S. la crvm a n s  to relative humidity and air flow
The air flow and humidity chambers used in this part of the work were arranged similarly 
to those described in section 2.2.1., except that they incorporated a modification to the
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platform that supported the blocks. In place of the inverted plate lid (Fig.l), a ‘tile’ of 
selected building material (size approximately 90 x 90 x 10mm) was placed on top of the 
glass plate. In addition, only the 8-week regime incorporating the larger blocks was used 
(2.2.1.). The materials tested in the humidity-chamber experiments were pink granite, grey 
sandstone, brown sandstone, light brown sandstone (all cut from quarried blocks), lath and 
plaster (salvaged, circa 100 years old), gypsum plasterboard (British Gypsum®), red brick 
(salvaged, 60-120 years old), used floorboarding (salvaged, circa 100 years old), pine 
sapwood and spruce sapwood (both fresh). Of the above-mentioned materials, all those 
apart from red brick, used floorboarding, grey sandstone and light brown sandstone were 
tested in the air flow-chambers as well. The salvaged materials were all obtained from 
sources in Dundee.

The ‘tiles’ of stone and brick were sterilised in an oven at 260°C for 1 hour, whereas the
two types of plaster were carefully wrapped in aluminium foil, autoclaved at 121°C for 1 
hour, then left to dry for a few days in their wrappings prior to use. The latter practice was 
adopted for the tiles of wood. During the assembly of the chambers, two pre-infected 
blocks of Scots pine sapwood (10 x 10 x 20mm) were placed on a 25mm x 25mm square 
of sterile plastic mesh situated centrally on each ‘tile’, as described in 2.2.1. Nominal R.H. 
regimes of 100%, 97%, 93%, 86% and 81% were used in the humidity chambers 
(Appendix D). For the air flow chambers, regimes of 0, 1.5, 2.5 and 4 litres per minute 
were applied. Data from these experiments were processed in the manner described in
2.2.1.

2.3. Experiments of Chapter 5

2.3.1. The preparation of inoculum timber for Type 1 medium-scale models
Plastic storage boxes (Addis®) of dimensions 210 x 140 x 85mm, minus their lids, were
covered by aluminium foil then autoclaved at 121°C for 40 minutes. A 200ml portion of 
2% MEA (2.1.1.) was poured into each box. When cool, the medium was inoculated via 
cores of S. la crym a n s  FPRL 12C. The boxes were then placed in closed plastic bags
(Sterilin® autoclavable) and incubated at 22°C for 2 weeks.

40



Sections of Scots pine (180 x 50 x 10mm) each fitted with two 35mm screws to aid 
handling, were soaked overnight in de-ionised water, wrapped in foil then autoclaved at
121°C for 40 minutes. Rectangular mats of plastic mesh were autoclaved at the same time; 
these were subsequently placed onto the 2-week-old cultures. The cooled blocks (two per 
box) were then aseptically placed on the mesh. The boxes were then incubated for another 
5 weeks in the same manner as before.

2.3.2. Assembly and use of Type 1 models to test the effects of environmental control 
treatments (first experiment incorporating this design)
Two aquarium tanks of bonded glass construction, inside dimensions 1200 x 290 x 
420mm, were obtained. Into each of these were placed two separate constructions of 
timber, plaster and brick as shown in Fig. 6. and described in Tables 3 and 4 respectively. 
Grids of 10mm squares were drawn on the inward-facing surfaces of the timber and plaster 
of the constructions used in the first experiment.

Figure 6: A diagram showing the design of the Type 1 workshop-scale models. Symbols A- 
F represent the components described in Tables 3 and 4 respectively. Two separate models 
were placed side-by-side in each of the two tanks: the left-hand model in each tank was 
constructed from aged lath and plaster and salvaged floorboards (Table 3), whereas the 
right-hand model (Table 4) was constructed from new plasterboard and pine floorboards. 
Not drawn to scale; hidden detail not shown.
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Table 3: Type 1 construction - aged timber and lath and plaster used

Component Description
A 600 x 200 x 20mm section of lath and plaster salvaged from a building 

approximately 100 years old (thickness varied +/- 6mm)
B 580 x 75 x 10mm tangentially-sawn softwood boards salvaged from a 

building approximately 100 years old (x 3)
C 180 x 50 x 10mm Scots pine inoculum block prepared as described in 

section 2.3.1.
D 200 x 50 x 10mm Scots pine skirting pieces, unpainted (x 2)
E 215 x 100 x 60mm porous construction bricks (x 2)
F 400 x 50 x 10mm Scots pine supports (x 2)

The salvaged materials were all obtained from sources in Dundee.

Table 4: Type 1 construction - new timber and plasterboard used

Component Description
A 580 x 200 x 10mm gypsum plasterboard (British Gypsum®) with paper 

facings
B 580 x 75 x 10mm tangentially-sawn Scots pine boards (x 3)
C 180 x 50 x 10mm Scots pine inoculum block prepared as described in 

section 2.3.1.
D 200 x 50 x 10mm Scots pine skirting pieces, unpainted (x 2)
E 215 x 100 x 60mm porous construction bricks (x 2)
F 400 x 50 x 10mm Scots pine supports (x 2)

The loaded tanks were partially filled with tap water to a level of 30mm then closed over 
by means of polythene sheeting: moisture was thus allowed to enter the materials for one 
week before an inoculum block (C) was placed on each construction. Afterwards, each tank 
was sealed by using a double layer of building-grade polythene sheeting. To enable 
maximum humidity to generate, care was taken to effect an all-round seal by means of 
Sellotape®. The tanks were incubated in relatively stable conditions (mean temperature 
20.52 °C, stdev. 1.01; mean R.H. 65.94%, stdev. 3.80) in a darkened basement; readings 
were taken regularly by means of a thermohygrometer (Airflow® TH1).

The following treatment programme was adopted

W eek 0  to  W eek 1 0 : Fungal colonisation of the materials was allowed to proceed. 
Throughout this stage, and those following, the progression of the growth fronts on the 
outer faces of the plaster and the boards was recorded with the aid of the marked grids; any
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existent stranding, point growth, or discoloration of S. lacrym ans was also noted, as was 
the presence of other micro-organisms. Consequently, drawings, descriptions and 
photographs were made/taken in order to record this continuum of events. During this 
period the mean growth rates were recorded at 5 evenly-spaced points across each model 
with the aid of pre-drawn grids; mean values were subsequently calculated for the 
extension of the mycelial front from week 4 to week 6.

W eek 10 to Week 1 2 : The plastic sheeting was removed from the tanks, then an oscillating 
desk-top fan (Pifco® Model 1000, 180mm rotor/35w motor) was suspended above the 
centre of each tank, at a height of 700mm from the base, by means of a retort stand. The 
horizontal position of the rotor enabled air to be passed as evenly as possible throughout 
the interior of the tank; accordingly, the rates of air flow within each tank varied between
0.3 and 0.6 m/sec when recorded by means of an anemometer (Airflow® TA4). Water 
levels were maintained during this period. During this period, the percentage levels of 
moisture on the upper surfaces of the boards were estimated by means of a calibrated 
resistance meter (Protimeter® Mini HI) at weekly intervals. Periodically, samples of S. 
lacrym ans from the principal materials in each construction were plated onto benomyl-malt 
agar (Coggins & Jennings, 1975b; White e t al., 1997) in order to test for survival as 
evidenced by mycelial growth after 2-3 weeks.

W eek 12 to Week 1 8 : The tanks were re-sealed to allow any recovery of active growth by S. 
lacrym ans to be observed.

W eek 18 to Week 2 0 : The tanks were re-opened so that the fans could be applied once 
more, as described for Weeks 10 to 12. Water was siphoned out of the left-hand tank, 
whereas water levels were maintained in the right-hand tank.

W eek 20  to 2 5 : Water was added to the left-hand tank. Both tanks were then re-sealed to 
allow a potential re-emergence of S. lacrym ans to be observed. Finally, the constructions 
were dismantled for close examination and photography to take place.

2.3.3. The use of Type 1 models to test the effects of environmental control and biocontrol 
treatments (second experiment incorporating this design of construction)
The constructions in this experiment were built and arranged in the same manner as those 
described in 2.3.2. Again, two aquarium tanks were used, each containing one model
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incorporating aged materials and another fashioned from new materials (Tables 3 and 4; 
Fig. 6). These models were inoculated in the same manner as those preceding (2.3.1. and
2.3.2.), except that they were colonised by S . la crym a n s  for 10 months prior to any 
treatments being applied. The same darkened basement was used (mean temperature 20.52
°C, stdev. 1.01; mean R.H. 65.94%, stdev. 3.80). After 10 months of colonisation, the right 
hand tank was opened and treated by fan drying for 2 weeks in the manner described in 
2.3.2., with the reservoir of water maintained; the other tank was left sealed. Afterwards, 
the right hand tank was sealed again for 2 weeks so that surviving mycelia could revive. 
Levels of moisture on the upper surfaces of the boards were assessed while the tanks were 
open (2.3.2.).

The isolate T rich od erm a h arzian um  25, which Score & Palfreyman (1994) found to be the 
most effective antagonist of S. la crym a n s  in a screening test, was cultured on 20ml portions 
of 2% MEA (2.1.1.) in 90mm plates (Sterilin®) for 2 weeks at room temperature. This 
isolate was obtained from the existing collection in the laboratory. A set of 28 replicate 
cultures were harvested by adding 10ml of sterile de-ionised water to each and gently 
dislodging the conidia by means of an inoculating loop. These suspensions were pooled, 
made up to 420ml by the addition of sterile de-ionised water and gently mixed. Conidial 
density was determined by means of a haemocytometer (Neuberger® Improved) and light 
microscopy (2.1.10.), resulting in a count of 1.671 x 108 conidia per ml.

Two weeks after closing the right-hand tank after fan drying, both of the tanks were opened 
so that 100ml of the freshly-prepared suspension could be sprayed consistently onto the 
exposed surfaces of timber and plaster in each construction by means of a misting device 
for irrigating house plants. The tanks were re-sealed, then inspected periodically for 16 
weeks; a photographic record was also made. Finally the tanks were opened and the 
components dismantled and photographed. The moisture contents of the boards were 
recorded on opening.

Additionally, the viability of the conidia was tested by spraying a similar coating of fresh 
suspension onto the surfaces of 20ml portions of solidified LNM (Appendix E) and 2% 
MEA (2.1.1.) in duplicate 90mm plates (Sterilin®). In order to gauge its efficacy, the 
conidial suspension was sprayed onto 2-week-old cultures of S. la c rym a n s  FPRL 12C; 
control cultures treated with sterile de-ionised water were also used (both in duplicate). All
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of these plates were incubated for 4 weeks at 22°C, then assessed visually and 
photographed.

2.3.4. The development of small-scale models to represent the sheltered parts of buildings 
Chambers like those described in 2.2.1. for testing the effects of humidity were assembled. 
A 10mm3 block of Scots pine sapwood that had been infected for 3 weeks by S .la crym a n s  
FPRL 12C, as described in 2.2.1., was placed centrally on each upward-facing plate lid. 
The plate lids were immediately transferred to humidity chambers (2.2.1.) containing 
200ml of sterile de-ionised water; these were sealed and incubated at 22°C. Meanwhile, 
small covers were prepared from 50ml centrifuge tubes (Elkay Products®) which were 
sawn to a length of 45mm, ground to provide a level cut surface, then wrapped in 
aluminium foil and autoclaved for 20 minutes. To discrete sets of these tubes was added, 
aseptically, one of the following a) 5ml of 2% purified agar (Oxoid® L28) in de-ionised 
water b) 5ml of 2% malt extract (Oxoid® L39) and 1.5% purified agar (Oxoid® L28) in de
ionised water c) no addition. When the partially-filled covers were subsequently inverted 
and placed over inoculated blocks, the domes of the vessels could thus act as small 
‘reservoirs’ of nutrients and/or moisture.

After each colony had extended about 25mm from its central block, the colonies and their 
underlying supports were moved to chambers containing 200ml of saturated salt solutions 
(Appendix B) in the manner outlined in Table 5. At this point, where applicable, a cover 
was placed over the central block of each colony to provide shelter without cutting-off the 
outlying mycelia.

Table 5: Organisation of the chambers and covers
Nominal R.H. No Cover Emntv Cover Cover Holding Cover Holding

(Control) Water Agar Malt Agar
100% 2 colonies 2 colonies 2 colonies 2 colonies
93% 55 55 5 5 55 55 5 5 5 9 55
86% 55 95 5 5 55 5 5 55 5 5 5 5
81% 9 5 5 5 95 55 5 5 55 9 5 5 5
76% 55 55 55 55 55 55 55 55
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The chambers were subsequently re-sealed by means of Sellotape® and left for another 8 
weeks in order to check whether growth of the mycelia continued beyond the limits marked 
at the time of adding the covers. After this time, the radii of the colonies were measured 
again at the 4 corresponding points around each colony. In addition, the final moisture 
content of each block was calculated, along with its total loss of dry weight (2.2.1.). The 
appearance of each colony was also noted.

2.3.5. Testing the effects of air drying on the viability of S. la crym a n s  in infected wooden 
blocks
Three hundred 10mm3 blocks of Scots pine sapwood were infected by the isolate 
S .la crym a n s  FPRL 12C in the manner described in 2.2.1. After 4 weeks’ inoculation 
quadruplicate sets of infected blocks were enclosed within empty 90mm Petri plates 
(Sterilin® single-vented). These unsealed plates were stored in a vented metal box (volume 
approximately 1 metre3) in a cool, well-aerated space. Before use, this box was cleaned 
thoroughly by wiping with ethanol; additionally, a palisade of Vaseline® was formed 
around the plates. Every week for 20 weeks, 2 plates were sampled: the 8 infected blocks 
within them were plated onto 2% MEA (2.1.1.) in order to determine viability during
incubation at 22°C. The state of growth, inactivity or contamination was graded visually 
two weeks later; plates showing no growth were reassessed after 6 weeks. The relative 
humidity and temperature of the storage area were regularly monitored by means of an
Airflow® TH1 thermohygrometer (mean temperature 20.5 °C, stdev. 2.22; mean R.H. 
36.01%, stdev. 8.70).

2.4. Experiments of Chapter 6

2.4.1. Assembly and use of Type 2 models to test the effects of environmental control 
treatments
This section of the work involved the construction of a second design of medium-scale 
workshop model, a plan of which is provided in the following figure. In total, 8 of these 
models were constructed from the same batches of materials.

The construction of each of the 8 models is outlined as follows. Panels of clear plastic 
(Ariel® 4mm-thick polystyrene sheeting) of the following areas were prepared: 300 x
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300mm [x 2], for the back and base; 292 x 150mm [x 3], for the front and sides; 150 x 
30mm [x 2], for the side surrounds; 292 x 30mm [x 1], for the top surround. The sections 
were bonded together by means of ‘Tensor no. 70 resin by Evode Speciality Adhesives®, 
which was allowed to set for a week before the joints were tested for watertightness.

(i) Front View

A

B
c
D

(ii) Side View

(iii) Aerial Plan

Figure 7: A diagram showing the design of the Type 2 workshop-scale models (hidden 
detail not shown). Symbols A-E represent the components described in Table 6. The 
heavier lines designate the outlines of the bonded panels that form the transparent casing. 
Not drawn to scale; hidden detail not shown.

Table 6: Type 2 construction - materials used
Component Description

A 300 x 150 x 20mm section of lath and plaster salvaged from a building 
approximately 100 years old (thickness varied +/- 6mm)
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B 300 x 115 x 20mm softwood tongue-and-grove floor boarding salvaged 
from a building approximately 100 years old (x 3); the width of the 
backmost piece was trimmed to fit

C 270 x 60 x 50mm sections of flooring joist salvaged from a building 
approximately 100 years old (x 2); the height of the joist was trimmed to 
fit; the cut surface was placed downwards

D Porous brick sawed in half vertically, lengthways to 215 x 50 x 60mm (x 
2)

E 100 x 50 x 10mm Scots pine inoculum block prepared as described in 
section 2.3.1.

The salvaged materials were all obtained from sources in Dundee.

After the internal components (Table 6) had been loosely assembled with the exception of 
the inoculum block (E) and the plaster (A), which was sealed into the surround by means of 
a glazing compound (Alfasil Industries® Alfasil 1000), each chamber was partially filled 
with tap water to a level of 50mm. Moisture was thus allowed to enter the materials for a 
week prior to the screwing of the inoculum block (E) into a pilot-drilled hole in the 
floorboard that was contiguous with the plaster. The outside edges of the boards were 
subsequently sealed by the glazing compound, whereas the joints between them were 
sealed lightly by means of Sellotape®. Each construction was then covered loosely by a 
polythene sack (Sterilin®), secured by an elastic band, to ensure adequate humidity during 
the initial colonisation of the materials by S. lacrym an s, and during later periods when 
surviving mycelium was permitted to revive. Likewise, all of the constructions were lightly 
sprayed with tap water on the outward faces of the boards and the plaster by means of a 
misting device for house plants.

The following sequence of programmes was adopted after the constructions had been 
divided into 4 pairs: one pair were passively treated by means of ambient humidity only; 
another pair were actively treated by means of desk top fans (Fig. 9) set to the lower speed; 
another pair were actively treated by the higher fan speed; a final pair were left untreated to 
serve as controls. A flow diagram showing the sequence and duration of respective 
treatments is provided first (Fig. 8), followed by a description of each one.

The constructions were all stored in the same darkened basement as that used for the Type
1 models. The conditions around the models comprised a mean temperature of 20.55°C 
(stdev. 1.08) and a mean R.H. of 65.09% (stdev. 4.55); these readings were taken at regular 
intervals as described in 2.3.2. Periodically, the moisture content of the upper surfaces of 
the boards was estimated by means of a moisture meter (Protimeter® Mini III),
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accompanied by observations of the interior and exterior of the structures. The moisture 
content of each board was determined along the centre of its width 20mm from its left side, 
directly upon its centre and 20mm from its right side respectively.

Figure 8: A flow diagram showing the sequence of treatments and their interrelationships. 
The numbers in brackets indicate which constructions were involved at each stage (see the 
details of treatments, along with Fig. 9). The respective constructions are indicated in 
brackets.

A c tiv e  T rea tm en t I  (Constructions 1 to 4): A desktop fan (Micromark® MM9060, 
25W/150mm rotor) and a 4-sided flow-directing funnel made from cardboard were 
suspended above each partially-opened construction (Fig. 9), after the foremost board had
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been removed, then sawn in half to create a vent of dimensions 295 x 55mm. One half of 
this board was immediately replaced in position. At the same time, the strip of plastic 
above the plaster was fully opened to expose a gap of 10mm (tolerance +/- 5mm, due to 
irregularities in the plaster). The fans were applied for 3 weeks with the internal water level 
maintained; two constructions (2 and 3) were subjected to the lower of the two speeds 
whilst the other pair (1 and 4) received the higher speed (see 6.2.1.). The models were re
sealed immediately after treatment; the portions of flooring that were removed had
previously been heated at 103°C in an oven for 2 hours in order to kill any existing S. 
lacrymans before their repositioning (Koch et al., 1989). The same procedure was adopted 
during the second treatment.

Active Treatment II (Constructions 2 and 4): The fans and the funnels were re-applied so 
that the 2 constructions displaying a re-emergence of S. lacrymans after the period of 
incubation succeeding Active Treatment I were subjected to a further 3-week treatment at 
the lower fan speed, with the water levels maintained. Afterwards, the boards were closed, 
leaving the top vent open to provide a low-level passive ventilation during the subsequent 
recovery period.

Passive Treatment I  (Constructions 5 and 6): The constructions were partially opened in 
the manner described for Active Treatment I except that, instead of the application of the 
funnels and the fans, the models were treated by exposure to ambient humidity for 3 weeks 
with the water levels maintained. Afterwards, the constructions were re-sealed in order to 
permit a recovery of any surviving mycelia.

Passive treatment II (Constructions 5 and 6): The constructions were opened, as described 
for the previous treatment, except that the period of treatment was extended to 2 months. 
Afterwards, the chambers were re-sealed.

Untreated Controls (Constructions 7 and 8): These constructions were infected in the same 
manner as the others, but were left closed and untreated for 12 months (construction 7) and 
16 months (construction 8).

At the end of the treatment programmes outlined in Fig. 8, each construction was 
dismantled in order to facilitate a more detailed inspection of any fungal activity, along 
with the condition of the materials within. This process was accompanied by an assessment
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of the moisture content of the timbers and their condition. The moisture contents of these 
were tested at three points along centre lines drawn on the principal faces of the materials, 
similar to the manner described above. Finally a penetrative tester (Pylodyne® hand-held 
prototype) was used to determine the hardness of the dismantled timbers at the three points 
along centre lines drawn on the undersides of the boards and the top faces of the joists, 
after they had been dried for 2 weeks at ambient temperature and humidity (approximately
20°C and 35% R.H.). The depth of penetration by the spring-loaded pin was used as the 
criterion for decay-induced softening. Accordingly, samples of unused timber from the 
same batches were tested in order to provide reference values for sound timber. Data were 
processed and analysed on the software MINITAB for Windows (Minitab Inc.®), as were 
other numerical data from this experiment.

Figure 9: A diagram representing the structure designed to support the fan and the air
directing ‘funnel’ (side view); their spatial relationship with respect to the model is shown. 
The support for the fan consisted of a piece of timber that was held at each end by a retort 
stand (not shown). This fan was positioned so that the centre of its rotor was 360mm above 
the bench and centrally placed v is -a -v is  the opened vent, to which its flow was directed. 
The ‘funnels’ were secured to the construction by means of Sellotape® and drawing pins; 
the arrows indicate the through-flow of air. Hidden detail is partially shown, though the 
diagram is not drawn to scale. The rate of air flow was measured centrally at the lower end 
of the ‘funnel’ by inserting the probe of an anemometer (Airflow® TA4) into an aperture in 
the cardboard, and also centrally at the mouth of the opened panel above the plaster.
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Relative humidity was measured in the same circumstances by means of a 
thermohygrometer (Airflow® TH1). Mean values of these readings are presented in section
6.2.1.

2.4.2. Screening the efficacies of indigenous moulds that appeared to be antagonistic to 
S.lacrymans within the Type 2 models
An indigenous mould (Trichoderma sp.) that was found to be antagonistic to S. lacrymans 
on the back of the plaster of Constructions 3 and 6 was sampled in the following manner. 
The top panel of each surround was briefly opened to allow the sporulating part of the 
mould to be collected by means of a sterile inoculating loop; the conidia in each respective 
sample were then spread onto plates of 2% MEA (2.1.1.). These cultures were designated 
Isolate 3(a), Isolate 3(b) and Isolate 6 respectively. A contaminating mould (Penicillium 
sp.) that appeared to protect blocks of wood from degradation by S. lacrymans within one 
of the small-scale models (2.2.4.) was isolated in a similar manner; this isolate was 
designated the Incubator Fungus. These cultures were incubated within sealed plates at 
room temperature for two weeks in the dark in order to produce mycelial growth and 
conidia. Once an axenic culture grew, the isolate was subcultured once by the transferral of 
lOmm-diameter cores to fresh plates of 2% MEA. An existing isolate Trichoderma 
harzianum 25, from our own culture collection, was also prepared. This last-mentioned 
isolate was known to have a markedly antagonistic effect on S. lacrymans (Score & 
Palfreyman, 1994).

Each putative antagonist was individually pitted against S. lacrymans in the following 
manner. In each test a lOmm-diameter core from the periphery of a two-week-old culture 
of S. lacrymans FPRL 12C was placed against one side of a 90mm plate (Sterilin®) 
containing 20ml of 2% MEA; the culture was then placed in an incubator at 22°C until 
growth had proceeded to about 15mm from the core. At that time, a lOmm-diameter core 
from a two-week-old culture of the respective mould was placed diametrically opposite the 
former, then the plate was sealed and incubated for a further 5 weeks in closed polythene 
bags. Each competitor was tested in quadruplicate. In addition, axenic cultures of each 
isolate were prepared in order to serve as negative controls. The same combinations of 
isolates were also grown on plates containing 20ml of solidified LNM (Appendix E).

Afterwards, the interactions were examined visually in order to determine the outcome of 
the pairings, and to discern their macroscopic effects on S. lacrymans. A photographic
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record was also made (2.1.10). At the end of the tests, the survival of S. lacrymans in the 
cultures was assessed by the method of plating-out (2.2.1. and 2.3.2.). Here, the test 
consisted of cutting a 22mm-diameter core around each existing core of S. lacrymans;
these were transferred to fresh culture plates that were incubated for 4 weeks at 22°C; an 
inspection was carried-out weekly.

2.5. Experiments of Chapter 7

2.5.1. Subjecting liquid-grown cultures to air drying
The isolate S.lacrymans FPRL 12C was grown for 3 weeks on liquid LNM (Appendix E) 
in unsealed 90mm plates (Sterilin®), each containing 20ml of medium. The cultures were
incubated at 22°C for 3 weeks within metal boxes that were sealed by means of Sellotape®. 
Afterwards, the plates were divided into groups in order to be subjected to 4 respective 
treatments. Each of the treatments was performed in a darkened basement (mean
temperature 20.52°C, stdev. 1.01; mean R.H. 65.94%, stdev. 3.80) with a canopy of heat- 
sterilised aluminium foil suspended above the opened cultures to permit drying while 
lessening the introduction of contaminants. A similar sheet of foil was placed beneath the 
spread-out plates; additionally, a palisade of Vaseline® was formed around the plates in 
order to exclude mites. The untreated controls were stored in the same area.

The treatments were performed as follows. Treatment 1: colonies were left with lids on in a 
metal box. Treatment 2: the plates holding the colonies were drained of medium, which 
was replaced by a rinsing solution of de-ionised water, then drained; the plates holding the 
colonies were treated with the lids removed. Treatment 3: the colonies were treated in the 
same manner as those of Treatment 2, except that they were left suspended in de-ionised 
water during the treatment. Treatment 4: the colonies remained in the original medium 
with the lids removed during the treatment.

The colonies were sampled in quadruplicate at intervals of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 
4.0 and 4.5 days for the first experiment and intervals of 0, 1 ,2 and 3 weeks for the second 
experiment. Colonies were carefully removed from the plates and rinsed in de-ionised 
water for at least 30 seconds; they were then gently blotted dry on paper towels and placed 
in pre-weighed 1.5ml microcentrifuge tubes (Fisherbrand®). The pierced tubes were
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carefully boiled for 10 minutes in a water bath, followed by storage at -22°C in a deep
freeze until required.

2.5.2, Sample preparation
Samples were desiccated overnight in an Edwards® Model N30020 freeze dryer and re
weighed to determine the amount of dry biomass in each tube. 1ml of HPLC-grade water 
(Fisons®, W /0100/21) was then introduced to each tube. The samples within were 
disrupted by means of a sample grinder (Drill Master® A600), then centrifuged for 10 
minutes at 13,000 rpm. The resulting supernatant was used for analysis. Whenever 
possible, the samples were stored on ice.

2.5.3. Assaying selected intracellular sugars and polyols by high performance liquid 
chromatography (HPLC)
In order to develop the assay and to calibrate it, standard solutions containing equal masses
of glycerol (Fisons® G/06012), i-erythritol (Sigma® E-7500), arabitol (Sigma® A-3381),
glucose (Sigma® G/6504/13), sucrose (Sigma® S-7903) and trehalose (Sigma® T-9531)
were prepared in HPLC-grade water (Fisons® W/0100/21) in order to give individual
concentrations of 2mg/ml, lmg/ml, 0.5mg/ml, 0.25mg/ml and 0.125mg/ml respectively via
precise dilution. These solutions were filter sterilised through 0.2pm-pore cartridges
(Whatman®) then distributed into 0.5ml microcentrifuge tubes (Fisherbrand®). These were

0stored in a deep-freeze at -22 C until required.

The HPLC equipment consisted of the following components: a Spectra-Physics® 
Isochrom liquid chromatography pump; a Hi-Chrom® column heater fitted with a 
Rheodyne® 7125 injector incorporating a 20pl injection loop; a Spectra-Physics® SP6040 
XR R1 refractive index detector; and a Spectra-Physics® SP4290 integrator. The assay was 
developed by means of a Jones Chromatography® NUCLEOSIL NH2 RP analytical 
column (part no. FM25457RP) with a matching guard column (part no. FH1457). These

owere maintained at a temperature of 30 C while being perfused by a solvent mixture 
consisting of 70% v/v acetonitrile (Labscan Analytical Sciences®) in HPLC-grade water 
(Fisons® W/0100/21). The same mixture was introduced into the reference cell of the 
detector. This solvent mixture was regularly de-gassed by repeated passage through
Whatman® No 1 filter paper, followed by filtration through a Pyrex® N° 4 porcelain filter.
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For each analytical run, 0.5ml of a standard or sample was supplied to the injector via a 
lml syringe (Plastipak®) attached to a 4mm 0.2pm-pore syringe filter (Whatman® no. 
6785-0402) and an injector needle (Rheodyne® No 7215229a).

Whenever a sample was channelled into the current of solvent, the chart recorder was 
activated simultaneously. By sequentially ‘running’ standard solutions of the polyols and 
sugars first, the recorder was calibrated and programmed to use retention times and peak 
areas to recognise and quantify each compound. In order to determine the percentage 
contribution that each detected solute made to the dry biomass of a sample (w/w), the 
relevant data from the chart recorder (in mg/ml) was subsequently related to the dry 
biomass of the sample (in mg) and the volume of water added (in ml). This information 
was processed and analysed on the software MINITAB for Windows (Minitab Inc.®).

2.6. Experiments of Chapter 8

2.6.1. The preparation of infected ‘tiles’ of selected building materials 
Three representative types of sandstone frequently used in Scottish architecture were 
collected. Sections of Locharbriggs sandstone (red) and Clashach sandstone (light brown) 
were obtained in the form of recently-quarried blocks; Leoch sandstone (grey) was 
obtained in the form of a small boulder. These materials were supplied by the Masonry 
Conservation Research Group at The Robert Gordon University, Aberdeen. The stone was 
cut into ‘tiles’ of approximately 90 x 90 x 10mm., which were soaked in de-ionised water
for 2 hours to wash away debris. They were then dried at 103°C for 1 hour, wrapped in foil
and heated at 103°C overnight in order to lessen the risk of contamination by mites and 
microbial spores. Sections of lath and plaster of approximately 90 x 90 x 15mm were 
prepared; this material (circa lOOyears old) was salvaged from the same batch as that used 
in sections 2.2.4., 2.3.2. and 2.4.1. This material was subsequently treated in a manner 
similar to that of the sandstone. ‘Tiles’ of clear plastic 90mm x 90mm x 4mm were also
prepared (Ariel® 4mm polystyrene sheeting); this material was steamed at 100°C for 40 
minutes in an autoclave. The ‘tiles’ of plastic served as a non-biodegradable control.

These building materials were infected by S. la crym a n s  FPRL 12C in the manner described 
in 2.2.1. using blocks of Scots pine sapwood of 10mm3. For each material, 2 chambers
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containing pairs of replicate ‘tiles’ were prepared, one chamber per sampling point. The 
infected blocks within the chambers were subsequently removed at 8 weeks and 24 weeks 
(sets of 8 replicates), in order to determine the percentage weight losses and moisture 
contents as described in 2.2.1. At the same sampling points, the infected ‘tiles’ were 
withdrawn for testing by means of scanning electron microscopy (SEM). In addition, 
mycelia from the lids of the chambers were sampled by gentle scraping, followed by 
storage in the dark within a bench-top desiccator.

2.6.2. Preparation of sampled material from the ‘tiles’
The ‘tiles’ of masonry were broken into small pieces by means of a hammer and chisel, 
whereas those of plastic were cut by a band-saw. Randomly-selected pieces of each were 
immediately subjected to one of the following treatments: a) critical point drying, b) 
desiccation or c) washing then desiccation. The samples destined for critical point drying 
were immediately soaked overnight in a mixture of 2.5% v/v glutaraldehyde and PBS 
(Appendix F). Afterwards, these samples were rinsed twice in PBS for periods of 1 hour. 
Specimens were then dehydrated through a 50-100% (v/v) series of ethanolic solutions, 
with the samples remaining for about 15 minutes in each concentration. Care was taken to 
submerge the samples throughout the process. Two brief rinses in absolute ethanol 
(Fisons®) were then performed. Finally, the samples were critically-point-dried by means 
of a Polaron® E3000 Series II critical point dryer, according to the manufacturer’s 
instructions. Processed samples were stored in a bench-top desiccator prior to mounting, 
coating and viewing.

A second group of samples (the desiccated set) were placed immediately into a bench-top 
desiccator after the sampling and breaking of the ‘tiles’. A third group (the washed set) 
were soaked in purified water for 5 minutes before the adhering mycelia were carefully 
wiped away by means of wet paper towels; these samples were subsequently air dried at 
room temperature overnight, then stored in a desiccator. ‘Tiles’ of uninfected stone that had 
been incubated in separate humid chambers were sampled at the two time points; these 
samples, the untreated controls, were processed in the same manner as those of the last- 
mentioned set.

All samples for SEM were mounted upon 30mm studs (Agar Scientific®) provided with 
adhesive disks; a line of silver paint (Agar Scientific®) was applied to two sides of each
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sample in order to conduct charge from the top surface to the carbonised layer below. All 
of the samples were given a thin coating of gold in a Polaron® SC 7640 sputter-coater, 
according to the manufacturer’s instructions. Coated samples were then stored in 
desiccators while they were not being scanned (2.6.4.). The samples were handled by 
means of forceps and medical gloves at all times.

2.6.3. Sampling and treatment of mvcelia
Mycelia growing away from the ‘tiles’ onto the lids of the chambers were sampled by 
gently scraping the lids with glass coverslips, after the quantity and appearance of the 
growth had been assessed visually. These samples were dehydrated for a week in vented 
plastic plates (Sterilin®) within a desiccator; afterwards the dried material was removed 
with plastic forceps and attached to 30mm mounting studs (Agar Scientific®). The 
mounted samples were sputter coated as described in 2.6.2.

2.6.4. Scanning electron microscopy and X-ray microanalysis
The prepared samples were individually placed within the sample chamber of a Leo® 430 
scanning electron microscope. The samples were viewed at a working distance of 24mm 
via the SEI (Secondary Electron Image) detector, within the range of x300 to x6000 
magnification. Voltage of the beam and rates of scanning were optimised differentially. 
Control of the instrument was effected by means of the manufacturer’s software running in 
the environment of Microsoft® Windows 3.1 within the controlling microprocessor. Once 
they had been ‘frozen’, the resulting images were reproduced by a laser printer 
(Lexmark®).

Elemental composition of the samples was determined by using the sensor for energy- 
dispersive X-ray microanalysis (EDX) within the Leo® 430 microscope. This sensor was 
activated via the software of the microprocessor controlling the microscope, whereas the 
EDX data was processed by a separate microprocessor (Link® eXL II).

2.6.5. The use of powder X-ray diffraction to identify hyphal crystals
Samples of mycelia were carefully removed from the ‘tiles’ at the two sampling times 
(2.6.1.) by means of gentle scraping. These mycelial samples were dried for two months in 
vented plates (Sterilin®) within a bench top desiccator stored in the dark. Spectra of the 
crystalline component of each sample were produced by means of a Hilton-Brooks® X-ray
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diffractometer fitted with a curved graphite monochromator responding to Cu Ka 1° 
radiation. A database containing data from crystalline standards, running in the 
environment of Microsoft® Windows 3.1., was used to identify the resulting crystals of 
oxalate. These analyses were performed by Dr Tom Dyer of The Department of Civil 
Engineering at the University of Dundee.

2.6.6. Assessing the role of principal constituents of masonry in timber-decay by S. 
la crvm a n s
Scots pine sapwood was cut into blocks of dimensions 10 x 10 x 5mm, then infected by S. 
la crym a n s  FPRL 12C in the manner described in 2.2.1. The following minerals, all major 
components of sandstone, were obtained in their natural forms from Dr John Faithfull of 
the Hunterian Museum and Art Gallery, The University of Glasgow: gypsum, plagioclase, 
quartz, saponite, orthoclase, kaolenite, calcite, albite and bentonite. These materials were 
ground to a fine powder by hand when necessary. The other minerals used in this section 
were silicon dioxide (Fluka chemika®), calcium carbonate and calcium sulphate (both 
Fisons®). These were obtained in the form of analytical-grade laboratory reagents.

The minerals were separately mixed with silicon dioxide (sand) in order to effect a 
simulated sandstone, with one mineral or compound acting as the experimental variable. 
The control in this experiment was composed of silicon dioxide only. With the exception 
of silicon dioxide, 3 concentrations of the each mineral were prepared, namely 1) lg  of 
mineral added to 19g of silicon dioxide 2) 2g of mineral to 18g of silicon dioxide 3) 4g of 
mineral to 16g of silicon dioxide. These mixtures were placed in the chambers illustrated in 
Fig. 10, which consisted of 90mm plates (Sterilin®). Duplicate plates of each preparation 
were used.

A homogeneous mixture of each preparation was supplemented by 9ml of de-ionised water 
that had been autoclaved at 121°C for 20 minutes and allowed to cool. Four pre-infected 
blocks (2.2.1.) were placed centrally on a 30mm piece of autoclaved plastic mesh, 2mm- 
thick. The plates were immediately sealed with film (Parafilm ‘M’, American National
Can®) to retain moisture. The plates were incubated at 22°C in metal boxes sealed by 
means of Sellotape®; at weekly intervals individual plates were inspected and weighed in 
order to determine whether moisture was being lost. After a regime lasting 8 weeks, the 
blocks were removed and assessed in the manner described in 2.2.1. with regard to values
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of mean weight loss and final moisture content. Analysis of the data was performed on the 
software MINITAB for Windows (Minitab Inc.®).

Plate lid

Figure 10: A diagram of the chamber used to assess the effects of selected minerals on the 
rate of timber decay by S. lacrym an s. Not to scale.
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C h a p te r 3

A  P r e l i m i n a r y  S u r v e y  o f  t h e  E n v i r o n m e n t a l  
S e n s i t i v i t y  o f  S .  l a c r y m a n s  a n d  i t s  D i s t r i b u t i o n  i n  t h e

W i l d
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3.1. Introduction

The dry rot fungus, S. lacrymans, has an unusual ecological and geographical distribution. 
In Northern Europe, Central Europe and cooler parts of Australia and Japan, S. lacrymans 
is found growing within improperly designed or maintained buildings. However, S. 
lacrymans does not appear to grow in the natural environment in the regions where it 
constitutes a problem (1.1.6.). This confinement within the sheltered environment of 
buildings is not characteristic of other fungal colonisers (Palfreyman et al., 1995; White et 
al., 1997). Only in three regions of the world has S. lacrymans been reported growing in 
the natural environment to date: in woodlands of the Indian Himalayas (Bagchee, 1954; 
Singh & White, 1995; White et al., 1997), on Mt. Shasta in Northern California, USA 
(Cooke, 1957; Bech-Andersen, 1995), and in woodlands of Czechoslovakia (Kotlaba,
1992). In contrast with its frequency in buildings of Northern Europe (Coggins, 1980; 
Hennebert et al., 1990), S. lacrymans appears to grow far more elusively in nature, for 
reasons that have not yet been elucidated properly (Palfreyman et al., 1995; White et al., 
1997).

Nevertheless, it has been pointed-out that the ‘wild-growing’ form of S. lacrymans has, at 
times, been confused visually with Serpula himantioides, which grows readily in the wild 
(Bech-Andersen, 1995; Bech-Andersen & Elborne, 1999). The first successful collection, 
culturing, and molecular identification of ‘wild-growing’ S. lacrymans has already been 
reported by White et al. (1997), who obtained their strains from woodland in the Indian 
Himalayas (Appendix G). More recently, material suspected to be the ‘wild-growing’ form 
of S. lacrymans was donated to this group by contacts who had collected it in woodlands of 
Northern California, USA, and Czechoslovakia respectively. These field samples were first 
isolated, then identified by traditional methods as well as by means of SDS-PAGE. 
Notably, the laboratory culture and study of ‘wild’ S. lacrymans from Europe has not been 
reported in the literature before. Electrophoresis of mycelial proteins via SDS-PAGE can 
provide valuable information to supplement classical morphological and physiological 
techniques for identifying fungi. This biochemical technique has already been used reliably 
to verify the identities of wood-decaying fungi, including S. lacrymans (Schmidt & 
Kebernik, 1989; Palfreyman et al., 1991; Palfreyman & Vigrow, 1994; White et al., 1997).

Other experiments in this chapter compared the responses of verified Himalayan isolates of 
S. lacrymans and domestic building isolates of the species towards temperature, water
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potential and pH for the first time. The abilities of the isolates to decay timber and spread 
linearly were also investigated. In this manner it could be determined whether the ‘wild’ 
Himalayan isolates possess certain physiological characteristics that could possibly explain 
their natural existence in the more unstable and climatically-harsh natural environment.

This unusual distribution of the species is intriguing from the perspectives of both pure and 
applied science. Studies of the ‘wild-growing’ form of S. lacrymans may eventually serve 
to determine whether the domestic form of the species originated in the woodlands of 
India, North America or elsewhere, as well as whether this species once grew more 
commonly in the wild, only to disappear through climatic, ecological or evolutionary 
changes. In addition, the physiological, ecological and genetic information from such 
studies may possibly benefit the search for new treatments for the dry rot fungus 
(Palfreyman et al., 1995; White etaL, 1997).

The specific objectives of the experiments described in this chapter were

• To compare the effects of temperature, water potential and pH on the growth of 
domestic building isolates and unique Himalayan ‘wild’ isolates of Serpula lacrymans

• To compare the timber-decaying abilities and linear growth rates of the Himalayan 
isolates and the domestic building isolates, as well as those of freshly-isolated S. 
lacrymans collected locally

• To isolate ‘wild-growing’ field samples of putative S. lacrymans from Europe and North 
America and to verify their identity by classical methods and by the use of SDS-PAGE

3.2. Results

3.2,1, The effect of temperature on radial growth
Fig. 11 shows the effects of temperature on the mean radial extension rates of selected 
isolates of S. lacrymans, both those isolated from buildings (FPRL 12C, BF-050 and DIT- 
101) and those isolated from material collected in the Indian Himalayas (HIM 27, HIM 28 
and HIM 67) and later verified as being S. lacrymans (2.1.1.). These isolates were 
cultivated on 2% MEA throughout. Methods for this experiment are provided in 2.1.3. The 
curve for each isolate displayed a typical parabolic shape across the range of temperature. 
The highest values of radial colony extension rate for isolates FPRL 12C, BF-O50, DIT-
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101, HIM 28 and HIM 67 occurred at 22°C, whereas the Himalayan isolate HIM 27 grew 
most rapidly at 26°C. Without exception, the radial colony extension rates of the building 
isolates were higher than those of the Himalayan isolates. Overall the radial extension rates 
of the building isolates at 22°C were approximately twice as high as those of the 
Himalayan group. Accordingly, a nested two-way analysis of variance indicated that radial 
colony extension rates of the isolates varied significantly with temperature 
(F(5,133)= 126.21; p=0) and between building and ‘wild’ isolates as respective groups 
(F( 1,133)=37.71; p=0).

All of the isolates grew at the lowest temperature (4°C), albeit at a marginal rate, except for 
HIM 28 which still grew at about a third of its maximal rate. At the super-optimal 
temperature of 32°C the only building isolate that grew, albeit slowly, was the Australian 
isolate BF-050; in contrast all of the Himalayan isolates grew. No growth occurred in the 
highest regime (37°C). It was therefore apparent that the isolates were more tolerant of sub- 
optimal temperatures than supra-optimal temperatures.

At 4°C, all of the Himalayan isolates except HIM 67 displayed effuse growth. Conversely, 
the building isolates displayed less effuse growth; however, only one building isolate, 
FPRL 12C, displayed a large amount of aerial mycelial growth. Furthermore, at 4°C the 
mycelia of all the isolates appeared to be slightly dried and shrivelled, despite condensation 
forming within the plates at that temperature. At 15°C, 22°C and 26°C, all the isolates 
displayed moderate amounts of aerial and effuse mycelial growth. Exuded water droplets 
formed on two of the building isolates at 15°C (FPRL 12C and BF-050) and one of the 
Himalayan isolates at 22°C (HIM 67). Also, a little yellowing appeared on HIM 67 at 22°C. 
At 32°C, BF-050, the only building isolate that tolerated that regime, displayed effuse 
growth, as did the three Himalayan isolates. None of the inoculum cores of isolates that 
failed to grow at 32°C or 37°C displayed any active growth when transferred to 22°C for 2 
weeks.

3.2.2, The effect of water potential on radial growth
Fig. 12 shows the effects of water potential on the mean radial colony extension rates of the 
same sets of isolates when the medium (2% MEA) was supplemented by KC1 in order to 
alter the solute potential (1.2.). Methods for this experiment are provided in 2.1.4. No
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growth of the isolates occurred at -7.15 MPa. At -3.99 MPa, only the building isolate BF- 
050 and Himalayan isolates HIM 67 and HIM 27 displayed growth. In each case, the 
extension rate was very low. All non-growing inoculum cores re-grew on 2% MEA apart 
from the sample of DIT-101 that was taken from the -7.15 MPa regime. Again, the radial 
growth rates of the building isolates were all greater than those of the Himalayan set. All 
isolates except BF-050 displayed maximum extension rates at -0.46 MPa; the Himalayan 
isolate HIM 67 possessed the highest extension rate in this regime. However, HIM 27 had a 
noticeably lower value than the other isolates. In a regime of 0.00 MPa, all of the isolates 
except BF-050 displayed a decrease in extension rate. A nested two-way analysis of 
variance indicated that radial colony extension rates of the isolates varied significantly with 
water potential (F(4,l 10)= 188.58; p=0) and between building and ‘wild’ isolates as 
respective groups (F(l,110)=35.80; p=0)

Of the isolates that grew at -3.99 MPa, BF-050 displayed moderate amounts of aerial and 
effuse mycelial growth, whereas the others, HIM 67 and HIM 27, displayed effuse growth. 
Moderate amounts of yellowing occurred on HIM 67. At -2.22 MPa all isolates except 
building isolates FPRL 12C and DIT-101 displayed moderate amounts of aerial and effuse 
growth. In regimes -0.46 MPa and 0.00 MPa, all the isolates displayed moderate amounts 
of aerial and effuse growth.

3.2.3. The effect of pH on radial growth
Fig. 13 shows the effects of pH on the mean radial colony extension rates of the isolates. 
These regimes were formed by adding KC1 or NaOH to 2 %  MEA. The methods for this 
experiment are provided in 2.1.5. The curves for each of the six isolates undulated 
throughout the pH range tested. At pH 3.05, the extension rates were relatively high (1.74
to 4.79mm/day"1). At this pH, the rates for all the building isolates were higher than those 
of the three Himalayan isolates. Except for the building isolate BF-050, the values 
undulated and increased only moderately between the pH regimes 3.05 and 7.6. Again, the 
extension rates of the building isolates remained higher than those of the Himalayan set. 
Building isolate BF-050 remained the fastest growing isolate throughout the range of pH. A 
nested two-way analysis of variance indicated that radial colony extension rates of the 
isolates varied significantly with initial pH (F(6,156)=7.14; p=0) and between building and 
‘wild’ isolates as respective groups (F(l,156)=250.99; p=0).
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At pH 3.05, all of the isolates except BF-050 displayed moderate amounts of aerial and 
effuse growth; BF-050 displayed more effuse growth than the others. Some exuded liquid 
droplets formed on HIM 28. At pH 4.40 and pH 5.56, all the isolates except DIT-101 
displayed moderate amounts of aerial and effuse growth; DIT-101 grew more effusely, 
however. A little yellowing occurred on Himalayan isolates HIM 28 and HIM 67 at pH 
5.56. At pH 6.09 and pH 6.51 (the pH of unmodified 2% MEA), all the isolates displayed 
moderate amounts of aerial and effuse growth. Some exuded liquid formed on HIM 28 at 
pH 6.09. At pH 6.94 and pH 7.60, all the isolates except building isolate BF-050 and 
Himalayan isolate HIM 28 displayed moderate amounts of aerial and effuse growth. BF- 
050 and HIM 28 grew effusely at pH 7.60.

3.2.4. Timber-decaving abilities and radial growth rates of the isolates 
The first part of this experimentation involved determining the rates of timber decay by 
cultures of the building isolates FPRL 12C, BF-050, DIT-101, FORFAR, MILL (2.1.1.) 
and the Himalayan isolates HIM 27, HIM 28, HIM 67 over the course of 15 weeks. 
Methods are provided in 2.1.6. The data for the mean weight losses showed that all the 
isolates possessed marked degradative capabilities, with each isolate causing weight losses 
of above 50% in the blocks after 15 weeks (Figs. 14 and 15). An analysis of covariance 
showed there to be significant increases in values of percentage weight loss over time for 
each isolate (p=0); analysis of correlation (Pearson) indicated reliable straight line 
correlation for each isolate. However, a nested two-way analysis of variance revealed no 
significant differences between the building and Himalayan isolates as respective groups 
(p=0.067). Nevertheless, significant differences (p=0) were found within both groups (Fig. 
14). The newly-isolated cultures FORFAR and MILL (Fig. 15) were found to have similar 
decay capacities to each other (p=0.123). In addition, their values of weight loss were 
found to be similar (p=0.337, 0.497 respectively) to those of FPRL 12C, but significantly 
different from those of the other building isolates (p=0).

The second part of this comparative testing involved determining the mean rates of linear 
extension of the isolates when they were grown on 2% MEA at 22°C. The methods for this 
experiment are contained in 2.1.1. and 2.1.3. When the mean radial growth rates (Fig. 16) 
were compared, it could be seen that the building isolates, taken collectively, grew almost 
twice as quickly (mean 4.0 mm/day) as the Himalayan group (mean 2.05 mm/day). A 
nested analysis of variance indicated significant differences between the two groups (p=0). 
Here, differences between the groups and similarities within the groups were much more
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noticeable and conclusive than those found during the comparisons of weight losses. It 
could also be seen that the growth rates of the freshly-isolated cultures, FORFAR and 
MILL, were clearly similar to those of the long-maintained building isolates. When Tukey's 
pairwise comparisons were applied to growth rates within groups, FPRL 12C was found to 
be significantly different from DIT-101 and BF-050, which did not differ significantly from 
each other. The isolates FORFAR and MILL were found not to differ significantly from the 
other building isolates, nor from each other. No significant differences were found amongst 
the Himalayan isolates.

(Figures 11-16 overleaf)
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9

FPRL 12C — BF-050 DIT 101 —w—HIM 28 HIM 67 — HIM 27

Figure 11: The effect of temperature on the radial growth rates of domestic building and 
‘wild’ Himalayan isolates of S. lacrym ans, respectively, when grown on 2% MEA; mean 
values and standard deviations from 4 replicate cultures are shown.

FPRL 12C BF-050 DIT 101 HIM 28 HIM 67 HIM 27

Figure 12: The effect of water potential on the radial growth rates of domestic building and 
‘’wild' Himalayan isolates of S. lacrym ans, respectively, when grown on KCl-supplemented 
2%  MEA; mean values and standard deviations from 4 replicate cultures are shown.
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— FPRL 12C 
-m- BF-050 DIT 101 -K- HIM 28 — HIM 67 HIM 27

Figure 13: The effect o f pH on the radial growth rates o f domestic building and ‘wild’ 
Himalayan isolates of S. iacrym an s, respectively, when grown on 2% MEA supplemented 
by HC1 and NaOH accordingly; mean values and standard deviations from 4 replicate 
cultures are shown.

—♦—FPRL 12C — DIT 101 BF-050 
k HIM 27 — HIM 28 — HIM67

Figure 14: The weight losses of Scots pine sapwood blocks (10mm3) when decayed by 
domestic building and 'wikr Himalayan isolates o f S. ia crym a n s, respectively; mean values 
and standard deviations from 4 replicate blocks are shown.
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— FPRL 12C — DIT 101 BF-050 — FORFAR -sit- MILL

Figure 15: The weight losses of Scots pine sapwood blocks (10mm3) when decayed by 
domestic building isolates of S. lacrym an s; mean values and standard deviations from 4 
replicate blocks are shown. FORFAR and MILL were freshly-isolated cultures, whereas the 
others had been in culture for a number of years.

Isolate

Figure 16: Radial growth rates of isolates of S. la crym a n s  when cultured on 2% MEA at 
22°C; mean values and standard deviations from 4 replicate cultures are shown.
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3.2.5. The use of morphological observations to characterise the North American and 
Czech isolates prepared from field samples
The following ‘wild-growing’ isolates of putative Serpula spp., prepared from field 
samples (2.1.2), were compared with the principal stock isolate of S. lacrymans (FPRL 
12C) and a representative isolate of the most closely related species, Serpula himantioides 
(Bb24). The ‘wild’ isolate USA’94 developed from the germination of basidiospores on an 
acidified medium, whereas the ‘wild’ isolates Czech’95 and Czech’98 grew from cuttings 
of respective basidiocarps that were plated onto a benomyl-containing medium. Since the 
portions of basidiocarps from which the isolates were produced were dried and partially 
deteriorated when received, these yielded little identifying information. Methods for this 
section are described in 2.1.2. and 2.1.10. Plates 1 and 2 show the appearances of the ‘wild’ 
Himalayan isolates and those of the N. American and Czech isolates respectively; S. 
lacrymans FPRL 12C is shown for reference.

Czech’95: The mycelium of this isolate was indistinguishable from that of S. lacrymans 
FPRL 12C. Some yellowing and browning occurred on the aged mycelium; ramifying 
networks of fine strands were also evident as the cultures aged. In common with S. 
lacrymans, the active growth of Czech’95 was pearly-white and luxuriant, with silky, 
arching hyphae in the vicinity of the growing margin. Clamp connections were noted at 
x400 magnification; the hyphae were typical of the genus Serpula.

Czech’98: The macroscopic appearance of this isolate was almost identical to that of S. 
himantioides Bb24. The mycelium of Czech’98 was thinner and more aerial than that of S. 
lacrymans FPRL 12C; in addition, tufted, pointed agglomerations of hyphae had formed at 
various points upon the MEA-growing colony. These patterns of growth are characteristic 
of S. himantioides, but not S. lacrymans. Furthermore, no yellowing or browning was noted 
on the aged mycelium, nor well-defined stranding either. The lack of these attributes would 
indicate that this isolate was not S. lacrymans. Clamp connections were noted at x400 
magnification; the hyphae were typical of the genus Serpula.

USA’94: Pronounced stranding was seen, especially on the aged mycelium. Yellowing was 
evident on all but ‘fresh’, actively-growing cultures. The macroscopic appearance was 
similar to that of tS', lacrymans, except that the mycelium was less dense and aerial. The 
hyphae flattened against the agar upon opening the plate, a finding that was not noted for 
any other isolates used in the project. No pointed tufting of hyphae was noted, nor was the
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semi-transparent mycelial lightness of S. himantioides evident. In addition, there was more 
submerged growth around the margin of the expanding colony than is usual for S. 
lacrymans and S. himantioides, this peripheral growth was almost yeast-like. Clamp 
connections were noted at x400 magnification; the hyphae were typical of the genus 
Serpula.

3.2.6. The use of SDS-PAGE gels to characterise the North American and Czech isolates 
The use of SDS-PAGE involves the separation of total mycelial proteins from respective 
samples according to molecular weight, with smaller proteins being drawn more rapidly by 
electrophoresis than larger proteinaceous molecules. The methods for this experiment are 
provided in 2.1.7., 2.1.8. and 2.1.9.

Plate 3 shows an SDS-PAGE gel containing the electrophoretic profiles of the freshly- 
isolated ‘wild’ cultures Czech’95, Czech’98 and USA’94 in separate ‘lanes’. The reference 
samples for S. lacrymans (FPRL 12C) and S. himantioides (Bb24) were also included on 
this gel. Czech’95 was found to have a molecular profile virtually identical to that of S. 
lacrymans FPRL 12C. Consequently, the profile of Czech’95 was noticeably different from 
that of S. himantioides Bb24, which, itself, was distinct from that of S. lacrymans. In 
contrast, the molecular profile of Czech’98 appeared to be more closely aligned with that 
of S. himantioides Bb24; however, this resemblance was less close than that between 
Czech’95 and S. lacrymans. USA’94 appeared to share little similarity with S. lacrymans 
FPRL 12C or with S. himantioides Bb24. Each of these respective findings was 
corroborated by the results from two further gels that served as replicates (not shown).

(Plates 1-3 overleaf)
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Plate 1: The ‘wild’ Himalayan isolates when grown on 2% MEA. S. la c rym a n s  FPRL 12C 
is shown for reference. Each culture is of an equal age.

Plate 2: The ‘wild’ Czechoslovakian and North American isolates when grown on 2%
MEA. S. la c r y m a n s  FPRL 12C is shown for reference. Each culture is of an equal age.
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Plate 3: Electrophoretic patterns of ‘wild’ isolates of putative S erp u la  spp. grown from 
field material collected in N. America (USA’ 94) and Czechoslovakia (Czech’ 98 and 
Czech’ 95) respectively. Samples of stock S. la crym a n s  (FPRL 12C) and S erpu la  
h im a n tio id es  (Bb 24) were included for reference, as were molecular weight markers in the 
outermost lanes (M). Each of these findings was corroborated by those from a further two 
replicate gels.
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3.3. Discussion

3.3.1. Putative stress responses of the isolates
Many of the regimes used in the agar-based growth experiments applied moderate or severe 
stresses to the isolates concerned. The most obvious response to these stresses was a 
diminished radial colony extension rate, with severe stresses permitting no growth. A more 
dense mycelium with narrower hyphae and increased branching may be observed at such 
times (Nuss e t a l., 1991). Yellow patches of mycelial growth were also observed. This 
putative stress response, which is characteristic of S. lacrym an s, is thought to be caused by 
excessive light, high temperature, shortages of nutrients, or excessive levels of substrates 
(Hennebert e t a l., 1990; Jennings, 1991b). Contaminating moulds and their metabolites 
may also induce mycelial yellowing in this species (Falck, 1912). Droplets of liquid were 
also observed on the mycelia at times; these are the result of exudation in the terminal 
regions of the hyphae. It is possible that such droplets serve to increase the moisture 
content of a material so as to facilitate colonisation. They m a y  also serve to increase 
localised humidity. Their production is under metabolic control in S. la c ry m a n s  and is 
thought to be linked to its water relations, especially its system of translocation; also, the 
volume of the coalesced droplets can be reduced by high concentrations of KC1 and 
glucose in the medium (Coggins e t a l ., 1980a; Brownlee & Jennings, 1981b).

Rayner & Coates (1987), Griffith & Boddy (1991) and White & Boddy (1992) described 
how some higher fungi appear to display considerable developmental plasticity in response 
to environmental stresses by adopting programmed morphogenetic cycles that may adapt 
mycelial growth to prevailing conditions. However, it was not clear how much of this 
apparent developmental adaptability is due to interactions between micro-environmental 
parameters and metabolism, and how much is due to control of the respective genes by pre- 
or post-translational mechanisms. Nevertheless, the results of the present experiments 
relating to temperature, water potential and pH tended to support this hypothesis, since 
aerial growth, the flattening of mycelia, mycelial yellowing and the production of hyphal 
droplets appeared to be linked to putative stresses. However, the mechanisms and 
physiological roles of these responses are unclear. The fact that only some of the isolates 
exhibited these responses in any particular regime complicates the interpretation of the 
findings, and weakens the case for conjecture.
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As pointed out by Hallsworth & Magan (1996), the variables of temperature, water 
potential, pH and substrate composition interrelate. It is therefore apparent that the levels of 
one may affect the susceptibility of a fungus to the others. However, absolute values were 
not specifically required in the present study, since comparative responses only were 
sought. In any case, measures were taken to minimise the levels of stresses other than the 
factor under test.

3.3.2. The effects of temperature
Each isolate exhibited an apparent optimal temperature that fell within the range 
investigated. All of the domestic building isolates and two of the Himalayan isolates 
appeared to grow optimally at 22°C. However, the Himalayan isolate HIM 27 appeared to 
favour 26°C. Though there was a general similarity in temperature optima between both 
sets of isolates, it was noteworthy that a Himalayan isolate displayed a preference for the 
higher temperature. This finding may suggest a possible physiological difference between 
this isolate and the others. It must be remembered, however, that these are approximate 
optima: in order to find more exact values it would be necessary to re-test the isolates at 
more closely-spaced increments of temperature. However, the determination of an optimal 
temperature for radial growth may not serve much purpose in fungal studies, since the most 
efficient uptake of nutrients generally occurs below this temperature, which may also be 
higher than that encountered by the species in nature (S. Olsson, personal communication).

The temperature optima of 22°C obtained for 5 of the 6 isolates corresponds to the findings 
of other authors, who quote optimal ranges for S. la crym a n s  of 22°C (Cartwright & 
Findlay, 1958), 18-22°C (Hennebert e t a l., 1990) and 21-25°C (Jennings, 1991b). In 
addition, Doi & Saito (1980) reported that Japanese isolates of S. la c ry m a n s  have 
temperature optima between 16°C and 25°C. It has also been reported that little or no 
growth of this species occurs above 30°C (Jennings, 1991b) - a finding that agrees with the 
results presented here.

In general, the building isolates displayed significantly higher radial colony extension rates 
than the Himalayan isolates. Although these linear growth rates varied, the curves for all 
the isolates appeared to take similar forms. Each isolate, with the exception of HIM 27, 
responded in a similar way to the regimes of temperature. Though the extension rates for 
all the isolates dropped sharply after 26°C, all the Himalayan isolates displayed noticeably
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gentler gradients between 4°C and 22°C than the building isolates. The members of each 
respective group also shared similar gradients; this observation not only suggested 
relatedness between members of each set, but also indicated a difference between the 
responses of the building and the Himalayan isolates when the two groups were compared 
en m a sse . The less steep gradient for the Himalayan isolates suggested a greater tolerance 
of sub-optimum temperatures, compared with the building isolates. Certainly, at 4°C the 
Himalayan isolates as a group produced noticeably more rapid linear growth. This fact may 
suggest that these isolates possessed a greater tolerance of low temperatures, such as they 
would have to tolerate regularly in the wild; in contrast, the domestic dry rot fungus is 
likely to be more sheltered during its vegetative phase.

The slowing of growth rates at low temperature may be explained by the fact that metabolic 
enzymes typically display lower activities at temperatures below the optimum for the 
particular organism. However, it has been observed that S. la crym a n s  can survive 
incubation at temperatures as low as -5°C. Furthermore, surprisingly rapid growth can 
occur in unheated buildings over winter (Coggins, 1976). In addition, the shapes of the 
graphs for linear growth over a range of temperature are very similar to those for the 
activity of enzymes; these molecules also have an optimal value, above which their 
activities diminish as denaturation sets in. Above its optimal temperature, the specific 
growth rate of a fungus usually declines rapidly, presumably due to the denaturation of one 
or more key enzymes and the breakdown of metabolic regulatory mechanisms (Carlile & 
Watkinson, 1994).

It was evident that both the building and the Himalayan isolates displayed less tolerance of 
supra-optimal temperature compared with sub-optimal temperature. At 32°C, the 
Himalayan isolates displayed greater tolerance of the conditions (as all three grew) 
compared with only one of the building isolates (BF-050). Again, this characteristic would 
clearly be an advantage to the ‘wild’ Himalayan strains, since these may have had to 
withstand more marked fluctuations of temperature than would occur in buildings, 
including heating by direct sunlight. It may also be significant that the only building isolate 
that grew at 32°C is from Melbourne in Australia, a region that has hot summers and mild 
winters (Thornton, 1991). Nevertheless, at 32°C all growth was very slow, certainly slower 
than the respective values at 4°C, despite the fact that 32°C is closer to the optimal

76



temperature. Significantly, super-optimal temperature had a lethal effect on all the isolates 
that did not grow at 32°C and above.

S. la crym a n s  therefore has a low inhibitory temperature compared with many other timber
degrading fungi, coupled with a lower lethal temperature (Jennings, 1991b). This marked 
temperature sensitivity m a y  also partially or wholly explain its usual absence of growth 
outdoors (Coggins, 1976). However, this theory overlooks the fact that S. h im a n tio id es , a 
closely-related species, has only a slightly elevated temperature threshold for survival, yet 
grows in the wild in Europe and in the Himalayas. It has been suggested that S. la crym a n s  
has less inducible thermotolerance, a factor that may explain its absence from the wild, 
where fluctuations of temperature are more marked than in the sheltered environment of 
buildings (White e t a l., 1995a). Nevertheless, the Himalayan isolates appeared to possess 
lower sensitivities to high and low temperature; these characteristics may thus impart the 
tolerance that they require in order to withstand the temperature fluctuations of nature.

Langvad & Goksoyr (1967) demonstrated that at temperatures above 27°C, S. la crym a n s  
releases material, thought to be damaged nucleotides, into the medium. Respiration 
appeared not to be immediately affected, however. Likewise, electron microscopy showed 
that hyphae subjected to 37.5°C displayed marked disruption of their nuclei, so that after 1 
hour none could be found intact; mitochondria and other organelles also rapidly 
deteriorated. Disorganisation of the hyphae then ensued (Langvad, 1972). However, the 
physiological basis for the temperature-sensitivity of S. la crym a n s  remains unknown 
(Jennings & Bravery, 1991; Palfreyman e t a l., 1995). As was mentioned in 1.4.4., Danish 
groups have proposed the use of heat treatments to combat the dry rot fungus (Koch 1991; 
Bech-Andersen & Bech-Andersen, 1992; Munck & Sundberg, 1994). Though the use of 
heat would theoretically be very effective - as the present results show - its use in practice 
has not become widespread. Also, the practicality of such treatments remains to be 
demonstrated conclusively (Palfreyman e t a l., 1995).

3.3.3. The effects of water potential
In the present experiments the water potential of the medium was adjusted by varying the 
magnitude of the solute (osmotic) potential exerted by the salt potassium chloride. The 
concept of water potential is outlined in section 1.2. Fungal growth depends upon a 
positive turgor or hydrostatic pressure, which is generated by an osmotic uptake of water.
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In this manner, the hyphal walls distend so that the volume of protoplasm is increased. The 
rate of growth in relation to the external water potential therefore depends upon the 
difference between the internal and external values of osmotic potential, as well as the rate 
of solute uptake by passive or active means (Jennings, 1984; Jennings, 1995). It is therefore 
believed that the reduction in mycelial growth rate that accompanies a lowered external 
water potential is a consequence of reduced turgor (Eamus & Jennings, 1986; Cooke & 
Whipps, 1993). The availability of water critically affects the development of fungi in and 
on wood; the ability to tolerate high, low, or variable water potential may thus impart an 
ecological or selective advantage to such an organism (Rayner & Boddy, 1988). Also, the 
relationship between water potential and decay may influence the course of fungal 
successions in wood (Dix, 1985).

It was clear that all of the isolates responded to water potential in a similar manner. No 
growth was permitted at -7.15MPa, although cores from 5 of the isolates displayed growth 
when re-plated onto 2% MEA. This observation clearly indicated that, with the exception 
of DIT-101, a low availability of water had an inhibitory rather than a lethal effect on the 
isolates - at least within the range tested. S. la crym a n s  could therefore remain in a 
quiescent state until more favourable conditions became available. In a water potential 
regime of -3.99MPa, the Himalayan isolates displayed greater tolerance of the conditions, 
as two displayed slight growth compared with only one of the building isolates. Again this 
increased tolerance would particularly benefit the Himalayan isolates, since outdoors the 
fungus would be less likely to find a humid, enclosed environment; its surroundings would 
also be more susceptible to drying by the sun and by air currents. Nevertheless, the 
Himalayan samples were found partially sheltered within and around stumps in moderately 
humid woodlands, where the moisture content of the wood was suitable for decay 
(Appendix G).

The results of this study therefore correspond with the findings of Clarke e t a l. (1980), 
which report the absence of growth by S. la crym a n s  below about -6 MPa on a range of 
media; this threshold generally applies to other wood-decaying Basidiomycetes (Griffin, 
1977; Boddy, 1983; Dix, 1984; Cooke & Whips, 1993; Jennings, 1995). However, if the 
mycelium has access to a source of water that can be translocated to the growing hyphal 
tips, the colony may traverse materials of water potential -lOOMPa or lower, e.g., plaster or 
Perspex (Jennings, 1991b). As the water potential increased to -2.22MPa in the present 
study, building isolates, in general, appeared to exhibit faster growth than the Himalayan
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group. However, at -0.46MPa most of the Himalayan isolates managed to rival the growth 
rates of the building isolates. This finding is noteworthy since the experiments for 
temperature and pH showed the Himalayan isolates to lag behind the building isolates 
throughout. It was also noted that all the isolates except BF-050 displayed lower growth 
rates at 0.00 MPa, compared with -0.46 MPa. This finding has been reported by other 
workers (Papendick & Mulla, 1986).

Fungi accumulate organic solutes when faced with conditions of osmotic stress and some 
other forms of drying. These compounds, which are mostly polyols (e.g., glycerol) and 
sugars (e.g., trehalose and sucrose), have been termed compatible solutes. Not only do they 
contribute greatly to the protoplasmic osmotic potential, but they are thought to protect 
proteins and membranes, especially in conditions of stress (Jennings & Burke, 1990; 
Jennings, 1995); this matter is discussed further in Chapter 7. Fungal responses to water 
potential are influenced by other environmental conditions; for example their tolerance to 
low water potential appears to be greatest at their optimal temperatures for growth or spore 
germination. Such findings may be related to the metabolic production of compatible 
solutes, and possibly to other physiological adaptations. However, the synthesis of 
compatible solutes requires energy; this expenditure of resources probably contributes to 
the lower growth rates that occur in response to lowered water potential (Blomberg & 
Adler, 1992; Cooke & Whipps, 1993).

It is clear, however, that the use of supplemented medium to alter water potential is 
unrepresentative of building materials, due to the abilities of such materials to trap water 
within their porous structures. This factor, the matric potential, is an important constraint in 
practice (Jennings, 1991b). However, the agar-based studies are useful when comparing 
isolates. Furthermore, this system is convenient and reproducible due to the ease with 
which the solute potential can be used to control the overall water potential, since the 
matric potential and the other components then become negligible (Boddy, 1983; White, 
1992). Setting the water potential of building materials, such as plaster, was found by 
Clarke e t a l. (1980) to be limited by technical problems and to be feasible only in small 
quantities.

Thornton & Wazny (1986) found no clear relationship between the rate of linear growth on 
malt agar and the production of fungal biomass. During the development of the present 
experiments it was found that growth of S. la crym a n s  was excessively repressed in liquid
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cultures when the water potential of the medium was lowered, even though both KC1 and 
NaCl were tested as solutes. In addition, the liquid-growing colonies had a tendency to 
fragment and to cause constituents of the medium to congeal to their undersides. For these 
reasons, solid cultures were used throughout the comparative tests. The quantification of 
fungal biomass on solid media has often been problematical, though recently the technique 
of image analysis has been used to quantify mycelial density and its relative distribution by 
means of image capture and digital processing using specialised software (Olsson, 1995; 
Donnelly e t a l., 1999).

A disadvantage of the use of solutes to adjust water potential is that they tend to have 
physiological side-effects on fungi. KC1 was selected for the present work on the basis that 
it caused less fungal inhibition than other salts during the studies of Boddy (1983) and 
Griffith & Boddy (1991). Other solutes such as sugars and polyols have also been used, but 
the former complicate the situation by being metabolised as sources of energy, while the 
latter, being compatible solutes, tend to protect the cells from osmotic stress, as do some 
sugars (Clarke, 1979; Boddy, 1983). Nevertheless, the aim of these tests was to compare 
the respective tolerances of the isolates rather than to simulate the natural environment 
authentically.

3.3.4. The effects of pH
It was clear that, compared with experimental variables such as temperature and water 
potential, the rate of linear spread of each isolate varied comparatively little throughout the 
range of pH tested. Again, the building isolates displayed faster growth than the Himalayan 
isolates; these appeared to be innate characteristics, as they occurred almost without 
exception throughout the experiments of this chapter. All the isolates therefore displayed 
marked tolerances of acidic, neutral and mildly alkaline conditions, especially HIM 27, 
whose rate of linear spread hardly changed throughout the pH range tested. The values of 
the other isolates undulated more noticeably, though the growth rate of each isolate 
remained within a comparatively narrow range.

The acidity of wood may fall as low as pH 2.75 while being degraded by brown rot fungi, 
but normally varies between pH 4-6 (Rayner & Boddy, 1988). At these levels of pH all the 
isolates grew well, a finding that corresponds with other reports on S. la c ry m a n s  (Coggins, 
1976; Jennings, 1991b). Cartwright & Findlay (1958) reported that S. la c ry m a n s  will not 
grow on any highly alkaline medium. Petrenko (1966) reported that this species has an
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upper limit of pH 7 and an optimum of pH 4.5-5.5, while Schmidt & Moreth-Kebernik 
(1990) found that S. la crym a n s  tolerated initial values of pH 2.5-7.3 only. These findings 
are therefore at variance with the results of the present experiment. It is also evident that 
low pH affects the levels of dissolved C 02 in solutions, the ionisation of compounds and 
the solubility of metals; the resulting solubilisation of metals may cause an environment 
such as soil to become toxic to fungi at low pH (Cooke & Whipps, 1993).

S. la crym a n s  is known to acidify media (Schmidt & Moreth-Kebernik, 1990; Jennings, 
1991b). Therefore it was not clear whether the ability of S. la c rym a n s  to grow at a 
particular initial value of pH indicated its tolerance of the conditions p e r  se  or an ability to 
buffer them via metabolic activity. It is therefore possible that metabolic acids are produced 
by the dry rot fungus in order to permit the colonisation or crossing of alkaline building 
materials such as plaster (as suggested by Jennings, 1991b) or that such building materials 
are deliberately sought by the fungus to buffer acidic by-products of its metabolism (as 
suggested by Bech-Andersen, 1985; 1987a; 1995). In any case, Coggins (1976) described 
how the pH of plaster and mortar may drop from about pH 13-14 (which is inimical to all 
fungal growth) to about pH 8 on ageing. If these materials could somehow be induced to 
retain their high alkalinity, the spread of dry rot could possibly be circumscribed.

3.3.5. Comparative rates of timber decay and rates of linear growth
The findings from the comparative decay test and the comparative test of linear growth 
rates showed that there was no clear relationship between the timber-decaying capacities of 
isolates and their growth rates on malt agar. This lack of correspondence accords with the 
findings of other workers with regard to the species (Abou-Heilah & Hutchinson, 1978; 
Thornton & Wazny, 1986; Cymorek & Hegarty, 1986). It was noteworthy that the 
extension rates of wild-growing Himalayan isolates of S. la crym a n s  were found to be about 
half those of the building isolates. Here, a decided clustering of results occurred between 
the two respective groups. In contrast, no apparent grouping of decay capacities was noted 
for either of the two groups, nor did either display a greater avidity for wood than the other 
overall. Such findings indicate that the Himalayan form cannot consume wood more 
effectively than the domestic form nor colonise linearly more readily; these criteria 
therefore appear not to contribute to any physiological or ecological advantage that the 
‘wild-growing’ form may have over the domestic.
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It was possible that the slower growth exhibited by the Himalayan isolates constituted a 
‘slow-dense’ mode of growth, as described by Rayner & Boddy (1988). Some fungi adopt, 
either permanently or differentially, this slow, thick form of growth in order to exploit a 
nutrient resource as effectively as possible. Slow-dense growth may also serve to protect a 
resource from invasion by competing organisms. This latter point obviously bears 
relevance to the natural environment more than to buildings, where S. la c rym a n s  typically 
grows to the exclusion of competitors (unpublished observations). It is therefore possible 
that competitors in the natural environment (Appendix G) tend to circumscribe the 
activities of the Himalayan form of the species. The isolation of some of these competitors 
may possibly benefit the development of a system of biological control for S. la crym a n s.

Radial growth rates of the building isolates were similar to those reported by Thornton & 
Wazny (1986) and Cymorek & Hegarty (1986). Similar variations among the isolates were 
also noted in the present study. Accordingly, newly-isolated cultures of S. la crym a n s  
possessed similar capacities of decay to that of the stock isolate, FPRL 12C, an English 
isolate that had been in laboratory culture since 1949. The newly-cultured building isolates 
also had very similar growth rates to those of the other domestic isolates, which had been 
in culture for 7 and 15 years respectively. It was therefore concluded that FPRL 12C, the 
principal isolate used in this project and in some other studies (e.g., Palfreyman e t a l., 
1991; Palfreyman & Vigrow, 1994; White e t a l ., 1995a; Sienkiewicz e t a l., 1997; Score e t  
a l., 1998), was representative of current outbreaks of S. la crym a n s  in our region. In 
addition, its ability to decay wood and spread linearly did not appear to be affected by long
term maintenance in laboratory culture.

3.3.6. The identities of the North American and Czech ‘wild’ isolates 
Harmsen (1960) published a comparative study on cultures of the genus M eru liu s  (now 
S erp u la ), including putative ‘wild-growing’ samples of S. la crym a n s  from Mt. Shasta in 
Northern California, USA (Cooke, 1957), and the Narkanda region of India (Bagchee, 
1954). While Harmsen could separate the isolates into putative species of M eru liu s  by 
visual observations, he failed to differentiate between them by classical pairing 
experiments, since anastomoses formed between isolates within the same species as well as 
between different species. However, in light of more recent findings (Rayner, 1988), such 
ambiguous results are not surprising. Harmsen also reported that the ‘wild-growing’ form 
of S. la crym a n s  from Northern California differed in appearance from domestic European 
isolates, as well as from Indian isolates of the species. However, doubts about the identities
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and relatedness of members of the genus are evident in the studies of Cooke (1957) and 
Harmsen (1960).

After the classical study by Harmsen (1960) it was almost 30 years before the 
characterisation and speciation of the genus S erpu la  was investigated again. The papers of 
Schmidt & Kebernik (1989) and Palfreyman e t a l. (1991) demonstrated that the molecular 
technique of SDS-PAGE could be used to differentiate S. la crym a n s  clearly from other 
species of wood-decaying fungi, including its closest relatives, S erp u la  h im a n tio id e s  and 
P o r ia  in cra ssa ta . Significantly, these studies demonstrated that marked similarities in 
protein banding patterns existed between isolates of S. la c rym a n s , even when the cultures 
originated from different parts of the world. Likewise, close similarities were found when 
the techniques of Western blotting and lectin staining were applied (Palfreyman & Vigrow, 
1994).

This renewed interest in the genus resulted in several expeditions to verify conclusively the 
existence of ‘wild-growing’ S. la crym a n s  by searching areas of India and Northern 
California where it had previously been reported growing (Bagchee, 1954; Cooke, 1957; 
White e t a l ., 1995b; Bech-Andersen, 1995). However, it was not until 1997 that the first 
definitive culturing and identification of ‘wild-growing’ S. la crym a n s  was reported (White 
e t a l., 1997). That earlier study, which is related to this project, utilised SDS-PAGE to 
verify the identity of samples from the Narkanda region of the Indian Himalayas (Appendix 
G). Interestingly, the protein banding patterns of these isolates were found to be remarkably 
similar to that of the domestic form of S. la crym a n s. In the final year of this project, the 
‘wild-growing’ American and Czech field samples were received from colleagues of this 
group, Drs J. Bech-Andersen and J. Singh. One of these basidiocarps was found on a log of 
A b ie s  m ag n ifica  var. sh a sten sis  on the slopes of Mt. Shasta, Northern California in 1994. 
The other was found on a rotted trunk of A b ie tis  a lb a e  in the Boubin area of the Sumava 
Mountains, Czechoslovakia, in 1995, while a third was found in the same area in 1998.

The work performed on these field samples constituted the first isolation and molecular 
analysis of putative ‘wild-growing’ S. la crym a n s  from those continents. After isolation, it 
became apparent that the Czechoslovakian isolate Czech’95 was morphologically identical 
to domestic isolates of S. la crym an s from the UK. In contrast, the other Czechoslovakian 
isolate, Czech’98, was indistinguishable from S. h im an tio ides. The Californian isolate, 
USA’94, resembled S. la crym an s more than it did S. h im a n tio id e s , but could not
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conclusively be identified as being S. la crym a n s. A later communication from J. Bech- 
Andersen relating to an identification of the material in the field agreed with these findings. 
It was suspected, however, that the ‘wild’ Californian isolate could have been P o r ia  
(M eru lip o r ia ) in cra ssa ta , as that species is known to resemble S. la c rym a n s  in many ways. 
Unfortunately no reference cultures of it were available during the present study, however. 
P. in c ra ssa ta  causes a similar decay in buildings of N. America (where S. la crym a n s  is 
almost unknown), although it constitutes a far less serious problem. However, in contrast to 
S. la crym a n s, P. in cra ssa ta  grows as readily in the wild (Burdsall, 1991).

When the SDS-PAGE gels were examined it became apparent that only the profile of the 
Czechoslovakian isolate Czech’95 resembled that of domestic S. la crym a n s . This 
resemblance appeared to be at least as close as that described by White e t  a l. (1997) for 
‘wild’ Himalayan S. lacrym an s. Conversely, the protein profile of the Czechoslovakian 
isolate Czech’98 appeared to resemble that of S. h im an tio ides, although the resemblance 
here was not as striking. It therefore transpired that all three identifications (field, cultural 
and molecular) of these two isolates agreed, respectively. In contrast, the profile of the 
Californian isolate, USA’94, resembled neither of the reference cultures, though such a 
finding would not rule out its being P. in cra ssa ta , as discussed above.

Recent studies in this field have utilised the relatively new technique of RAPD PCR to 
analyse genomic DNA from isolates of S. la crym a n s  and related species. First Theodore e t  
al. (1995) showed that marked similarities in PCR banding patterns resulted when 
domestic isolates of S. lacrym an s  from different continents were compared, though certain 
differences were noted too. Later, Schmidt & Moreth-Kebernik (1998) demonstrated that 
the PCR banding patterns for S. la crym a n s  are species-specific. The technique of PCR 
(polymerase chain reaction) is already widely used to create genetic fingerprints and to 
produce phylogenetic information in a manner that can be analysed statistically (Mitchell e t  
a l ,  1995).

A logical continuation of the present study would potentially involve a PCR-based 
comparison of the ‘wild’ isolates of S. la crym a n s  with domestic building isolates from a 
wide range of countries, as well as with representatives of closely-related species. That 
potential study could be used to produce indexes of similarity and dendograms showing 
relatedness and possible evolutionary relationships. It may then be possible to determine 
whether the domestic dry rot fungus originated from material brought back from India
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during the Colonial Period, as suggested by Vigrow (1992) and White e t  a l. (1995), or 
whether this organism has retreated - perhaps due to environmental or genetic changes - 
from a common dispersal in the wild to a very specific niche within buildings (Palfreyman 
e t a l., 1995). A third possibility is that spores from the ‘wild-growing’ form were dispersed 
to other parts of the world by air currents (Bech-Andersen, 1995).

The fact that building isolates from different countries display similar protein profiles to 
each other (Schmidt & Kebernik, 1989; Palfreyman e t  a l., 1991), as well as to the 
Himalayan isolates (White e t a l., 1997) and to one of the ‘wild’ Czechoslovakian isolates 
(3.2.6.), suggests that such cultures display genetic and physiological relatedness. It may 
therefore be possible that they shared the same common progenitor after the formation of 
the species. After detailed study, Vigrow (1992) interpreted the molecular similarities 
between geographically-diverse isolates of S. lacrym an s, confined to a specific niche, as 
being indicative of a short evolutionary history.
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C h a p t e r  4

The Development of Small-Scale Models 
to Assess Environmental Control Treatments

8 6



4.1. Introduction

This chapter describes the use of small-scale models that were designed to test separately 
the effects of increased aeration and lowered humidity on the capacities of growth, decay 
and survival of S. la crym an s. These chambers provided a system that was relatively easy to 
load, control and quantify. In addition, these experiments provided results comparatively 
quickly and permitted the simultaneous testing of differing environmental conditions and a 
range of building materials. In this manner, a preliminary assessment was made of the 
sensitivity of S. la crym a n s  to environmental treatments such as those described in section
1.4.4. These experiments constituted a preliminary stage leading to the design and use of 
more-representative models, as described in Chapters 5 and 6.

It has been postulated (Bech-Anderson, 1985; 1987a; 1989) that S. la c ry m a n s  effectively 
uses metallic ions from masonry and plaster to effect the buffering of its chemical 
environment, and possibly to facilitate the early stages of its decay of timber. 
Correspondingly, Bech-Anderson (1985; 1987a; 1989) noted that outbreaks of S. 
la crym a n s  in buildings are always associated with the colonisation of brickwork, 
stonework or plaster. Subsequent research has indicated that metallic cations (e.g., calcium 
and iron), contained in masonry and soil, have various effects on the activities of brown rot 
fungi (reviewed by Jellison e t a l., 1997). The relationship between S. la c rym a n s  and 
masonry is explored in greater detail in Chapter 8.

The specific objectives of this chapter were

• To assess the effects of ranges of relative humidity and rates of air flow, respectively, on 
linear growth, decay of timber and survival by S. la crym a n s  with regard to humidity and 
air flow

« To determine the effects of relative humidity on the moisture content of non-infected 
timber after equilibration

• To assess the effects of common building materials on linear spread, decay of timber 
and survival by S. la crym a n s , as well as its susceptibility to relative humidity and 
airflow
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4.2. Results

4.2.1. The effects of relative humidity on S. la crvm a n s
This section describes the use of chambers to test the effects of relative humidity on S. 
la crym a n s  when it was growing on pre-infected blocks of Scots pine that were placed on 
platforms within sealed plastic boxes. The methods are provided in section 2.2.1.

Table 7: The effects of block size on the radial spread and survival of S. la c ry m a n s  in 
regimes of differing percentage relative humidity

Block Size
Mean Radial Spread in mm (Presence/Absence of Survival) 

100% 97% 93% 86% 81% 76%
10 x 10 x 5mm 22.0(+) 17.5(+) 3.8(+) Nil(+) Nil(+) Nil(-)
10 x 10 x 20mm Off tile(+) 23.8(+) 9.2(+) Nil(Cont.) Nil(Cont.) Nil(-)
(+) Indicates the presence of active growth o f S. lacrymans on MEA after the fungus had been plated-out at 
the end of each experimental regime; (-) indicates no surviving growth; and (cont.) indicates that the 
assessment o f survival was negated by contamination after plating onto 2% MEA. Each value o f radial growth 
was derived from 8  replicate readings from 2 parallel colonies within each chamber. N o contamination was 
noted in the chambers.

In the experiment using smaller blocks (Fig. 17), the values for percentage weight loss 
diminished as the R.H. was lowered. A one way analysis of variance (ANOYA) indicated 
significant differences amongst the sets of data (F(5,24)=27.68; p=0). Consequently, 
Tukey's pairwise comparisons revealed significant differences between most of the values. 
The values of percentage moisture content (Fig. 17) followed a similar downward trend 
(F(5,24)=312.21; p=0) in response to lowered R.H.; again, significant differences were 
evident. In addition, a significant decline in radial growth away from the blocks also 
occurred in response to lowered humidity, as indicated in Table 7 (F(5,18)=122.82; p=0); 
growth declined abruptly from 100% to 93% R.H., below which none occurred. Survival of 
S. la crym a n s  was not lost until a regime of below 81% R.H. was applied (Table 7).

When the experiment was repeated using larger blocks and a longer regime (Fig. 18), 
significant differences occurred amongst the values for percentage weight loss 
(F(5,18)=58.69; p=0). After a slight increase at 97% R.H., these values diminished as the 
R.H. was lowered further. Again, only slight weight loss occurred in the regimes of 86% 
and 76% R.H. Tukey's pairwise comparisons indicated significant differences between 
most of the values. Once again, the data suggested that the decline in percentage moisture 
content of the blocks (F(5,18)=84.28; p=0) followed a pattern similar to that of percentage
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weight loss, although not as closely (Fig. 18). Radial spread of S. la crym a n s  away from the 
blocks declined steadily below 100% R.H., but did not stop until the humidity was lowered 
to below 93% R.H. (Table 7). Significant differences existed between all the regimes that 
permitted linear spread (F(5,18)=141.97; p=0). However, S. la c rym a n s  was not 
conclusively inactivated until a regime of 76% R.H. was applied, since contamination of 
the samples from the 86% and 81% R.H. regimes by P en ic illiu m  sp. occurred after plating- 
out onto medium (Table 7).

4.2.2. The effects of air flow on S. la crvm a n s
This section describes the use of novel chambers to test the effects of an active flow of air 
on S. la crym a n s  when it was growing on pre-infected blocks of Scots pine. These blocks 
were placed on platforms within closed plastic boxes that were supplied with a regulated 
and filtered supply of air from a diaphragm pump. The methods are provided in section
2.2.1.

Table 8: The effects of block size on the radial spread and survival of S. la c rym a n s  in 
regimes of differing air flow rate

Size of Block
Mean Radial Spread in mm (Presence/Absence of Survival)

0 1/min-1 1.5 1/min-1 2 .5 1/min-1 4 1/min-1 6 1/min-1
10 x 10 x 5mm 17.2(+) Nil(+) Nil(-) Nil(-) Nil(-)
10 x 10 x 20mm Off tile(+) Off tile(+) Nil(Cont.) Nil(-) Nil(-)
(+) Indicates the presence of active growth of S. lacrymans on MEA after the fungus had been plated-out at 
the end of each experimental regime; (-) indicates no surviving growth; and (cont.) indicates that this 
assessment of survival was negated by contamination after plating-out onto 2% MEA. Each value of radial 
growth was derived from 8  replicate readings from 2 parallel colonies within each chamber. N o  
contamination was noted in the chambers.

In the experiment using the smaller blocks, a moving air flow served to prevent any 
appreciable weight loss during such regimes (Fig. 19). The mean percentage weight loss for 
0 1/min-1 was significantly greater than those of each of the other regimes (F(4,20)=48.23; 
p=0), which were not significantly different from each other according to Tukey’s pair wise 
comparisons. The values of percentage moisture content displayed a similar trend 
(F(4,20)=79.33 p=0), eventually reaching a basal level of around 20% (Fig. 19). Radial 
growth away from the blocks occurred only within the 0 1/min-1 chamber (Table 8). 
Survival of S. la crym a n s, as demonstrated by re-isolation, was not lost until regimes of 
above 1.5 1/min-1 were applied (Table 8).
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The use of larger blocks and a longer regime caused a marked difference in the patterns of 
weight loss (Fig. 20). Again, significant differences in the values for weight loss occurred 
(F(4,15)=97.55; p=0). Tukey's pairwise comparisons indicated that there was no significant 
difference between the percentage weight loss value within the 0/1 min-1 regime and that of 
the 1.5 1/min-1 regime; however, these two values were significantly different from those of 
the other sets. In addition, when air flow rates of 4 1/min-1 and above were applied, weight 
loss ceased completely. The values for percentage moisture content declined linearly from 
the 0 1/min-1 to the 2.5 1/min-1 regimes (Fig. 20). Significant differences emerged overall 
(F(4,15)=76.21; p=0). However, Tukey’s pairwise comparisons indicated no significant 
differences in the values of percentage moisture content when regimes of 2.5 1/min-1 and 
above were applied. In these regimes a basal moisture content of around 20% was reached, 
as was observed with the smaller blocks.

It was noteworthy that when a rate of 1.5 1/min-1 was applied, both of the colonies in this 
regime displayed a marked growth response (an apparent negative tropism) away from the 
flow of air, along with a greater propensity to spread linearly by means of strands, 
compared with that in the 0 1/min-1 chamber (Table 8). No measurements of radial growth 
could be made since both colonies in the 0 1/min-1 and 1.5 1/min-1 chambers grew beyond 
the edges of the platforms. In the 1.5 1/min-1 regime, all the growth was directed to the 
back of the chamber, where a ‘veil’ or ‘skin’ formed on the back wall around the outlet 
vents. In comparison, the growth on the platform in the 0 1/min-1 regime was much more 
localised and fluffy, with no stranding or unidirectional growth evident. This response is 
shown in Plates 4-5. No radial growth occurred when air flow rates of 2.5 1/min-1 and 
above were applied (Table 8; Plate 6). Survival of S. la crym a n s  was not conclusively lost 
until rates of above 2.5 l/min-1were applied, since samples from the 2.5 1/min-1 regime 
became contaminated (Table 8).

(Figures 17-20 and Plates 4-6 overleaf)
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♦  % Weight Loss % Moisture

Figure 17: Effects o f relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, of dimensions 1 0  x  10  x  5m m , after 
incubation for 4 weeks; mean values and standard deviations o f 5 replicate blocks are 
displayed,

Percentage Relative H um idity

— % Weight Loss % Moisture

Figure 18: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) o f pre-infected blocks of Scots pine sapwood, of dimensions 10  x  10  x  2 0 m m , after 
incubation for 8 weeks; mean values and standard deviations o f 3 replicate blocks are 
displayed.
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% Weight Loss—■— % Moisture

Figure 19: Effects o f air flow on the weight losses and final moisture contents (w/w) o f pre
infected blocks o f Scots pine sapwood, o f dimensions 10  x  10  x  5m m , after incubation for 4 
weeks; mean values and standard deviations of 5 replicate blocks are displayed.

— % Weight Loss — % Moisture

Figure 20: Effects of air flow on the weight losses and final moisture contents (w/w) o f pre
infected blocks of Scots pine sapwood, o f dimensions 10 x  10  x  20m m , after incubation for 
8 weeks; mean values and standard deviations of 3 replicate blocks are displayed.
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Plate 4 : The interior of the 0 litres-per-minute air flow chamber showing thick, non- 
directional growth around the centrally-placed blocks. The larger size of blocks were used 
(10 x 10 x 20mm).

Plate 5: The interior of the 1.5 litres-per-minute air flow chamber showing directional 
growth towards the back of the chamber, away from the direction of the air flow. The 
larger size of blocks were used (10 x 10 x 20mm).
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Plate 6: The interior of the 2.5 litres-per-minute air flow chamber showing an absence of 
linear spread and a shrivelling of existing mycelia on the blocks. The larger size of blocks 
were used (10 x 10 x 20mm).

94



4.2.3. Adsorption and desorption isotherms of Scots pine sapwood
This experiment involved determining the values of moisture content for non-infected 
blocks of Scots pine sapwood after a 6-month period of equilibration in sealed jars, each 
containing a saturated solution of salt in order to generate a defined relative humidity. The 
methods for this work are provided in section 2.2.2.

The results of this experiment are displayed in Fig. 21. It can be seen, predictably, that the 
levels of moisture in the blocks rose steadily in accordance with the elevation of relative 
humidity, both when pre-soaked and pre-dried sets of blocks were tested respectively. It 
was also evident that the pre-soaked blocks always had higher values of moisture content 
for any given value of R.H, compared with the pre-dried blocks. A one way analysis of 
variance (ANOVA), along with Tukey’s pair wise comparisons, indicated that significant 
differences existed between each of the mean values in the pre-soaked set (F(8,62)=47.81; 
p=0). Similarly-marked differences were evident between the mean values in the pre-dried 
set (F(8,63)=7857.05; p=0). When the two respective sets of mean values were compared 
by means of a general linear model, they were found to be significantly different from each 
other throughout the range of humidity tested (p=0).

4.2.4. Water-holding capacities of selected timbers
This simple experiment involved determining the water-holding capacities of the common 
building timbers, Scots pine, sitka spruce and oak, after a period of soaking in de-ionised 
water. The methods for this work are provided in section 2.2.3.

The results are displayed in Fig. 22. Significant differences emerged amongst the 
respective sets of values (F(4,25)= 12.41; p=0), whilst Tukey’s pair wise comparisons 
indicated that the mean values of Scots pine sapwood and heartwood did not vary 
significantly from each other. However, both of these values were significantly higher than 
that of sitka spruce heartwood, but not sapwood, as well as oak heartwood. Similarly, the 
values for sitka spruce sapwood and heartwood did not vary significantly from each other, 
though only the former was significantly higher than that of oak heartwood.

(Figures 21-22 overleaf)
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Figure 21: Equilibrium moisture content values (w/w) for non-infected blocks of Scots pine 
sapwood, o f dimensions 10 x 10 x 10mm, after incubation for 6 months at 20°C; mean 
values and standard deviations of 8 replicate blocks, both pre-soaked and pre-dried, are 
shown.
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Figure 22: Maximum water-holding capacities (w/w) of non-infected timbers after soaking 
for 5 days; mean values and standard deviations of 6 replicate blocks o f dimensions 1 0 x 1 0  
x 10mm are shown.
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4.2.5. The effects of building materials on the behaviour of S. la crvm a n s  in the humidity 
chambers
This section describes the use of humidity chambers (a modification of those used in 4.2.1.) 
to assess the effects of ‘tiles’ of building materials on radial spread, decay of timber and 
survival by S. la crym a n s. The methods are provided in section 2.2.4.

Table 9: The effects of ‘tiles’ of building materials on the radial spread and survival of S. 
la crym a n s  in regimes of differing percentage relative humidity

Mean Radial Spread in mm (Presence/Absence of Survival)
Material 100% 97% 93% 86% 81%
Pink granite Off tile(+) Off tile(+) 10.0(+) Nil(+) Nil(-)
Light brown sandstone Off tile(+) Off tile(+) 5.1(+) Nil(+) Nil(-)
Brown sandstone Off tile(+) Off tile(+) 13.8(+) Nil(+) Nil(-)
Grey sandstone Off tile(+) Off tile(+) Off tile(+) Nil(+) Nil(-)
Aged lath and plaster Off tile(+) Off tile(+) 7.5(+) Nil(+) Nil(-)
Plasterboard Off tile(+) Off tile(+) 9.8(+) Nil(+) Nil(-)
Aged red brick Off tile(H-) Off tile(+) Off tile(+) Nil(+) Nil(-)
Aged floor board Off tile(-h) Off tile(-h) Nil(+) Nil(cont.) Nil(cont.)
Sitka spruce sapwood Off tile(+) Off tile(+) Nil(+) Nil(+) Nil(-)
Scots pine sapwood Off tile(+) Off tile(+) 28.9(+) Nil(-) Nil(-)
(+) Indicates the presence of active growth of S. lacrymans on MEA after the fungus had been plated-out at 
the end of each experimental regime; (-) indicates no surviving growth; and (cont.) indicates that this 
assessment of survival was negated by contamination after plating-out onto 2% MEA. Each value o f  radial 
growth was derived from 8 replicate readings from 2 parallel colonies within each chamber. No 
contamination was noted in the chambers.

When each material was tested, a decline in weight loss and moisture content correlated 
directly with the lowering of relative humidity (Figs. 23-32). Similarly, the viability of S. 
la crym a n s  was not generally lost until a regime of below 86% R.H. was applied (Table 9). 
It was also noted that some of the materials, particularly grey sandstone and aged red brick, 
were more conducive to growth of the fungus at 93% R.H. than others were. In addition, 
more growth was noted on each of the materials after the 97% R.H. regime compared with 
the earlier experiment using the larger blocks (4.2.1.). No linear growth on any of the 
materials occurred in the regimes of 86% and 81% R.H.
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In addition, a marked red coloration was observed just behind the growth margins in the 
regimes of 97% and 100% R.H when the brown and grey varieties of sandstone, as well as 
lath and plaster were tested respectively. A similar coloration was found on aged lath and 
plaster. On each of these forms of masonry the growth of S. la crym a n s  in the 97% and 
100% R.H. regimes was spread widely and luxuriantly, even onto the lids of the chambers. 
In contrast, all of the other materials supported growth of S. la crym a n s  that was white and 
healthy, but generally not as luxuriant. On the ‘tiles’ of plasterboard, however, the mycelia 
spread in a particularly flattened, web-like network.

A one way analysis of variance (ANOVA) of the data from the chambers containing p in k  
g ra n ite  (Fig. 23) indicated significant differences amongst the grouped sets of data relating 
to percentage weight loss (F(4,10)=51.10; p=0) and percentage moisture content 
(F(4,10)=409.16; p=0) respectively. Tukey’s pairwise comparisons indicated that mean 
values for both parameters decreased significantly in response to the lowering of relative 
humidity. The chambers containing other materials yielded similar results; these are 
summarised as follows. L ig h t brow n  sa n d sto n e  (Fig. 24): weight loss (F(4,10)=214.14; 
p=0); moisture content (F(4,10)=523.25; p=0). B row n  sa n d sto n e  (Fig. 25): weight loss 
(F(4,10)=54.91; p=0); moisture content (F(4,10)=6.56; p=0.007). G rey  sa n d s to n e  (Fig. 26): 
weight loss (F(4,10)=258.59; p=0); moisture content (F(4,10)=752.48; p=0). A g e d  la th  a n d  
p la s te r  (Fig. 27): weight loss (F(4,10)=92.89; p=0); moisture content (F(4,10)=3711.45; 
p=0). P la s te rb o a rd  (Fig. 28): weight loss (F(4,10)=38.25; p=0); moisture content 
(F(4,10)=1050.45; p=0). A g e d  re d  b r ick  (Fig. 29): weight loss (F(4,10)=24.66; p=0); 
moisture content (F(4,10)=181.93; p=0). A g e d  f lo o r  b o a r d  (Fig. 30): weight loss 
(F(4,10)=23.33; p=0); moisture content (F(4,10)=34.25; p=0). S itka  sp ru c e  s a p w o o d  (Fig. 
31): weight loss (F(4,10)= 12.54; p<0.001); moisture content (F(4,10)=100.68; p=0). Scots 
p in e  sa p w o o d  (Fig. 32): weight loss (F(4,10)=12.57; p=0.001); moisture content 
(F(4,10)=82.02; p=0).

Table 10 shows a comparison between the respective values for the materials with regard 
to the highest regime of humidity. A one way analysis of variance (ANOVA) indicated 
significant differences in the percentage weight loss values between these respective sets of 
data (F(10,22)=55.97; p=0). Accordingly, Dunnett’s test revealed which of these mean 
values were significantly different from that of the control (the mean value from the earlier 
experiment using that humidity and block size [4.2.1.]). It therefore appeared as though the 
presence of granite, lath and plaster, red brick and each variety of sandstone stimulated the
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decay of timber by S. la crym a n s  in these optimal conditions, whereas plasterboard, aged 
floor board, sitka spruce and Scots pine did not.

Table 10: A collation of the values for percentage weight loss resulting at 100% relative
humidity

Building Material Supplied 
in the Form of ‘Tiles’

Mean Percentage 
Weight Loss During the 

100% R.H. Regime 
(stdev.)

Difference from the 
Percentage Weight 
Loss of the Control 
(Sig. Difference*)

Pink granite 30.68 (0.94) +11.23 (Y)
Light brown sandstone 38.32 (0.80) +18.87 (Y)
Brown sandstone 30.70(1.02) +11.25 (Y)
Grey sandstone 42.28(1.86) +22.83 (Y)
Lath and plaster 38.96(1.07) +19.51 (Y)
Plasterboard 21.71 (1.19) +2.26 (N)
Aged red brick 35.13 (3.09) + 15.68 (Y)
Aged floor board 16.81 (3.22) -2.64 (N)
Sitka spruce sapwood 17.91 (3.84) -1.54 (N)
Scots pine sapwood 18.89 (2.96) -0.56 (N)
Plastic plate lid (C o n tro l) 19.45 (1.45) -

Mean values and standard deviations of 3 replicate blocks are displayed. Sig. difference* refers to whether the 
respective value for mean weight loss was significantly different from that of the control (Y=Yes, N=No).

(Figures 23-32 overleaf)



% Weight Loss— % Moisture

Figure 23: Effects o f relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks of Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of p in k  g r a n ite ; mean values and standard deviations o f 3 
replicate blocks are displayed.

— % Weight Loss —*- % Moisture

Figure 24: Effects o f relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles o f l ig h t b ro w n  s a n d s to n e ; mean values and standard 
deviations of 3 replicate blocks are displayed.
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Figure 25: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of b ro w n  s a n d s to n e ; mean values and standard deviations of 
3 replicate blocks are displayed.

— % Weight Loss —s— % Moisture

Figure 26: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) o f pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of g r e y  s a n d s to n e ; mean values and standard deviations o f 3 
replicate blocks are displayed.
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Figure 27: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) o f pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles o f a g e d  la th  a n d  p la s te r :; mean values and standard 
deviations o f 3 replicate blocks are displayed.

— % Weight Loss —■— % Moisture

Figure 28: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) o f pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of p la s te r b o a r d ; mean values and standard deviations o f 3 
replicate blocks are displayed.
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Figure 29: Effects o f relative humidity on the weight losses and final moisture contents 
(w/w) o f pre-infected blocks of Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of a g e d  r e d  brick; mean values and standard deviations o f 3 
replicate blocks are displayed.

% Weight Loss % Moisture

Figure 30: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of a g e d  f l o o r  bo ard ; mean values and standard deviations of 
3 replicate blocks are displayed.
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Figure 31: Effects o f relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of s itk a  sp ru c e  s a p w o o d ; mean values and standard 
deviations of 3 replicate blocks are displayed.

Percentage Relative Humidity

% Weight Loss % Moisture

Figure 32: Effects of relative humidity on the weight losses and final moisture contents 
(w/w) of pre-infected blocks o f Scots pine sapwood, of dimensions 10 x 10 x 20mm, after 
incubation for 8 weeks on tiles of S c o ts  p in e  sa p w o o d ; mean values and standard deviations 
of 3 replicate blocks are displayed.
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4.2.6. The effects of building materials on the behaviour of S. la crym a n s  in the air flow
chambers
This section describes the use of air flow chambers (a modification of those used in 4.2.2.) 
to assess the effects of ‘tiles’ of building materials on radial spread, decay of timber and 
survival by S. lacrym an s. The methods are provided in section 2.2.4.

Table 11: The effects of ‘tiles’ of building materials on the radial spread and survival of S. 
la crym a n s  in regimes of differing air flow rate

Mean Radial Spread in mm (Presence/Absence of Survival)
Material 0 1/min-1 1.5 1/min-l 2.5 1/miir1
Pink granite Off tile(-h) Nil(cont.) Nil(cont.)
Brown sandstone Off tile(+) Nil(cont.) Nil(cont.)
Aged lath and plaster Nil(cont.) Nil(+) Nil(-)
Plasterboard Off tile(+) Nil(+) Nil(-)
Sitka spruce sapwood Off tile(+) Nil(+) Nil(-)
Scots pine sapwood Off tile(+) Nil(+) Nil(-)
(+) Indicates the presence of active growth of S. lacrymans on MEA after the fungus had been plated-out at 
the end o f each experimental regime; (-) indicates no surviving growth; and (cont.) indicates that this 
assessment o f survival was negated by contamination after plating-out onto 2% MEA. Each value of radial 
growth was derived from 8 replicate readings from 2 parallel colonies within each chamber. No  
contamination was noted in the chambers apart from that holding aged lath and plaster.

When each material was tested, a decline in weight loss and moisture content correlated 
directly with an increase in the rate of air flow (Figs. 33-37). No linear growth was noted in 
any of the regimes apart from that of 0 l/min-1. In addition, the viability of S. la c rym a n s  
appeared to be lost when regimes of above 1.5 1/mhr1 were applied. Overall, it was noted 
that none of the building materials diminished nor augmented the susceptibility of S. 
la crym a n s  to a moving airflow, compared with the results from 4.2.2.

A one way analysis of variance (ANOVA) of the data from the chamber containing p in k  
g ra n ite  (Fig. 33) indicated significant differences amongst the grouped sets of data relating 
to percentage weight loss (F(2,6)=995.98; p=0) and percentage moisture content 
(F(2,6)=375.51; p=0) respectively. Tukey’s pairwise comparisons indicated that values for 
both parameters decreased significantly in response to an increase in the rate of air flow. 
Apart from the chamber containing lath and plaster, the other materials yielded similar 
results; these are summarised as follows. B row n  sa n d sto n e  (Fig. 34): weight loss
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(F(2,6)=944.39; p=0); moisture content (F(2,6)=5.61; p=0.042). P la s te r b o a r d  (Fig. 35): 
weight loss (F(2,6)=28.97; p=0); moisture content (F(2,6)=108.05; p=0). S itka  sp ru ce  
s a p w o o d  (Fig. 36): weight loss (F(2,6)=72.24; p=0); moisture content (F(2,6)=477.38; 
p=0). S co ts  p in e  sa p w o o d  (Fig. 37): weight loss (F(2,6)=41.30; p=0); moisture 
(F(2,6)=40.76; p=0). Due to contamination in the chamber, only the values for moisture 
content varied significantly for a g e d  la th  a n d  p la s te r  (data not shown): weight loss 
(F(2,5)=0.78; p=0.507); moisture content (F(2,5)=1231.88; p=0).

(Figures 33-37 overleaf)
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Figure 33: Effects of air flow on the weight losses and final moisture contents (w/w) of pre
infected blocks of Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after incubation for 
8 weeks on tiles of p in k  g r a n ite ; mean values and standard deviations o f 3 replicate blocks 
are displayed.

Rate o f  A ir Flow in l/M inute

— % Weight Loss —s— % Moisture

Figure 34: Effects of air flow on the weight losses and final moisture contents (w/w) of pre
infected blocks of Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after incubation for 
8 weeks on tiles of b ro w n  sa n d s to n e ; mean values and standard deviations o f 3 replicate 
blocks are displayed.
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Figure 35: Effects o f air flow on the weight losses and final moisture contents (w/w) of pre
infected blocks o f Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after incubation for 
8 weeks on tiles o f p la s te r b o a r d ; mean values and standard deviations of 3 replicate blocks 
are displayed.

Rate o f  Air Flow in l/M inute
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Figure 36: Effects of air flow on the weight losses and final moisture contents (w/w) of pre
infected blocks of Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after incubation for 
8 weeks on tiles o f s itk a  sp ru ce  sa p w o o d ;  mean values and standard deviations o f 3 
replicate blocks are displayed.
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Figure 37: Effects of air flow on the weight losses and final moisture contents (w/w) o f pre
infected blocks of Scots pine sapwood, o f dimensions 10 x 10 x 20mm, after incubation for 
8 weeks on tiles of S c o ts  p in e  sa p w o o d ; mean values and standard deviations o f 3 replicate 
blocks are displayed.
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4.3. Discussion

4.3.1. The humidity and air flow chambers
Several important findings emerged from the use of the humidity chambers. The first was 
that a decrease in weight loss due to decay occurred when the relative humidity decreased 
from 100% to below 86%. However, survival of S. la crym a n s  was not lost until a regime of 
76% R.H. had been applied - conditions that were more stressful than those required to 
stop growth and decay. Active growth and spread of S. la c rym a n s  occurred only in the 
regimes of 100%, 97% and 93% R.H., where the thick radial spread of S. la crym a n s  
diminished as the relative humidity decreased. In the 86%, 81% and 76% regimes the 
fungus exhibited no radial spread and was noticeably shrivelled and discoloured. This 
inhibition of growth accompanied the low rates of timber decay in these regimes.

The results derived from the use of the air flow chambers were also noteworthy. The levels 
of weight loss decreased as the rate of air flow increased; this decay of the blocks 
eventually ceased when air flow rates of 4 1/min-1 and above were applied. In addition, all 
active growth away from the blocks ceased when air flow rates of 2.5 l/min_1 and above 
were applied. All of the S. lacrym an s  in this range was shrivelled and discoloured in a 
manner similar to that observed in response to lowered humidity in the preceding 
experiment. However, survival of S. la crym a n s  did not appear to be lost until air flow rates 
of above 2.5 1/min-1 were applied.

When an air flow rate of 1.5 l/min-1 was applied, the fungus displayed marked growth 
away from the direction of air flow at the expense of the timber blocks, a finding that was 
accompanied by a greater propensity for the colonies to spread linearly compared with 
those in the 0 1/min-1 chamber. Thus, the foraging (spreading) growth of S. la c rym a n s  
appeared to be powerfully stimulated by sub-lethal air flow rates, as a possible adaptation 
to avoid the stress and to seek new resources. Greater caution m a y  therefore have to be 
exerted when ventilation is used as a remedial treatment for dry rot in buildings (1.4.4.). 
Despite the equipment being checked before and after the first result and each subsequent 
attempt, no marked directional growth was found during later ‘runs’ (results not shown). 
Nevertheless, a similar - and probably related - finding was subsequently made during the 
full-scale modelling of infected flooring and walling in an associated project. After a 
course of passive drying by ambient humidity, which promoted a flattening and inhibition 
of S. lacrym an s  in that test, the application of fan drying putatively caused the fungus to
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spread rapidly and luxuriantly into an enclosed chamber that had hitherto remained un
colonised (D. Smith, unpublished results).

These microcosms were designed to test both the extent of decay and the amount of linear 
growth that would be produced. For these reasons, the blocks had to be placed in the centre 
of raised platforms; here only a limited number of blocks could be placed, especially when 
the larger size was used. After developing the experiments by using the smaller blocks, the 
experiments were repeated with the larger size; the rationale for the latter was to determine 
whether the efficacy of the drying treatments would change when larger pieces of timber 
were used, since the larger blocks may have had a greater potential to harbour and sustain 
fungal growth. This process of scaling-up continued throughout the modelling experiments. 
Compared with the smaller blocks, the larger infected blocks appeared to buffer the 
inhibitory effects of the lower air flow regimes, and possibly those of the humidity regimes.

It appeared as though the technique of removing surface mycelium in order to test its 
capacity to re-grow was not as reliable as that of plating-out the whole block (practical only 
with the smaller blocks), due to problems with contamination when surface mycelia were 
used. The increased risk of contamination could have been due to the lower inoculum 
potential of the smaller pieces, or to the increased risk of contamination incurred during the 
removal and transfer of mycelia and sections of blocks. During the development of the 
experiment various selective media for Basidiomycetes were tested, but none precluded the 
over-growth of samples by indigenous moulds. Since the use of selective media results in 
the imposition of stress upon the target organism, as indicated by its lowered rate of growth 
and apparent morphogenic changes (Coggins & Jennings, 1975b; personal observations), 
their use was minimised in the final tests for viability. It was thus feared that additional 
stressing of the dried mycelia by fungistatic or fungitoxic compounds would give falsely- 
negative results for viability. Though no active growth of moulds was noted in the 
humidity and air flow chambers, apart from on one occasion, it was significant that the 
occasional growth of moulds on plated-out blocks occurred only when the colonising S . 
la crym a n s  was inactive at the time of removal from the chambers.

The finding that radial growth away from the blocks was not permitted in humidity regimes 
below 93% R.H. in the present experiments corroborated the findings of Brown e t  a l.
(1968). These authors found that S. la crym a n s  readily grew from moist blocks onto the 
inner walls of glass tubes within the range of 95-100% R.H., but grew only slightly at 90%
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R.H. and not at all in lower regimes of humidity; however their methods were subject to 
technical limitations. Similarly, the loss of survival seen in both the humidity and airflow 
experiments appeared to correlate with the findings of Findlay (1950) and Findlay & 
Badcock (1954), who found that the mycelium of S. lacrymans in/on wood cannot survive 
long periods of desiccation. According to these authors, S. lacrymans appeared to be less 
resistant to prolonged desiccation than the majority of wood rotting fungi that grow in the 
open air, where stable conditions of high humidity and low aeration are much less common 
than they are in buildings. However, as was discussed in Chapter 3, the ‘wild-growing’ 
Himalayan form of S. lacrymans has slightly greater tolerance of some environmental 
stresses than the domestic form.

From the results of these experiments, as well as from those incorporating building 
materials, it was noted that vigorous decay of the blocks frequently occurred at values of 
timber moisture above the minimum/maximum range of 20-55% normally expressed for S. 
lacrymans in the literature (e.g., Hennebert et al., 1990; Jennings & Bravery, 1991). 
Furthermore, the fungus always retained viability in such blocks. In the chambers, the 
moisture levels of the blocks were determined by factors such as the prevailing humidity, 
the metabolic generation of water via the hydrolysation of polysaccharides, the movement 
of water from the region of decay towards the outer margin of the extending colony, and 
occasionally the translocation of water from the solution. In any case, Walchli & Raschle 
(1983) and Thornton (1989) also found high levels of decay by S. lacrymans in blocks with 
moisture levels noticeably in excess of the accepted range. As a further divergence from 
prevailing opinion, Walchli & Raschle (1983) asserted that the optimum moisture content 
for the dry rot fungus should be considered as a dynamic optimum - one that increases as 
the degradation of timber progresses. In addition, Thornton (1989) found joists of floors to 
decay in situ within the range of 20-120% moisture. Such findings accord with the results 
of this project. According to the same author, the range usually quoted in the literature 
results from the misunderstanding of an early German paper on the subject. 
Misconceptions and gaps in the knowledge regarding S. lacrymans have also been 
commented upon by Palfrey man et al. (1995; 1999).

The airflow chambers were especially designed for this experiment. Their design 
constitutes an advance upon the aeration of cultures by means of passively ventilated tubes 
of varying diameters, as used by Suzuki & Higaki (1991) or the use of periodically-opened 
culture plates, as used by Raudaskoski & Viitanen (1982). The present humidity chambers
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were designed specifically for their purpose and adapted as the experiments progressed. 
However, it was later discovered that a similar system had been used by Viitanen (1991) to 
test the effects of cellulosic insulating materials on fungi, as well as by Van Acker & 
Stevens (1996) to assess the decay of various timbers by fungi isolated from cooling 
towers.

4.3.2. The adsorption and desorption isotherms of wood
Two properties of wood confer a great affinity for moisture upon the material. The first of 
these relates to the chemical composition of its polysaccharides and lignin, which both 
possess a large number of hydroxyl groups that readily attract molecules of water. The 
second concerns the microtubular structure of wood, which gives it a very large internal 
surface area that is ideally suited to the adsorption and desorption of water. The moisture 
content of timber that is in equilibrium with the surrounding atmosphere is directly related 
to the prevailing relative humidity. When wood is also in contact with liquid water, the 
material attracts and holds moisture by means of the physical force of capillary action 
(Farmer, 1967; Skaar, 1988).

If previously dry timber is progressively moistened by atmospheric humidity and eventually 
allowed to equilibrate with a saturated atmosphere (100% R.H.), a state known as the fibre 
saturation point is reached. The fibre saturation point is characterised by the fibres of the 
woody cell wall completely imbibing water without there being any filling of the 
microtubular structure. This state constitutes the maximum extent to which the gaseous 
atmosphere, on its own, can humidify the material. A coating of moisture is essential for 
the decay of wood by fungi, since it enables their extracellular enzymes to reach the fibres 
via the processes of solubility and diffusion. The fibre saturation point of timber is usually 
equivalent to about 30% moisture content (w/w), depending upon the species of wood and 
its original location in the tree (Farmer, 1967; Griffin, 1977). Accordingly, in the present 
experiment it was noted that the highest moisture content that could be effected by 
atmospheric humidity alone was 27%.

It is also important to note that at a given value of relative humidity the moisture content of 
a specimen of wood at equilibrium is lower when it is approached from a dryer state 
(adsorption) than when it is reached from a wetter state (desorption). This phenomenon is 
evident from the results of the present experiment. The graph formed by these two curves is 
known as a hysteresis loop. The effect of hysteresis is generally attributable to the
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availability of hydroxyl groups capable of adsorbing molecules of water. When wood is 
saturated, all of the exposed hydroxyl groups bind water; however, as the wood dries, the 
hydroxyl groups of neighbouring molecules are drawn more closely together. Eventually 
some of these form bonds with each other instead of remaining free to attract water: hence 
the wood displays less affinity for atmospheric moisture (Farmer, 1967; Griffin, 1977; 
Skaar, 1988). In addition, the equilibrium moisture content at a given relative humidity 
may be affected by temperature, mechanical stress and previous exposure to nuclear 
radiation (Skaar, 1988).

The present testing of equilibrium moisture content was performed in order to determine 
how the Scots pine that was used in the small-scale models was affected by atmospheric 
humidity. This matter was relevant to the drying treatments, although, clearly, the growth 
of the fungus and its accompanying degradation of the timber influenced the moisture 
content. Furthermore, the water-holding properties of wood change as degradation 
proceeds (Dix, 1985; Rayner & Boddy, 1988). It was found that comparatively low levels 
of humidity (<55% R.H.) were required in order to dry soaked blocks to the 9-14% (w/w) 
level recommended for joinery within buildings. In such dry conditions no decay of timber 
will occur (Anon, 1970). In the experiments using the humidity chambers, a narrower range 
of humidity was adopted, since it was important to concentrate upon the limits of fungal 
growth and decay of timber. Furthermore, these relatively humid conditions were 
representative of infected buildings, the materials of which may dry only very slowly 
(personal observations).

The experiment regarding the water-holding capacities of the timbers served to 
demonstrate the extent to which they can also absorb liquid water by soaking, as opposed 
to humidity from the atmosphere. The other softwood (sitka spruce) and the hardwood 
(oak) were included for reference; it was concluded that both the sapwood and the 
heartwood of Scots pine could each absorb nearly twice its dry mass in water, via passive 
soaking.

4.3.3. The effects of building materials in the humidity and air flow chambers 
Again, it was found that lowering the relative humidity to about 86% was sufficient to stop 
growth and decay by S. lacrym ans; however, a relative humidity value of below 86% was 
required in order to inactivate the fungus. It was also evident that growth of the organism 
was encouraged when building materials were present, compared with the inert plastic
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support used in the previous experiment. It was thought that this finding was linked to the 
presence of metallic ions in the masonry and lignocellulosic nutrients in the timber and 
plasterboard. When taken together, these results showed that the activities of growth and 
decay of S. lacrymans decreased steadily as relative humidity was lowered below the 
maximum. Once more, survival of the fungus was not lost until a regime of humidity lower 
and more stressful than that required to stop growth and decay was applied: this 
observation may have important implications for the reliability with which environmental 
control treatments can be applied to buildings. It was concluded, however, that a lowering 
of the relative humidity did appear to be an effective treatment against S. lacrymans.

In contrast, the susceptibility of S. lacrymans to a moving air flow did not appear to be 
influenced by the presence of any of the underlying building materials. S. lacrymans 
appeared not to be able to tolerate a moving air flow of 1.5 l/min_1 or above; however, as 
discussed in 4.3.1., the directional growth seen in the earlier experiment was absent. 
Nevertheless, as with relative humidity, it appeared as though conditions more stressful 
than those that first circumscribed growth and decay were required in order to inactivate 
the fungus. Together, these concerns influenced the course of the later studies on 
environmental control treatments. However, it was concluded that the application of 
moving air constituted an effective treatment against S. lacrymans.

From the results of this chapter, it was clear that building materials such as pink granite, 
red brick, lath and plaster, as well as light-brown, brown and grey varieties of sandstone 
augmented the capacities for growth and timber decay of S. lacrymans. In contrast, 
plasterboard and varieties of timber caused no elevation of these capacities when compared 
with the same experimental control (non-biodegradable plastic). It was interesting to note 
that plasterboard, whose main ingredient is calcium-rich gypsum, differed in its effect from 
that of calcium-rich lath and plaster. It was therefore suspected that the fungus colonised 
only the paper covering of the former material; this cellulosic substance could be degraded 
in a manner similar to that of timber. It was also possible that the formulation of gypsum in 
plasterboard excluded the hyphae of S. lacrymans. When considered together, the 
implication of these findings is that the rate at which S. lacrymans decays a timber 
component depends upon the other building material(s) with which the fungus is in direct 
contact. Some building materials may therefore have positive effects on the avidity with 
which the dry rot fungus consumes timber in situ.
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A marked red coloration was seen on the thick, outlying mycelia that had crossed sandstone 
and lath and plaster. This finding could not be explained with any certainty, but it appeared 
to be indicative of the extraction and transportation of elements from the masonry by S. 
lacrymans. In particular, Sandstone is a complex and variable mixture of metallic 
compounds and other inorganic constituents (M. Young, personal communication). This 
matter is explored more comprehensively in Chapter 8.

Surveys of infected buildings reveal that S. lacrymans distributes itself over non-woody 
materials, most notably plaster and masonry; the fungus is sometimes even found growing 
within or through the porous structure of these materials. This ability permits the organism 
to cross non-nutritional substrata in order to reach fresh degradable resources (Bech- 
Anderson, 1987a). However, according to Thornton (1989) most of these materials are 
probably colonised as potential sources of moisture. Observations in buildings suggest that 
S. lacrymans has a requirement for inorganic substances such as calcium and iron, which 
are concentrated in masonry. The fungus is also known to grow along pipes and girders. It 
has therefore been proposed that such elements - especially calcium - are necessary for the 
neutralisation of oxalic acid, which is released by S. lacrymans as its principal organic acid 
(Bech-Anderson, 1985; 1987a; 1989; 1995). Stone, brick, mortar, plaster, concrete, clay 
soil and stone wool are all alkaline, mineral-based substances containing calcium, iron, 
silicon, sodium, aluminium, magnesium and potassium (Bech-Anderson, 1989). Oxalic 
acid may be used by S. lacrymans to release some of these ions from building materials, as 
low pH increases the solubilities of metals (Bech-Andersen, 1987a; Cooke & Whipps,
1993).

A small number of studies that are concerned with the effects of selected metallic ions on 
the activities of S. lacrymans have been published; however nowhere in the literature have 
the effects of a range of building materials on the activities of timber-decaying fungi been 
reported. Palfreyman et al. (1996) found that increasing the concentration of calcium 
nitrate in the culture medium promoted the rates of timber decay and radial growth by S. 
lacrymans', furthermore, the organism was better able to buffer the production of acid when 
calcium nitrate or other divalent ions were available. The influence of iron and ferric 
compounds on the decay capacity of S. lacrymans was studied by Paajanen (1993). This 
author discovered an increased rate of timber degradation when ferrous sulphate was added 
to the medium; similar findings occurred when there was solid iron or stone wool present
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(Paajanen & Ritschkoff, 1991; 1992). The findings of this chapter therefore appear to 
corroborate those of the other studies.

Bech-Anderson (1986) and Doi & Togashi (1990) have shown that metallic ions from 
stone wool and soil can be accumulated by S. lacrym an s. In the case of stone wool, S. 
la c rym a n s  selectively removed calcium from the material and deposited it around the 
hyphae as crystals of calcium oxalate. Similar observations were made when mortar was 
colonised by the fungus. This selective removal of minerals may possibly explain the 
brown and grey colouring of the mycelium that was found when sandstone and lath and 
plaster were tested in the present experiment. Furthermore, especially-rapid timber decay 
was also associated with these materials during that study. Similar accumulations of 
calcium oxalate have been reported for wood-decaying fungi growing in contact with soil, 
including representatives from both the brown rot and the white rot groups (Connolly e t a l., 
1996; Dutton & Evans, 1996). Nevertheless, the exact function of calcium oxalate in brown 
rot fungi is unclear (Jellison e t a l., 1997), though it has been suggested that by converting 
oxalic acid into insoluble crystals of oxalate such fungi could moderate the acidity of their 
environments (Bech-Andersen, 1987a).

Fungi require metallic cations for key metabolic pathways including those controlling 
growth, cellular function, differentiation and reproduction. Calcium, in particular, is 
essential for stabilising membranes, as well as for signal transduction; it is also thought to 
play a role in fungal morphogenesis. Furthermore, such organisms appear to require cations 
in order to facilitate the degradation of wood (Jellison e t a l, 1997). However, the exact role 
of metallic ions in timber decay by S. la crym a n s  and other brown rot fungi has not yet been 
determined (Palfreyman e t a l., 1995; Green & Highley, 1997). However, two main theories 
emerge in the literature. The first is that oxalic acid hydrolyses hemicellulose in the 
tracheid wall and, in doing so, facilitates the entry of fungal cellulases, with calcium 
neutralising the acid afterwards (Bech-Anderson, 1987a). The second theory is that iron in 
masonry and soil promotes the degradative capacities of brown rot fungi when it is 
involved in a Fenton-type reaction after being solubilised by metabolic acids. Hydrogen 
peroxide produced by the fungus could then form highly-reactive free radicals if it comes 
into contact with iron; these could potentially degrade cellulosic materials, at least partially, 
via oxidation (Ritschkoff & Viikari, 1991; Palfreyman e t a l., 1995).
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C h a p t e r  5

T h e  D e v e l o p m e n t  o f  T y p e  1 W o r k s h o p - S c a l e  
M o d e l s  a n d  A s s o c i a t e d  E x p e r i m e n t s  t o  A s s e s s  

E n v i r o n m e n t a l  C o n t r o l  T r e a t m e n t s
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5.1. Introduction

The experimental modelling that constituted the basis of this thesis was carried out by 
means of novel experimental constructions that varied in size and representativeness to 
infected buildings. After gaining promising results with the small-scale models described 
in Chapter 4, larger, more representative constructions that simulated timber flooring, 
masonry and plaster walls were designed and built. Respective materials from old and 
modern buildings were tested. The purpose of these Type 1 medium-scale models was to 
allow S. lacrymans to develop in a manner similar to that occurring in infected buildings, 
so that environmental treatments could be tested scientifically, in a representative manner. 
Once the materials had been colonised by S. lacrymans, conditions of increased aeration 
and lowered humidity were applied in order to effect environmental treatments similar to 
those recommended by Bravery (1991), Hutton et al. (1991) and Lloyd & Singh (1994). 
These strategies were outlined in section 1.4.4.

Compared with experiments that could potentially have been run in naturally-infected 
buildings, the workshop-scale models permitted a more controlled application of 
environmental treatments to be achieved, along with closer monitoring of them. The use of 
representative experimental modelling in this project was given extra impetus by the 
unavailability of test sites in infected buildings, a situation that was caused by the 
unconventionality of the treatments that were proposed and their limited acceptance to 
date. Furthermore, it was realised that properly controlled experiments would be possible 
only in modelled infections, since the use of infected buildings would involve variables 
that are too difficult to characterise and to control. These difficulties could be due to 
environmental factors, such as fluctuations in temperature and water ingress through 
precipitation, as well as those caused by the size and complexity of the structures, 
especially in old buildings.

The second experiment of this chapter incorporated the same types of constructions. Its 
rationale was to determine whether an environmental treatment followed by a biological 
treatment (1.4.5.), involving a species of Trichoderma, would accentuate the effectiveness 
and reliability of the environmental treatment. For a number of years, some species of the 
fungal genus Trichoderma (subdivision Deuteromycotina) have been considered to have 
potential for the biocontrol of timber-degrading fungi (Jeffries & Young, 1994; Bruce,
1998). A suitable isolate of Trichoderma harzianum was tested to determine whether a
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prior treatment by air drying affected the susceptibility of S. lacrymans to the Trichoderma 
sp., as well as the ability of the latter agent to colonise building materials. This isolate of T. 
harzianum had previously been reported to be antagonistic towards S. lacrymans (Score & 
Palfreyman, 1994; Score et aL, 1998).

As a consequence of the results obtained from the Type 1 models, a secondary experiment 
was devised with the rationale of further examining the effects that interstices and small 
cavities in the materials exert vis-a-vis environmental treatments. This experiment formed 
an elaboration of the earlier small-scale modelling detailed in Chapter 4. Being partially or 
wholly shielded from the effects of ventilation, fissures and sheltered locations in the 
structure of buildings potentially constitute a serious threat to the effectiveness of 
environmental treatments. This scenario is particularly relevant to the complex and often 
disrupted fabric of old buildings. Furthermore, such an experiment is interesting 
hypothetically, with regard to the development of higher fungi.

The specific objectives of this chapter were

• To determine the consequences of fan drying, lowered humidity and the 
presence/absence of free water on S. lacrymans in simulations of old and new flooring 
and walling

• To assess the potential benefits of a combined environmental and biological treatment to 
combat S. lacrymans in modelled simulations of old and new structures

• To assess the consequences of partial sheltering on the susceptibility of colonies of S. 
lacrymans to environmental treatments involving drying

• To assess the consequences of air drying by ambient humidity on the survival of S. 
lacrymans in small blocks of timber
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5.2. Results

5.2.1. Type 1 medium-scale models part 1: effects of aged and new materials on the growth 
of S. la crvm a n s  and its susceptibility to fan drying
This experiment involved the use of simulated flooring and walling to test the effects of 
environmental control treatments on S. la crym a n s  in a larger and more representative 
system, one that also tested the effects of aged and new materials on the dry rot fungus. The 
methods are provided in 2.3.1. and 2.3.2. During this programme the mean ambient
conditions within the vicinity of the tanks were a temperature of 20.52°C (stdev. 1.01) and 
a relative humidity value of 65.94% (stdev. 3.80). The rates of air flow within both tanks 
varied between 0.3 and 0.6 metres per second during treatment by fan drying (2.3.2.). 
Likewise, the opened interiors of both tanks displayed similar values of humidity during 
such treatment (65-70% R.H.). Temperature in the concrete basement was conveniently

Ostable, since it varied by only about +/-2 C when recorded continually by means of a 
maximum/minimum thermometer.

Table 12: Rates of mycelial spread across the materials during the period of colonisation
Material Mean Growth Rate in mm/dav (stdev.)
Lath Plaster (circa lOOyears old) 2.53 (0.80)
Pine (circa 100 years old) 3.29 (1.46)
Plasterboard (new) 1.65 (1.40)
Pine (fresh) 3.71 (0.57)

Mean values of 5 measurements taken at equidistant points across the growth front are 
shown. A one-way analysis of variance (ANOVA) test indicated significant differences 
amongst the sets of values (F(3,16)=3.25; p=0.05); however, Tukey’s pairwise 
comparisons revealed significant differences only between plasterboard and fresh pine.

Overall, the models constructed from aged materials and new materials, respectively, 
yielded similar results, with the mycelial growth being thicker (more luxuriant) on the aged 
materials. Details of observations made during the treatment regimes and the periods of 
recovery are shown in Tables 13 and 14. The levels of moisture that are quoted in the 
following tables refer to those of the upper surface of the boards. In this chapter and in 
Chapter 6 the terms m o d e l and con stru ction  are used interchangeably.
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Table 13: Results from the Type 1 models incorporating lath and plaster and aged timber 
(See Plates 7-18)

Week Number and General Observations
Phase of Test

Weeks 0 to 10: Initial 
Colonisation Period

Week 10: Thick, healthv growth of S. lacrvmans covering 
most of the timber and about 60% of the plaster, forming a 
thick ‘cushion’ at the back of this material. Stranding 
pronounced near the inoculum; finer growth present on 
freshly-cut timber surfaces. Marked point growth on 
timber, especially on the newly-cut surfaces. Some growth 
underneath boards. Some coexisting mould evident.

Weeks 10 to 12: First 
Drying Period (Water 
reservoir maintained in 
both replicates)

Week 10: Timber moisture content 20-50%: mvcelium as 
above. Week 11: Mvcelium dried and shrivelled on the 
timber; that on the plaster was semi-deflated in volume. 
Timber moisture 8-15%. Growth of S. lacrymans had 
ceased. Week 12: Mvcelium slightlv more shrivelled on the 
plaster, with some greying and some opportunistic mould 
growth present; timber moisture 8-11%.

Weeks 12 to 18: First 
Recovery Period

Week 14: S. lacrymans at back of plaster was white and 
healthy. Mycelium on timber and front of plaster overlaid 
with mould and still shrivelled; browning of strands visible. 
Week 15: Re-growth emerged from behind the skirting 
board and from some fissures in the boards. Weeks 16-18: 
Re-growth of S. lacrymans spread in fan-like manner on 
wood and plaster; some additional pockets of spreading re
growth appeared. Cushion of S. lacrymans re-formed at 
back of plaster, but not as profusely as before. Growth 
appeared under boards. Growth of mould was evident on 
the shrivelled mycelium of S. lacrymans, especially on 
strands.

Weeks 18 to 20: Second 
Drying Period (Replicate 1: 
water reservoir drained)

Week 18: Timber moisture 20-30%. Week 19: Moisture 
generally 9-12%; mvcelium shrivelled. Week 20: Moisture 
9-11%; browning and greying of mycelium.

Weeks 18 to 20: Second 
Drying Period (Replicate 2: 
water reservoir maintained)

Week 18: Timber moisture 18-30%. Week 19: Moisture 10- 
13%; shrivelling and slight discoloration of mycelium. 
Week 20: Moisture 10-13%; further shrivelling and 
discoloration of mycelium.

Weeks 20 to 25:
Second Recovery Period 
(Replicate 1)

Week 25: No re-growth; mvcelium brown and grev. with 
some opportunistic growth of mould on it, especially on 
strands. Timber moisture 20-26% before the tank was 
sealed.

Weeks 20 to 25:
Second Recovery Period 
(Replicate 2)

Week 23: Tufts of S. lacrymans grew from fissures in the 
boards. Week 25: Patches of active re-growth on 2nd board: 
some healthy growth present beneath the boards. Timber 
moisture 20-26% before the tank was sealed. Healthy 
strands lead towards the water in the base of the tank.
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Table 14: Results from the Type 1 models incorporating plasterboard and new timber
Week Number and General Observations

Phase of Test
Weeks 0 to 10: Initial 
Colonisation Period

Week 10: Fine growth of S. lacrvmans on timber, with a 
radiating network of strands quite pronounced; growth 
thicker at margins. Growth on plaster gave an impression 
of fluffiness, but not thickness. Some browning and 
disappearance of the mycelium (autolysis) near the 
inoculum block on both materials. Almost all of the board 
area covered, but only about 20% of the plaster covered. 
No appreciable growth on back of the plasterboard. A 'skin' 
of mycelium was seen under the boards, with large drops of 
moisture hanging from it. Some coexisting mould found on 
materials. Stranding pronounced in older regions of colony.

Weeks 10 to 12: First 
Drying Period (Water 
reservoir maintained in 
both replicates)

Week 10: Timber moisture 19-30%. Week 11: Moisture 8- 
12.5% shrivelling of the mvcelium. Week 12: Moisture 8- 
11%; mycelium more shrivelled and discoloured.

Weeks 12 to 18: First 
Recovery Period

Week 14: Mvcelium of S. lacrvmans generally dried and 
shrivelled with opportunistic mould growing on it; tufts of 
vigorous re-growth found between some planks and over 
one of the supporting bricks. Weeks 16-18: onlv a little 
(effuse) new growth present on boards and on sectors of the 
plasterboard. Appreciable amount of re-growth of S. 
lacrymans present underneath the boards, especially around 
the supporting bricks. Mould was prevalent on the inactive 
mycelium and on surfaces not colonised by S. lacrymans.

Weeks 18 to 20: Second 
Drying Period (Replicate 1: 
water reservoir drained)

Week 18: Timber moisture 19-30%; mvcelium as above. 
Week 19: Moisture 8-12%. Shrivelling of mvcelium 
evident. Week 20: Moisture 8-11% Mvcelium verv thin and 
dried, with brown/grey discoloration.

Weeks 18 to 20: Second 
Drying Period (Replicate 2: 
water reservoir maintained)

Week 18: Timber moisture 17-30%. Week 19: Moisture 10- 
12%. Shrivelling of mycelium visible. Week 20: Moisture 
9-12%; mycelium thin, dried and discoloured in parts.

Weeks 20 to 25:
Second Recovery Period 
(Replicate 1)

Week 25: No re-growth; mvcelium was brown and grev. 
with some opportunistic mould growth on it. Timber 
moisture 20-26% when vessel was opened.

Weeks 20 to 25:
Second Recovery Period 
(Replicate 2)

Week 22: Tufts of S. lacrvmans grew from fissures in the 
boards. Week 25: a little active re-growth on boards: some 
healthy growth evident beneath boards. Timber moisture 
20-26% when vessel was opened. Healthy strands leading 
from the water.

Spread of S. lacrymans from the inoculum blocks occurred steadily from Week 2 to Week 
10 with linear growth rates of about 15-30mm per week being found in both types of 
construction. Rapid linear spread as a fine, moderately-effuse ‘carpet’ of growth was more 
prevalent on the new materials however. Fan-like spurs of point growth (characterised by
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Coggins e t a l ,  1980b) occurred, mostly on the old materials, especially when the colonies 
growing from aged materials encountered a recently-cut surface of timber. Growth that had 
been steady and even across the first board (an original uncut surface) initially bunched-up, 
then proceeded in a radiating ‘fan-like’ manner onto the next board (a newly-cut surface 
from an aged piece of timber) in both forward and lateral directions.

In general, the aged materials encouraged thick aerial growth, with strands forming mostly 
in older parts of the colonies. On the new materials colony expansion was fine and web
like, with thick aerial growth found only at the margins. In addition, darkened and possibly 
melanised strands were more pronounced on the new materials, as was stranding in 
general; autolysis was also characteristic of the older regions of the colonies on the new 
materials from about weeks 8-10 onwards. On both forms of timber, the highest levels of 
exuded moisture were usually found in the areas of highest apparent activity by S. 
la crym a n s  (i.e., where the mycelium was most vigorous or luxuriant, as indicated by a 
pearly-white coloration and a thick [fluffy] mycelial ‘mat’). Tests for the survival of S. 
la crym a n s  by plating-out onto artificial media resulted in only limited success, as 
contamination by moulds spoiled all but two periodic samples, even when benomyl- 
containing media were used (after Coggins & Jennings, 1975b and White e t  aL , 1997).

The responses of S. la crym a n s  to the regimes of air flow depended upon the presence or 
absence of free water within the tanks during the second drying treatment (Tables 13 and 
14). The most crucial finding - and one that is of particular relevance to environmental 
treatment regimes - was that the presence of free water appeared to stabilise S. la crym a n s  
during the second drying treatment, thus permitting a re-emergence of its growth later, after 
the tanks had been closed again to provide high humidity. Conversely, the mycelia could 
not be revived in this manner after they had been deprived of free water during the second 
drying treatment.

(Plates 7-18 are shown overleaf)

124



Plate 7: Aged materials Replicate 1 photographed near the start of the inoculation period.
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Plate 8: Aged materials Replicate 1 photographed near the end of the inoculation period.
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Plate 9: Aged materials Replicate 1 photographed at the end of the first period of fan 
drying.

Plate 10: Aged materials Replicate 1 photographed near the end of the first recovery
period.
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Plate 11: Aged materials Replicate 1 photographed at the end of the second period of fan 
drying.

Plate 12: Aged materials Replicate 1 photographed at the end of the second recovery
period.
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Plate 13: Aged materials Replicate 2 photographed near the start of the inoculation period.

Plate 14: Aged materials Replicate 2 photographed near the end of the inoculation period.
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Plate 15: Aged materials Replicate 2 photographed at the end of the first period of fan 
drying.

Plate 16: Aged materials Replicate 2 photographed near the end of the first recovery
period.
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Plate 17: Aged materials Replicate 2 photographed at the end of the second period of fan 
drying.

Plate 18: Aged materials Replicate 2 photographed at the end of the second recovery
period.
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5.2.2. Type 1 medium-scale models part 2: testing the effects of combined environmental 
control and biocontrol treatments on infected constructions
This experiment incorporated the same designs of construction as those used in the 
preceding experiment; however after the initial period of colonisation, two of the 
constructions were treated by means of a water-based conidial suspension of T. harzianum. 
In this manner, a combined remedial treatment was tested; methods for this work are 
provided in 2.3.3.

The vessels were designated Tank 1 and Tank 2; the constructions within these were 
specified as Old 7, New 1 (Tank 1) and Old 2, New 2 (Tank 2), according to whether they 
were constructed from aged or new materials respectively (2.3.2.). During the programmes, 
the mean ambient conditions in the vicinity of the tanks comprised a temperature of
20.52°C (stdev. 1.01) and a relative humidity value of 65.94% (stdev. 3.80). The levels of 
moisture that are quoted in the following tables refer to those of the upper surface of the 
boards.

Table 15: Results for the Type 1 models that were treated by T. harzianum only (Tank 1)
Week Number 

and Phase 
of Test

General Observations

Day of Inocul
ation by T. 
harzianum

Old 1 and New 1: Healthv, luxuriant mvcelia above and below timber; 
moisture 21-80%.

1 Week after 
Inoculation

Old 1: New growths of S. lacrvmans had spread over the plaster, tvpicallv 
emerging from fissures. Active S. lacrymans was present, especially on 
the outer surfaces of strands that remained from the initial colonisation. 
Almost no sign of Trichoderma. New 1: This construction displaved a 
similar appearance to that of Old 1 except that active growth of S. 
lacrymans was less prevalent.

2 Weeks after 
Inoculation

Old 7: On the plaster a healthv covering of S. lacrvmans was present: on 
the boards growth was similar, with healthy growth underneath. Some 
mould present, but it did not appear to interfere with S. lacrymans. New 1: 
S. lacrymans remaining on the plaster had blackened and was inactive 
except for two tufts of new growth; on the boards the growth was white 
and effuse, but thicker underneath.

3 Weeks after 
Inoculation

Old 7: The plaster was covered bv S. lacrvmans, as were the boards on 
both sides. New 7: There were patches of active S. lacrvmans on the outer 
faces of the materials, with healthy growth underneath. The growth 
underneath was healthy and the floating mycelium retained a thick white 
‘skin’.

4 Weeks after 
Inoculation

Old 1 and New 7: No change.
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6 Weeks after 
Inoculation

Old 1: The plaster was covered bv heavilv-stranded S. lacrymans. Large 
areas of healthy S. lacrymans were present on the boards; Trichoderma 
was seen only on the skirting board. New 1: No change

8 Weeks after 
Inoculation

Old 1: Heavy growth all over the plaster and timber: there was also some 
Trichoderma on and around the skirting board. The growth under the 
boards was still healthy, as was the ‘skin’ of floating mycelium. New 7: A 
web-like arrangement of strands and fine mycelium existed over the 
surfaces of the plaster and the timber. Some black mould, probably 
Aspergillus sp., was found on the plaster. Trichoderma was seen only 
occasionally on the timbers. A healthy ‘skin’ of mycelium existed 
underneath the boards.

10 Weeks after 
Inoculation

Old 1 and New 1\ No change.
12 Weeks after 
Inoculation

Old 1 and New 7: No change.
16 Weeks after 
Inoculation 
(Constructions 
Dismantled)

Old 7: Externally no change was seen. Surviving S. lacrymans was 
prevalent, despite the boards being heavily degraded. The plaster was 
infiltrated at the back by stranded S. lacrymans. Moisture 28-100%. New 
7: Externally no change. The boards were less heavily decayed than those 
of Old 7; moisture 24-100%.

Table 16: Results for the Type 1 models that were treated by air drying then by T. 
harzianum (Tank 2)
Week Number 
and Phase of 

Test
General Observations

Day Fan 
Drying Was 
Applied

Old 2 and New 2: White, healthy growth of S. lacrymans was present. 
Range of moisture 20-60%.

After 1 Week 
of Fan Drying

Old 2 and New 2: The mvcelium was mostlv white with small patches of 
olive-green discoloration and shrivelling in places; moisture 16-21%.

After 2 Weeks 
of Fan Drying

Old 2 and New 2: The mvcelium was still mostlv white but flattened and 
apparently inactive. Meanwhile the timber was badly warped after drying; 
moisture 13-18%.

Day of
Inoculation by 
T. harzianum 
and Re-sealing 
of Tank

Old 2 and New 2: After fan drving for 2 weeks, followed bv 2 weeks’ 
respite some opportunistic green mould (suspected Penicillium sp.) 
appeared on the inactive mycelium, especially the radiating strands on the 
wood and the plaster. However, healthy S. lacrymans was present on the 
upper and the lower sides of the boards. The timber was decayed, but still 
intact; moisture 20-30%.

1 Week after 
Inoculation

Old 2: Growth on the plaster showed no change. Isolated sprouting of S. 
lacrymans developed from interstices in the boards; grey/white mould also 
appeared. New 2: Same as for Old 2 except that fresh growth of S. 
lacrymans extended over the grey/white mould.

2 Weeks after 
Inoculation

Old 2: Areas of healthy S. lacrymans were present on the plaster: on the 
boards there was a good covering of Trichoderma, but S. lacrymans grew 
over it in places. Healthy growth of S. lacrymans present underneath the
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boards. New 2: No active fungal growth on the plaster. On the boards. 
Trichoderma existed as a wide-spread covering, but S. lacrymans grew 
over it in numerous places; healthy growth of S. lacrymans was evident 
underneath.

3 Weeks after 
Inoculation

Old 2: Healthv S. lacrymans covered large tracts of the plaster: the 
coexistence with Trichoderma on the boards did not appear to affect S. 
lacrymans adversely. New 2: No change.

4 Weeks after 
Inoculation

Old 2: Same as before, except more Trichoderma was present. New 2: 
Mostly the same as before; some further blackening and degradation of the 
floating mycelium was evident.

6 Weeks after 
Inoculation

Old 2: Healthv S. lacrymans was found on the plaster. The boards were 
covered by Trichoderma; this sporulation was overlaid by a fine network 
of white, stranded S. lacrymans. New 2: Fine growth of S. lacrymans was 
evident on the boards and on parts of the plaster. Growth underneath the 
boards of Old 2 and New 2 was sparser than that of Old 1 and New 1; 
Trichoderma was also present. The floating parts of the colonies were 
completely black, thin and overgrown by Trichoderma.

8 Weeks after 
Inoculation

Old 2: No change. New 2: No change except that the floating mvcelium 
had receded somewhat.

10 Weeks after 
Inoculation

Old 2 and New 2: No change.
12 Weeks after 
Inoculation

Old 2 and New 2: No change.
16 Weeks after 
Inoculation 
(Constructions 
Dismantled)

Old 2: No change. The plaster was heavilv infiltrated bv strands of S. 
lacrymans. Boards were noticeably more sound than those of Old 1. 
Moisture 25-100%. New 2: Same as before. Onlv a moderate amount of S. 
lacrymans was seen under the boards; sporulating Trichoderma was 
present too. The timber was noticeably less degraded that that of models 
Old 1 and New T, moisture 21-45%.

In brief, T. harzianum 25 displayed only a little growth on the timber of the models treated 
by T. harzianum only (Tank 1) and none at all on the plaster, leaving S. lacrymans healthy 
on both materials, on both of their sides. In contrast, moderately extensive growth and 
sporulation of T. harzianum 25 occurred on the timber of the models that had previously 
been fan dried (Tank 2). Again, no growth occurred on the plaster, which was soon covered 
by a vigorous growth of S. lacrymans. Active S. lacrymans continued to spread onto the 
boards - typically as a finely-stranded network - even in zones colonised by the 
Trichoderma sp (Plate 19). In contrast to the behaviour of that microfungus in Tank 1, that 
in Tank 2 proved to be more invasive, since patches of it were present on the undersides of 
the boards. However, the covering of S. lacrymans beneath the boards was still healthy. 
Notably, the floating ‘mats’ of S. lacrymans on reservoir of water became blackened and 
degraded in a manner that air drying alone was not seen to cause (Plates 20-21); in 
addition, some mould was apparent on them. Conversely, the floating mycelia in Tank 1 
remained mostly white and fleshy.
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At the end of the experiment, Trichoderma was successfully re-isolated onto 2% MEA 
from sporulating and granular growth on each construction, as was S. lacrymans onto 
benomyl agar (White et al., 1997). After the dismantled models had been replaced in their 
respective tanks, fresh, re-invigorated growth of S. lacrymans spread profusely over the 
boards (both sides), the supports and, in some places, the plaster for several months 
afterwards. Only in model Old 1 did Trichoderma attain predominance, slowing the spread 
of S. lacrymans. In all the other constructions, S. lacrymans spread again with impunity.

The results for the sprayed malt agar plates when viewed after 4 weeks were as follows. 
Trichoderma harzianum T25 sprayed onto LNM: a moderate amount of sporulation was 
present, especially around the edges of the plates. Trichoderma harzianum T25 sprayed 
onto 2% MEA: prolific sporulation occurred over the surfaces of the plates. Trichoderma 
harzianum T25 sprayed onto 2-week-old cultures of S. lacrymans FPRL 12C on 2% MEA: 
the original colonies were almost completely degraded, leaving only an effuse green 
deposit of Trichoderma. De-ionised water sprayed onto 2-week-old cultures of S. 
lacrymans FPRL 12C on 2% MEA: no competing growth was present on these control 
plates; the original covering of S. lacrymans was still white and healthy.

(Plates 19-21 are shown overleaf)
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Plate 19: The overgrowth by stranded S. lacrym an s  of T rich oderm a  colonising aged timber 
as a consequence of the combined treatment.

Plate 20: The comparatively healthy and extensive floating growth of S. la crym a n s  after 
treatment by T. harzianu m  25 only.
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Plate 21: The complete degradation of the floating growth of S. la c rym a n s  after a 
combined treatment by fan drying and T. harzianu m  25. Before the effects of the 
treatments took their toll, the floating growth was similar to that shown in Plate 20.
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5.2.3. The use of small-scale models to represent the sheltered parts of buildings 
This experiment formed an extension to the earlier small-scale modelling; it tested whether 
the presence of small plastic domes over the infected blocks enabled the colonies a) to 
continue spreading linearly and b) to survive in humidity regimes that previously caused 
these properties to be lost. Methods for this experiment are provided in 2.3.4. Three types 
of cover were incorporated: one that provided physical shelter only (Table 18); one that 
provided shelter and a reservoir of free water in the form of water agar (Table 19); and one 
that provided shelter, a reservoir of free water and nutrients in the form of 2% MEA (Table 
20). Uncovered colonies served as controls (Table 17). Collectively, the covers simulated 
interstices and small enclosed areas in the structure of a building; these sites were found to 
harbour surviving growth in the Type 1 modelling described in 5.2.1. and 5.2.2.

Table 17: The effects of having no covers over the infected blocks
Relative
Humiditv

(R.H.)
Mean 
Radial 

Growth in 
mm 

(stdev.)

Mean % 
Weight 
Loss of 
Blocks 
(stdev.)

Mean % 
Moisture 
Content 
(stdev.)

Observations

100% 20.5(1.7) 32.7 (2.7) 110.4(10.0) Growth thick and healthy
93% nil 22.1 (3.0) 32.8 (0.6) White, healthy growth with some 

yellowing
86% nil 15.5 (4.0) 20.3 (0.6) Growth white but flattened and 

inactive
81% nil 14.4 (5.5) 18.9 (0.22) Same as above
76% nil 18.2 (0.7) 16.2 (0.5) Same as above

One-way analyses of variance (ANOVA) showed there to be significant differences among 
the values for weight loss (F(4,5)=8.63; p=0.018) and for final moisture content 
(F(4,5)=158.35; p=0) respectively.

Table 18: The effects of having empty covers over the infected blocks
Relative
Humiditv

(R-H.)
Mean 
Radial 

Growth in 
mm 

(stdev.)

Mean % 
Weight 
Loss of 
Blocks 
(stdev.)

Mean % 
Moisture 
Content 
(stdev.)

Observations

100% 17.0(1.4) 31.6 (3.0) 72.9 (5.8) Thick growth over cover, inside and 
out, and over the plates
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93% 1.5 (1.1) 25.0 (0.6) 36.2(1.2) Growth white and fluffy inside cover; 
growth dried and flattened outside

86% 0.5 (0.9) 21.2 (6.2) 22.2 (0.6) Same as above
81% nil 20.7 (2.9) 19.6 (0.6) Same as above
76% nil 18.7 (3.7) 16.4 (0.3) Same as above

One-way analysis of variance (ANOVA) showed there to be significant differences among 
the values for weight loss (F(4,5)=3.67; p=0.009) and among the values for final moisture 
content (F(4,5)= 150.92; p=0).

Table 19: The effects of having agar-containing covers over the infected blocks
Relative

Humiditv
(R-H.)

Radial 
Growth in 

mm 
(stdev)

Mean % 
Weight 
Loss of 
Blocks 
(stdev:)

Mean % 
Moisture 
Content 
(stdev.)

Observations

100% 23.2 (2.2) 39.0(1.9) 162.6 (20.6) Growth thick and healthy inside and 
outside cover

93% 0.5 (0.9) 22.0(16.0) 91.5(1.8) Growth white and fluffy inside cover; 
growth dried and flattened outside

86% nil 29.8 (0.4) 51.9(10.9) Same as above
81% nil 30.2 (2.5) 45.0(1.3) Same as above
76% nil 22.9 (0.2) 40.5 (0.7) Same as above

One-way analysis of variance (ANOVA) showed there to be significant differences among 
the values for weight loss (F(4,5)=1.77 p=0.002) and among the values for final moisture 
content (F(4,5)=48.13; p=0).

Table 20: The effects of having MEA-containing covers over the infected blocks
Relative
Humiditv

(R.H.)
Mean 
Radial 

Growth in 
mm 

(stdev.)

Mean % 
Weight 
Loss of 
Blocks 
(stdev.)

Mean % 
Moisture 
Content 
(stdev.)

Observations

100% >25.0 51.4(1.1) 164.7 (23.3) Growth thick and healthy with 
bunches of strands extending into the 
water, and some yellowing of 
mycelia

93% 1.9 (1.4) 43.7 (4.6) 98.8(11.9) Growth white and fluffy inside cover; 
growth dried and flattened outside

86% 1.0(1.1) 33.2 (3.8) 62.9 (7.5) Same as above
81% nil 27.2 (5.6) 45.8 (8.2) Same as above
76% nil 36.1 (8.6) 41.3 (9.0) Same as above
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One-way analyses of variance (ANOVA) showed there to be significant differences among 
the values for weight loss (F(2,5)=6.25; p=0.035) and for final moisture content 
(F(2,5)=29.38; p=0.001) respectively.

In each set of chambers the rate of linear growth diminished as the level of humidity was 
lowered. Similarly, the total amount of weight loss of the blocks decreased in the same 
manner, as did their levels of moisture. The mycelia outside the havens became inactive 
and more dried as the R.H. was lowered below 100%. However, the mycelia that were 
protected by the covers retained all of their volume and vitality in all of the humidity 
regimes. In contrast, the mycelia of the uncovered control became flattened and shrivelled 
as the humidity was lowered. It was also found that in ideal conditions of 100% R.H., the 
colonies that had been sheltered by MEA-containing covers (Table 20) produced more 
growth than those of the uncovered control at the same R.H. (Table 17). Colonies that were 
sheltered by the agar-containing covers (Table 19), to a lesser extent, elicited more growth 
than the control. Nevertheless, it was noted that none of the sheltering arrangements 
permitted the mycelia to spread actively in regimes of relative humidity that did not permit 
growth of uncovered colonies.

A similar pattern was true with regard to the mean weight losses of the blocks: the blocks 
supplied with water agar and MEA, respectively, displayed higher weight losses overall, as 
well as higher values of moisture content. When the values for mean weight loss were 
collectively subjected to a nested analysis of variance, significant differences were found 
among the different sets v is-a -v is  the sheltering or not of the blocks (p=0). Similar 
differences were found among the values of mean final moisture content (p=0).

5.2.4. The effects of air drying on the viability of S. la crvm a n s  in infected wooden blocks 
This simple experiment involved testing the survival of S. la crym a n s  in colonised blocks of 
Scots pine after these had been stored in unsealed single-vented Petri plates within a 
ventilated metal box at ambient temperature. The methods are provided in 2.3.5. During 
this experiment, the mean ambient conditions within the vicinity were a temperature of
20.50°C (stdev. 2.22) and a relative humidity value of 36.01% (stdev. 8.70). The results are 
shown in Table 21.

139



Table 21: The results of plating-out the blocks when viewed 2 weeks after sampling (the
number of blocks in each category is displayed)
Week Number Active Growth 

of S. lacrymans
Slow and 

Sparse Growth 
of S. lacrymans

Growth Stopped 
by

Contamination
Neither Growth 

Nor .
Contamination

1 8 - - -
2 8 - - -
3 8 - - -
4 5 1 2 -
5 4 2 - 2
6 4 2 2 -
7 4 2 - 2
8 4 1 2 1
9 3 2 - 3
10 2 2 2 2
11 6 2 - -
12 4 1 - 3
13 6 2 - -
14 3 3 - 2
15 6 1 - 1
16 - 1 3 4
17 - 7 - 1
18 - 2 4 2
19 - - 3 5
20 - 3 2 3

Despite the application of the treatment, the mycelia on the blocks retained the volume, 
thickness and pearly-white appearance that they had at the start of the test. Overall, the 
activity and the viability of S. la crym a n s  decreased as the experiment proceeded. An 
accompanying increase in contamination and the slowing of re-growth were also observed. 
However, the duration of the test was not long enough to prevent the organism re-growing.
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5.3. Discussion

5.3.1. The first Type 1 medium-scale modelling experiment
In general, the results for the first Type 1 medium-scale modelling experiment were 
consistent with those of Findlay (1950) and Findlay & Badcock (1954), which indicated 
that the mycelium of S. lacrym an s  cannot survive extended periods of desiccation. The 
effects of a source of free water on this survival had not previously been reported. As in the 
other sections of this report, air movement and lowered humidity effectively stopped the 
growth of S. la crym a n s  and appeared to do the same to its destructive capabilities.

It was seen, however, that the environmental treatments could effectively stop all potential 
re-growth of the fungus o n ly  when the water reservoir had been removed. The removal of 
free water during the air drying of the Type 1 models simulated an infection in which all 
the materials could be dried rapidly. An example of such a situation would be a localised 
infection on a timber lintel that could be dried within a few days by removing the plaster or 
wood facing and preventing an ingress of water.

Conversely, the maintenance of a water reservoir during air drying reflects a situation in 
which drying is problematical, for example in the presence of large sections of wet 
masonry or another moisture source that cannot be dried quickly. The results here 
suggested that the water in the reservoir may have been translocated by S. la c rym a n s  in 
order to maintain survival during the air drying. It is also possible that growth and decay 
may have continued in hidden, sheltered parts of these latter models. The experiment 
described in 5.2.3. was designed to investigate further the effects of sheltered areas on a 
colony of S. lacrym an s.

During the primary infection stage, S. la crym a n s  was given the opportunity to colonise 
timber, plaster and masonry in a manner dictated by its respective tolerances of and 
preferences for the materials, as well as the heterogeneous conditions of moisture present. 
Furthermore, the non-sterile conditions that were used subjected the fungus to 
representative ecological situations. Compared with the small-scale models, the fungal 
colonies were less restrained spatially and temporally: each colony therefore had the 
potential to exhibit more of its developmental capabilities, especially with regard to the 
regulation, maturation and ageing of the colony and to the allocation of its resources.
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The differences found between the respective colonisation of the old and the new materials 
are probably a reflection of a) the ageing of timber and the putative loss of volatile 
inhibitory compounds and possibly extractives (Cooke & Rayner, 1984; Rayner & Boddy, 
1988); b) the presence of ions such as calcium and iron in the plaster and brick (Bech- 
Anderson, 1985; Palfreyman et al., 1996) - a matter that is discussed in Chapters 4 and 8. It 
was clear that aged plaster and timber supported thicker growth of S. lacrymans than that 
on plasterboard and new timber. It was therefore not unlikely that the levels of volatile 
inhibitory compounds in the older timber had diminished over time by contact with the 
atmosphere. These findings could therefore be related to those of Mowe et al. (1983), 
which demonstrated that volatile agents from freshly-cut pine caused S. lacrymans to avoid 
the material. In addition, the readiness with which S. lacrymans grows on and in the 
vicinity of aged plaster in buildings - especially those over 100 years old - is well known. 
Furthermore, the results of Chapter 4 suggested that aged lath and plaster stimulates the 
rate of timber decay by S. lacrymans whereas plasterboard does not. Accordingly, these 
matters have a particular significance for the maintenance and repair of historic buildings.

The linear growth rates recorded during the initial colonisation period were within the 
range reported by other authors studying the growth of S. lacrymans over building 
materials at similar temperatures (collated by Thornton & Johnson, 1986). However, 
despite the finding that mycelial growth was more luxuriant on the aged materials, only 
values between plasterboard and new pine varied significantly; neither of these values 
varied significantly from those of the aged materials.

Although the main principles of the work described here are relatively simple, surprisingly 
few attempts to model the growth of S. lacrymans on building materials have been 
reported, especially when one considers the economic consequences of S. lacrymans and its 
ability to ramify throughout a structure. Furthermore, none of the reported studies has been 
used to test the effects of drying as a remedial treatment (Findlay, 1937; Coggins & 
Jennings, 1975a; Clarke et al, 1980; Thornton & Johnson, 1986; Doi, 1989; Dobson et ah, 
1993). The amount of conclusive, quantified information that has been published as studies 
of infected buildings is even more limited, since apart from measurements of growth rates 
across a few materials (Thornton & Johnson, 1986), the characterisation of S. lacrymans is 
based upon anecdotal observations only, even in monographs on the fungus, e.g., Coggins 
(1980), Hennebert et al. (1990), Jennings & Bravery (1991) and Bech-Anderson (1995).
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The highly irregular growth seen in places on the Type 1 models was similar to that 
reported by Clarke et a l (1980), who used a different type of growth cabinet. Coggins et al. 
(1980b) also described these irregular, asymmetric mycelial patterns of S. lacrymans and 
attempted to explain them. These authors used the term point growth to denote the 
occurrence. Similar observations have been made for other fungi (Klein, 1996). Point 
growth of S. lacrymans occurs both in buildings and in culture; it takes the form of a 
spontaneously-increased growth rate at discrete points of a growth margin, typically 
resulting in fan-shaped sweeps of growth in advance of the rest. Where this occurs, the 
mycelium appears to undergo some differentiation, but no genetic change, as a putative 
response to unfavourable growth conditions. Both external factors, such as low nutrient 
levels and/or the presence of inhibitory compounds, as well as endogenous physiological 
responses, such as autoinhibitory mechanisms, have been implicated in this response. The 
control of such growth is not clearly understood however (Coggins et al., 1980b; Jennings, 
1982; Klein, 1996).

Likewise, Clarke et al. (1980) found distinct stranding (syrrotia) in the older parts of the 
mycelium, similar to those observed on the Type 1 models. These hyphal aggregations 
form channels through which water and solutes appear to be translocated via a pressure- 
driven bulk flow of solution (Thompson et al., 1985; Jennings, 1991b; Jennings 1995). The 
ability of a higher fungus to translocate nutrients between different parts of its thallus may 
have an important influence on patterns of fungal colonisation in heterogeneous 
environments, as well as in conferring a competitive advantage upon it (Olsson, 1995). In 
addition, the droplets of moisture found on the mycelium by Clarke et al. (1980) were not 
readily apparent in the present study, except underneath the boards during both Type 1 
experiments.

According to Bravery (1991), and confirmed by the data in this chapter, moisture is the 
overriding controlling factor affecting the initiation, development and survival of the dry 
rot fungus, provided that factors such as pH and aeration are not limiting. From the 
findings in Chapter 4, it can be seen that S. lacrymans, like other wood decaying fungi, 
requires moisture both from a damp support material and from high ambient humidity. The 
moisture content of a porous material that is infected by S. lacrymans depends upon the 
balance between moisture input and moisture loss. Sources of moisture input include water 
ingress from building defects, condensation and ambient humidity, as well as water 
supplied physiologically by the fungus through its hydrolytic breakdown of complex
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carbohydrates and by its translocation of water. In contrast, water can be lost by 
evaporation into the air, both from the mycelium and from the support material, by natural 
drainage and by the secretion of water droplets by the mycelium itself (Hennebert et al., 
1990; Bravery, 1991).

Savory (1964) illustrated this moisture balance by expressing the concept of ‘statically dry’ 
and ‘dynamically dry’ conditions. In ‘statically dry’ conditions, S. lacrymans is able to 
maintain a suitable water potential (1.2.) in its micro-environment through its ability to 
produce water via cellulosic hydrolysation and by its translocation of water. In these ways, 
it can successfully counter the effects of water loss from the localised environment. In 
‘dynamically dry’ conditions, however, the rate of water loss exceeds that of water input; 
therefore, S. lacrymans cannot moisten the substrate adequately well for growth and decay 
to continue and may itself become desiccated. It appears as though the ‘statically dry’ 
conditions are more likely to be found in the less accessible parts of the building structure, 
such as joins in materials, interstices and enclosed cavities of limited volume. In these 
sheltered micro-environments, moisture conditions may be more easily controlled by S. 
lacrymans, and may naturally be more stable. These aspects were examined during the 
small-scale experiment described in 5.2.3.

In the first experiment using the Type 1 models, those supplied with a water reservoir 
during the process of drying were likely to represent ‘statically dry’ conditions; as such, 
these resulted in a re-emergence of S. lacrymans when suitable humidity returned. Re
growth in these models emerged from interstices and joints in materials, where conditions 
were more likely to be sheltered, moist and humid. However, in models lacking a 
‘reservoir’ of free water during treatment, S. lacrymans appeared to be facing ‘dynamically 
dry’ conditions in which a loss of water from the system predominated. In these latter 
conditions, S. lacrymans proved to be less resilient.

Moulds, including T. harzianum, appeared to benefit from the lowered conditions of 
moisture availability that accompanied the drying treatments in the first two experiments. 
These conidial fungi appeared to exploit the ecological advantages of their lower 
requirements for humidity and water potential compared with those of higher fungi 
(Griffin, 1981; Rayner & Boddy, 1988). It also appeared as though moulds were taking 
advantage of the inactivity exhibited by S. lacrymans in order to encroach upon the 
‘territory’ of the Basidiomycete and to overgrow its mycelium in places. However, when

144



spreading actively, S. lacrymans could easily overgrow moulds on the timber and on the 
plaster, although the apparent stress response of yellowing was occasionally seen on the 
mycelia of S. lacrymans when moulds were encountered. This finding accords with the 
observations of Falck (1912). Similar findings were evident when the Type 2 models were 
used (Chapter 6).

An additional constraint that affected S. lacrymans in the Type 1 models, relates to physical 
and physiochemical differences between materials that would affect the uptake of moisture 
from them. Organisms have more difficulty obtaining water from some materials compared 
with others, even when the prevailing humidity and percentage moisture contents are the 
same (Bravery, 1991; Griffin, 1977). These differences are due to the relative forces of 
water retention on surfaces or within pores (1.2.), properties that affect the rates of 
evaporation from or moistening (hygroscopicity) of the materials (Milburn, 1979; Griffin, 
1981). The thickness and bulk of a material will also affect its water relations, as will the 
moisture relations of any porous material in direct contact with it.

In conclusion, the results for the first Type 1 modelling experiment clearly support the view 
that the treatment of S. lacrymans by environmental means is feasible. However, the 
findings suggest that environmental treatment strategies must be carefully conceived and 
applied, since fungal viability, growth and decay of timber may not be countered equally 
successfully by such treatments. These reservations are of especial concern in situations 
where free water is available to the fungal thallus. The Type 2 modelling experiment in 
Chapter 6 explores this matter in more detail.

5.3.2. The second Type 1 medium-scale modelling experiment
The second Type 1 medium-scale modelling experiment examined the treating of infected 
building materials by means of a combination of environmental and biological control 
strategies, the latter using a strain of Trichoderma harzianum. This conidial fungus (1.4.5.), 
which is common in soil (Dix & Webster, 1995), was found by a previous worker to be 
effective against S. laciymans in laboratory-based experiments (Score & Palfreyman, 1994; 
Score et al., 1998). The rationale for using this potential agent of biocontrol involved 
testing whether a prior treatment by air drying would increase the susceptibility of S. 
lacrymans to that agent, as well as affect the ability of the latter to colonise materials. It 
was also the purpose of the second experiment to determine whether T. harzianum could 
bolster the effectiveness of the environmental treatment and serve to incapacitate pockets
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of mycelia lying in spaces that cannot be penetrated fully by the increased ventilation. This 
combined treatment also had the advantage of not involving potentially harmful chemicals.

On the constructions that had been treated by T. harzianum only, a resurgence of S. 
lacrymans was observed soon after the treatment had been applied; this occurrence may 
have been related to the influx of water occasioned by the spraying. Similarly, a renewed 
growth was found to emerge from the strands; this growth may have been stimulated in the 
same manner. Throughout the course of the experiment, the growth of T. harzianum was 
not very prominent on any of the materials. In contrast S. lacrymans retained its 
predominance on both sides of the materials. The only degradation of S. lacrymans 
occurred on the plasterboard of New 1; this hyphal discoloration and retreat could be 
attributed to the normal ageing of vegetative mycelia (6.3.2.), since no mould was seen in 
the vicinity. In contrast with the models treated by fan drying, the floating parts of the 
colonies remained thick, undegraded and apparently functional. It was also noted that the 
new timber was less degraded than the aged timber.

In the constructions that had been treated by air drying, allowed to recover then treated by
T. harzianum, the colonies of S. lacrymans responded to the drying treatments in a manner 
almost identical to that seen in the first experiment (5.2.1.), even though the colonies used 
in the second experiment were left in contact with the materials for a longer time before 
any fan drying was applied. A similar discoloration of the mycelium from white to olive 
green in places, accompanied by shrivelling and flattening was observed during both 
experiments. Again some opportunistic growth of moulds occurred on the materials after 
drying, along with warping of the boards. The activity of these moulds was ephemeral. 
Similarly, the rapid and luxuriant recovery of growth after the tanks had been resealed for a 
few weeks paralleled that of the first experiment, with fresh growth of S. lacrymans 
proceeding from interstices in the materials.

Significantly, after the treatment by spraying, the growth of Trichoderma sp. was far more 
prominent on the models that had been air dried previously, compared with those treated by 
Trichoderma alone. It therefore appeared as though T. harzianum took advantage of the 
compromised state of S. lacrymans in the former set in order to seize areas of the materials, 
and possibly to exploit the hyphae of S. lacrymans. It is also possible that T. harzianum 
utilised partially-degraded macromolecules that S. lacrymans had hydrolysed via
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exogenous enzymes, but had not yet absorbed for purposes of metabolism (Palfreyman et 
a l,  1994).

In addition, Trichoderma sp. proliferated on the boards but not on the plaster, this finding 
could probably be explained by the fact that plaster affords little usable organic material. 
Nevertheless, S. lacrymans possesses the ability to cross this surface by means of its 
translocation of water and nutrients from other areas of the infection, especially by means 
of its strands (Jennings, 1991b; Jennings 1995). Additionally, it is possible that the 
resistant outer coating of the strands conferred resistance to the alkalinity of the plaster, 
which may be as high as pH 13-14, falling gradually as it ages (Coggins, 1976). The outer 
coating of the strands may also have minimised water loss from them into the materials and 
into the atmosphere (Jennings, 1995).

Growth of Trichoderma sp. eventually spread to the undersides of the boards in the fan 
dried constructions but not in those treated by T. harzianum only; however, its presence did 
not appear to constrain the growth of S. lacrymans in the former. In ecological terms, 
Trichoderma spp. are typically r-selected (ruderal) colonisers (6.3.7.); they therefore grow 
quickly and produce conidia abundantly in order to exploit resources rapidly (Dix & 
Webster, 1995). In addition, Ritz (1995) found a Trichoderma sp. to produce faster linear 
growth on a low nutrient medium than on a richer medium; production of conidia was 
similarly favoured. It is likely that timber constitutes a resource that is also low in nutrients 
(Srinivasan et al., 1992).

However in these models S. lacrymans overgrew sporulating T. harzianum on the boards as 
a fine, web-like covering of stranded mycelium; the protective coating of strands possibly 
served a protective function against the lytic actions of moulds. The predominance of 
strands rather than thick exploitative mycelia suggested that S. lacrymans was ‘foraging’ 
for other nutrients, especially those not already colonised. Nevertheless, S. lacrymans 
continued to grow on and degrade the boards after the duration of the experiment. It is 
therefore possible that the developmental pattern of S. lacrymans responded to the presence 
of the competing mould. Despite such adaptations being reported in the literature, the 
developmental triggers for them are still not clearly understood in fungi (Moore, 1995b; 
Klein, 1996). The present findings also parallel the observations of Thornton (1989), who 
found that S. lacrymans can overgrow contaminating moulds both in culture and in 
buildings.
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The second important finding of this experiment is that the floating part of the colony 
became blackened, colonised by Trichoderma and finally degraded in the models that were 
air dried before spraying. Conversely, no such degradation occurred after the colonies had 
been treated by means of Trichoderma alone. It therefore appears as though a treatment of 
lowered humidity and increased aeration followed by the application of T. harzianum 25 
serves to destroy the region of the mycelium that is responsible for assimilating water and 
translocating it to other parts of the thallus. This finding is important, since S. lacrymans is 
particularly reliant upon the processes of uptake and translocation; these capacities are 
essential to its success as an agent of degradation (Hennebert et al., 1990; Jennings & 
Bravery, 1991).

The active mycelia that remained on the materials, even after the floating mycelia had 
disintegrated, appear to have derived the requisite moisture from a combination of the 
materials themselves and the high humidity of the sealed chamber. It would therefore be 
interesting to determine the implications for the activity of the colony when all outlying 
parts of the thallus are forced to rely more heavily upon translocation, as they would be if 
the timber were dryer than it was in the sealed tank. This combined environmental and 
biological treatment would therefore warrant being tested in buildings or in full-sized 
models. In such circumstances, the dissemination of Trichoderma from treated areas of the 
infection to other parts of the thallus could be determined, along with the efficacy of the 
overall treatment in fully representative circumstances, including the presence of damp 
masonry.

Furthermore, when the models subjected to the combined treatment were dismantled, the 
materials were found to be appreciably less degraded than those sprayed only. This finding 
is likely to be attributable to three factors: a)the suppression of S. lacrymans by fan drying 
and by T. harzianum sp.; b) the far greater competition for resources incurred by the 
colonisation of the boards by T. harzianum; c)the apparent interruption of translocation of 
water due to atrophy of the main assimilative regions of the thallus. Ultimately, however, 
the treated boards in both tanks permitted a luxuriant growth of S. lacrymans to proceed all 
over the dismantled materials for up to six months after the components had been replaced 
into the closed tanks after the completion of the experiment.
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5.3.3. The sheltering of the colony during treatment
The third experiment in this chapter had the purpose of determining whether small, 
sheltered pockets or interstices within buildings could potentially be exploited by S. 
la crym a n s  in order to resist the effects of air drying. These sheltered locations would be 
either partially or wholly protected from the effects of increased ventilation during an 
environmental treatment; they could therefore pose a serious threat to the efficacy of the 
treatment. The rationale of this experiment was to examine the effects of partial sheltering 
of a colony on the effectiveness of environmental control treatments, specifically their 
effects on linear growth and decay. These matters are particularly relevant to the use of 
environmental treatments in the complex fabric of a building, especially a historic one. In 
the medium-scale constructions, the air-dried mycelium on the exposed faces of the 
materials did not appear to re-grow readily. However, at the same time, thick and rapid 
growth emerged from cracks and joints in the materials, where sheltered micro
environments probably existed.

This experiment was therefore useful from an applied point of view, as well as being 
interesting theoretically. The experiment also tested the effects of the environmental 
regimes on colonies that had been allowed to spread in ideal conditions before the 
application of the treatments. In contrast, the small-scale experiments of Chapter 4 assessed 
the behaviour of colonies grown from infected wooden blocks that had been placed directly 
into the treatment regimes.

In each set of chambers, the rate of linear growth diminished as the level of humidity was 
lowered. Similarly, the total amount of weight loss of the blocks decreased in the same 
manner; these findings paralleled those of the humidity chambers used in Chapter 4. The 
mycelia outside the covers became inactive and more dried as the humidity was lowered 
below 100%. Significantly, the mycelia that were protected by the covers retained all of 
their volume and vitality in all of the regimes of humidity, in contrast to those of the 
uncovered controls, which shrivelled and became clearly inactive. Predictably though, the 
rates of decay and moisture content were found to be encouraged by the presence of covers 
containing water agar and MEA respectively. These covers would have provided 
comparatively humid microenvironments containing translocatable sources of water.

Importantly, none of the experimental arrangements permitted the mycelia to spread 
actively in conditions of relative humidity that caused a cessation of linear growth in the
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uncovered controls. This finding may possibly be explained by the small amount of 
biomass that existed in each of these colonies, and the fact that growth from small 
partially-enclosed areas of the Type 1 models was likely to have occurred at a higher 
humidity, since a sealed, humid tank was used. The lack of growth in this experiment also 
contrasted with the preliminary findings of full-scale modelling (D. Smith, personal 
communication); there, active S. la crym a n s  extended into a relatively dry, but closed and 
‘still’ chamber, apparently in response to the stress of air drying on the main part of the 
colony (unpublished observations).

It was also found that in ideal conditions of 100% R.H., the colonies that had been 
sheltered by MEA-containing covers produced significantly more biomass and linear 
spread than those of the uncovered control. Colonies that were covered by the water agar- 
containing covers also elicited more growth than the control did, but to a lesser extent. 
Therefore it appears as though the amount of biomass produced by S. la c rym a n s  is 
dependent upon the amount of nutrients available and the availability of free water.

5.3.4. The drying of infected blocks by ambient humidity
In contrast to the infected blocks that were dried in the small-scale models (Chapter 4), the 
mycelia on the blocks tested in the fourth experiment of this chapter retained their original 
volume and pearly-white appearance despite the application of air drying. This finding 
contrasted with those made in other parts of the project and on field visits, since the 
mycelium of S. lacrym an s  usually flattens and shrivels in response to drying. Occasionally, 
however, the vegetative mycelium of S . la crym a n s  in buildings retains its original volume 
and whiteness, but not its activity, in conditions of dryness and low humidity (T. Hutton, 
personal communication). This finding could therefore be related to the lower humidity 
used in this experiment compared with those of Chapter 4.

Overall, it could be seen that the activity and the viability of the fungus decreased over the 
course of the test; these factors were accompanied by an increase in contamination and the 
slowing of re-growth after the blocks were transferred to medium. Nevertheless, the 
duration of the test was not long enough to cause a total loss of viability. Once again, the 
findings draw attention to the readiness with which S. la crym a n s  overcomes the stress of 
air drying. It may do so by effecting a latent state from which active growth readily 
emerges once favourable conditions return.
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5.3.5. The use of Trichoderma spp.
Score et al. (1998) concluded that Trichoderma spp., including T. harzianum 25, may be 
effective against S. lacrymans when used as a pre-treatment for timber but not as a post
treatment. Similar results were reported by Doi et al. (1994), even after the Trichoderma 
sp. used as a pre-treatment had been inactivated by ethylene oxide. Similarly, Canessa & 
Morrell (1997) found that T. harzianum may slow, but not completely inhibit, the activity 
of wood-decaying fungi when tested on wafers of pine. However, Freitag et al. (1991) 
differentiated between biological agents that have an inactivating effect on the target 
organisms {true biocontrol agents) and those that have only an inhibitory effect on the 
targets (bioprotective agents).

Nevertheless, there are always inherent problems involved when data from laboratory- 
based experiments are used to predict the efficacy of biocontrol or bioprotective agents in 
the field (Freitag et al., 1991). These difficulties may be caused by complex ecological and 
environmental constraints in practice, as well as by shortcomings of the methods used to 
introduce the agents (Carlile & Watkinson, 1994; Bruce, 1998).

Several proposed explanations for the antagonistic effects of Trichoderma spp. against 
wood-decaying fungi exist. These mechanisms include the release of inhibitory soluble 
metabolites (e.g., trichorzianines), inhibitory volatiles and lytic enzymes (e.g., laminarinase 
and chitinase), as well as the chelation of iron (Srinivasan et al., 1992; Bruce et al., 1995; 
Horvath et al., 1995). The last-mentioned process involves the release of iron-chelating 
siderophores (8.3.3.); these agents appear to confer a marked ecological advantage in 
timber and in soil, where iron is scare (Srinivasan, 1993). In addition, Bruce et al. (1995) 
found that the mere presence of cell walls of wood-degrading fungi induced the production 
of laminarina'Se and chitinase by Trichoderma spp. Nevertheless, further research is 
required in order to elucidate more fully the mechanisms by which fungal agents of 
biocontrol or biopreservation operate, and how these processes may be optimised (Bruce, 
1998).

Although they did not test a combined treatment, Score et al. (1998) concluded that the use 
of Trichoderma spp. as a remedial treatment against S. lacrymans is likely to be effective 
only in conjunction with other measures. The present study corroborated their findings. 
These proposed co-treatments include increased ventilation and drying, an approach that is 
likely to be especially useful in situations in which damage has to be minimised while
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repairs are pending - a process known as ‘mothballing’. It must also be noted that both of 
the Type 1 experiments may have constituted a more stringent test of their respective 
treatments than would have occurred in a field situation. Accordingly, the conditions of 
high humidity that were imposed as an ultimate test of the treatments were likely to be 
more conducive to the growth of S. lacrymans than those that would exist in a building 
after the recommendations of Lloyd & Singh (1994) had been applied (1.4.4.).

Bruce (1998) reported that conidia of Trichoderma spp. may be pressure-applied to timber 
in a manner similar to that used for chemical treatments; such a process could potentially 
increase the effectiveness with which architecturally-valuable timbers could be preserved 
biologically. Another finding of particular relevance to the built environment is that 
Trichoderma spp. are generally tolerant of conventional wood preservatives (Wallace et al., 
1992); the latter agents may already be present or may be applied as an additional 
safeguard, as recommended by Anon (1985) and Hennebert et al. (1990). Ultimately, 
however, the commercial acceptance of proposed biological treatments will depend upon 
how well they compete against existing chemical preparations with regard to efficacy, cost, 
regulatory standards and practicality (Bruce, 1998).

5.3.6. Potential mycelial adaptations to environmental conditions and ecological 
competition
In nature and in the laboratory, mycelial strands (cords) may extend until either the 
resources of the mycelium are exhausted or contact is made with fresh nutrients. The 
diameter of the strands bridging the two nutrient deposits may then increase, while other 
‘foraging’ outgrowth that has not encountered fresh nutrients degrades so that it can be 
recycled by the existing centres of activity (Dowson et al., 1986; 1989; Rayner et a l,
1995). This ability to alter morphogenetic patterns according to environmental cues confers 
a major ecological advantage upon cord-forming fungi (Watkinson, 1984; Klein, 1996). 
Another characteristic of such systems is their ability to respond to the presence of other 
organisms. Some of the structures formed in response to these stimuli include mycelial 
networks - seen clearly in response to T. harzianum in the present experiment - 
pigmentation, irregular growth, and strand formation (Rayner, et al., 1994). All of these 
structures were highly characteristic of the Type 1 experiments of this chapter and the Type 
2 experiment of Chapter 6, especially when S. lacrymans encountered indigenous moulds 
and an introduced Trichoderma sp.

152



During the production of these structures diffusible substances, both from inside and 
outside the organisms, as well as metabolic inhibitors, may influence developmental 
processes. Furthermore, when mycelial strands form, the surrounding hyphae exhibit a 
suppression of growth. In S. lacrym an s  strands are highly variable in thickness and length, 
with these often forming interconnected networks similar to those seen in the present 
experiments. In low-nutrient environments - which typically favour stranding - this 
response may be interpreted as conservation and channelling of resources (Falck, 1912; 
Sen, 1990; Rayner e t  a l., 1994). This matter of energy conservation is thought to be of 
paramount importance to fungal growth. Stranded fungal networks are adapted to the 
efficient colonisation of resources and the conservation of acquired gains until 
opportunities for further acquisition materialise (Wells e t a l ., 1990; Rayner e t  a l., 1995). 
With regard to S. lacrym an s, Watkinson (1975) hypothesised that if hyphae become 
permeable due to age, newer hyphae form around them in order to conserve and re-use 
their nitrogenous material, with the result that strands form. This re-cycling would be 
highly advantageous on timber, where nitrogen is scarce (Levi & Cowling, 1969).

In addition, Donnelly & Boddy (1997) demonstrated that there is a complex relationship 
between water potential, temperature, decay of wood and the development of a co
ordinated foraging mycelium in strand-forming Basidiomycetes of woodlands. It was 
demonstrated that patterns of stranding may be altered in response to environmental 
conditions, with a balance being effected between the capture of new resources and the 
maintenance of a foraging system. These regulated patterns of growth may well be relevant 
to S. lacrym an s. Studies of ecophysiological responses such as these are likely to constitute 
an important part of future mycological research, one that would be aided by recent 
developments in molecular biology. Of particular importance here would be investigations 
into the regulation of genes responsible for developmental adaptations and stress responses 
in higher fungi (Moore, 1995b; Klein, 1996).
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Chapter 6

T h e  D e v e l o p m e n t  o f  T y p e  2  W o r k s h o p - S c a l e  

M o d e l s  t o  A s s e s s  E n v i r o n m e n t a l  C o n t r o l  T r e a t m e n t s
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6.1. Introduction

In this chapter, a new set of medium-scale models was devised in order to simulate an 
infection of the dry rot fungus and its subsequent treatment; these Type 2 constructions 
used a different design from those described in Chapter 5. Each model consisted of a 
simulated floor of timber and a wall of lath and plaster enclosed within a bonded plastic 
shell, which simulated both a sub-floor space and a cavity behind the plaster. This design 
has the advantage of exposing the outward faces of the flooring and plaster to ambient 
humidity in a representative manner, while simultaneously creating the humid enclosed 
spaces found in vulnerable buildings. The Type 2 models are therefore more representative 
of buildings than the models described in Chapters 4 and 5.

The purpose of the Type 2 medium-scale models was to test more fully the effects of 
ventilation and air drying and to focus more closely on the efficacy of these remedial 
treatments when S. lacrym an s  had a reservoir of water at its disposal. This rationale is a 
consequence of the findings in Chapter 5 that suggest that a reservoir of free water permits 
S. la crym a n s  to retain its potential for growth after the imposition of air drying, provided 
that adequate humidity is restored. In any case, it is not always possible to eliminate 
sources of moisture in infected buildings quickly and easily, especially if repairs are 
postponed for financial or other reasons (Findlay & Savory 1960; Anon., 1985; Hutton, 
1995). Separate treatments using passive ventilation and fan drying were therefore applied 
accordingly.

A subsidiary part of the work involved screening the antagonistic capabilities of moulds 
that were found to have antagonistic effects on S. la crym a n s  within the Type 2 models. A 
screening test that pitted colonies of S. la crym a n s  on artificial media against those of the 
moulds was selected for this trial. As was discussed in sections 1.4.5. and 5.3.5., certain 
types of sporulating microfungi, especially those from the genus T rich o d erm a , are thought 
to have the potential to be used as agents of biological control against timber-decaying 
Basidiomycetes (Bruce, 1998; Score e t a l., 1998).

The specific objectives of this chapter were
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• To design, construct and use Type 2 workshop-scale models to test more 
comprehensively the efficacy of environmental control treatments on S. la c ry m a n s  v is-  
a -v is  active and passive aeration

• To determine the extent to which indigenous moulds within the Type 2 models may be 
antagonistic to S. lacrym an s

6.2. Results

6.2.1. Air flow rates and relative humidity within the constructions during the active and 
passive treatments respectively
Tables 22 and 23 indicate the mean values of humidity and air speed that were present 
during the treatment regimes. The readings were taken during Active Treatment 1 and 
Passive Treatment 1 respectively. During these treatment programmes to test the effects of 
environmental control by active and passive aeration, the mean ambient conditions in the
vicinity of the constructions comprised a temperature value of 20.55°C (stdev. 1.08) and 
relative humidity value of 65.09 % (stdev. 4.55); readings were taken whenever the models 
were observed (6.2.3). Methods are provided in section 2.4.1.

Table 22: Airflow rates calculated from 8 replicate readings taken over several minutes; the 
air flow rates of the passively-aerated constructions (5 and 6) were found to be zero

Construction Setting of Fan 
(two speed settings)

Mean Airflow Rate 
at Mouth of the 

Entry Vent (stdev.) 
in m/sec

Mean Airflow Rate 
at the Mouth of the 
Exit Vent (stdev.) 

in m/sec
1 Higher 0.686 (0.101) 0.593 (0.052)
2 Lower 0.453 (0.071) 0.005 (0.010)
3 Lower 0.396 (0.055) 0.006 (0.015)
4 Higher 0.601 (0.132) 1.283 (0.024)

A one-way analysis of variance (ANOVA) test indicated significant differences amongst 
the sets of values, (F(3,24)=13.94; p=0) for the entry vent and (F(3,24)=2280; p=0) for the 
exit vent. Tukey’s pairwise comparisons revealed significant differences between the lower 
and the higher values in both respective sets.
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Table 23: Relative humidity values recorded in proximity to the constructions; these were 
calculated from 8 replicate readings taken over several minutes on the same day__________

Construction Setting of Fan 
(two speed settings)

Mean %  R.H. at 
Mouth of the Entry 

Vent (stdev.)
Mean %  R.H. at 
the Mouth of the 

Exit Vent (stdev.)
1 Higher 65.36(1.45) 66.14 (0.68)
2 Lower 65.42 (0.50) 63.06 (0.27)
3 Lower 66.00 (0.92) 60.75 (0.87)
4 Higher 63.51 (0.44) 68.02 (0.86)
5 None 62.37 (0.48) 61.67 (0.22)
6 None 62.43 (0.26) 62.10 (0.33)

A one-way analysis of variance (ANOVA) test indicated significant differences amongst 
the sets of values, (F(5,34)=27.79; p=0) for the entry vent and (F(5,34)= 148.49; p=0) for 
the exit vent. Tukey’s pairwise comparisons revealed significant differences for the most 
part between different regimes of air flow.

6.2.2. The moisture relations of the upper surfaces of the floorboards during the 
experiments using the Type 2 models
The mean percentage moisture content values present on the upper surfaces of the 
floorboards are presented in Appendix I. Each value in the tables of Appendix I represents 
a mean of 9 readings (methods outlined in 2.4.1.); this value was obtained by pooling the 
readings for the boards in each respective construction at that sampling point. The 
following table is provided in order to summarise the treatments applied to the 
constructions; these programmes were described previously in Fig. 8 of section 2.4.1.

Table 24: A summary of the treatments applied to the Type 2 models (see notes)
Construction Phase of Treatment (see the explanations below)

*1 I A I R R -
I A I R A ll RP

*3 I A I R R -
I A I R A ll RP

*5 I P I R P II R
**6 I P I R P II R

*7 C - - - -
C - - - -
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Key to symbols in Table 24
I = 5-month period in order to allow colonisation of the materials
AI = 3-week active treatment by fan drying (Constructions 1 and 4, higher speed; 
Construction 2 and 3, lower speed), see Fig 9 in 2.4.1.
PI = 3-week passive treatment by ambient humidity
R = 4-month recovery period in order to permit the re-growth of surviving mycelia 
(constructions closed fully)
A ll = 3-week active treatment by fan drying, lower speed 
PII = 2-month passive treatment by ambient humidity
RP = 4-month period to check for the re-emergence of growth when a low-level passive 
treatment was applied
C = Constructions left untreated for 12 months (Construction 7) and 16 months 
(Construction 8) in order to serve as controls
* Moderately extensive colonisation of the materials after the initial period of colonisation. 
** Extensive colonisation of the materials after the initial period of colonisation

Appendix I provides a tabulated representation of the relationship between the mean 
percentage moisture content values of the upper faces of the boards in each constmction 
and the treatments imposed upon that construction. It can be seen that by the end of the 
treatment programmes the boards of Constructions 2, 4 and 5 were slightly below the 20% 
moisture level on their upper faces, whereas Constructions 1 and 3 were slightly above 
20%. Constructions 6, 7 and 8, which had the highest final moisture contents (25-27%), 
were the only constructions displaying much active mycelia at the end of the respective 
programmes.

6.2.3. General observations recorded during the course of the Type 2 modelling 
experiments
During the course of the Type 2 modelling experiments, the constructions were inspected at 
regular intervals by means of visual observations. The running of this experiment is 
described in 2.4.1.; an outline of the treatment programmes is provided in Table 24 of the 
preceding section and in Fig. 11 (2.4.1.). Each construction was well colonised by S. 
lacrymans by the start of the treatments. Due to the relative complexity of the models and 
the inherent variability of fungal growth rates and patterns, the infections did not develop 
in a parallel manner in the set constructions; therefore, each pair of models (Table 24) was 
composed of one construction that was extensively colonised and one that was moderately 
well colonised after the initial colonisation period. The mycelium referred to in this section 
is that of S. lacrymans, unless stated otherwise; similarly, the terms growth and re-growth 
pertain to the spread and regeneration of S. lacrymans respectively. Inactivated mycelium 
is defined by the absence of active mycelial growth, even when suitable conditions were
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returned (i.e., the re-sealing of the constructions). In addition, the terms model and 
construction are used interchangeably.

Table 25: Constructions 1 and 3 (treatment by fan drying once)
Phase of Test 

Observed
General Observations

The end of the initial 
period of 
colonisation

In both constructions the colonies of S. lacrymans were white and 
healthy, whether they existed on the inward- or the outward-facing 
surfaces of the materials.

During Active 
Treatment I

Day 2: the mycelium on the exposed outer faces of the boards and 
the plaster olive-green in places. Construction 3 displayed 
Trichoderma spp. Day 7: the mycelia inside still predominantly 
white; however, loss of aerial volume was evident. The mycelia 
existing behind the plaster seemed to be less adversely affected than 
those under the boards. On the outward faces of the materials the 
discoloured areas of mycelia were expanding. However, the margins 
of the mycelia existing on the outward faces of the plaster and the 
boards had ceased spreading beyond ink marks made at the start of 
the treatment. Day 14: mycelia above the boards shrivelled, with 
olive-green patches appearing, especially on the outward faces of the 
plaster.

At the end of Active 
Treatment I

Construction 1 (active treatment, higher speed): growth appeared 
shrivelled, with some olive-green discoloration; yellow-green mould 
was seen overgrowing mycelium on the outward face of the plaster. 
Underneath the flooring and behind the plaster S. lacrymans was 
shrivelled with patches of whitish granular mould appearing 
(thought to be a morph of Trichoderma sp.); some yellow-green 
mould in the vicinity of the inoculum block. Mycelium at the back 
of the plaster more discoloured and degraded than that elsewhere 
within the model. Construction 3 (active treatment, lower speed): 
same as for Constructions 1 and 2. Mycelium at the back of the 
plaster was olive-green/brown; dark green mould (Trichoderma sp.) 
found in the vicinity of S. lacrymans, causing localised yellowing 
and shrivelling.

One month after the 
treatments ended

Construction 1: no re-growth. Construction 3: no re-growth.
After two months Construction 1: no re-growth. Construction 3: no re-growth.
After three months Construction 1: no re-growth. Construction 3: no re-growth.
After four months Construction 1: whitish granular mould (thought to be a morph of 

Trichoderma sp.) was seen underneath the boards; the inoculum 
block was covered by Trichoderma sp. No actively-growing S. 
lacrymans seen. Similar mould seen on top of the boards. 
Construction 3: the same as for Construction 1.

Observations during 
dismantling of 
constructions

Construction 1: the undersides of the boards displaved inactive 
olive-green mycelium; powdery light-coloured mould was also seen, 
along with a degradation of S. lacrymans. No active growth was 
seen on the upper side of the boards nor that of any moulds. 
Likewise, the joists harboured no active mycelium, only white
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powdery mould. On the outward face of the plaster no active 
mycelium was seen, but green, powdery mould was present. The 
mycelium on the lower part of the back of the plaster was brown and 
heavily degraded; some whitish granular mould was present on the 
lower half, near the incapacitated mvcelia. Construction 3: the 
undersides of the boards harboured stringy, inactive growth. 
Granular, whitish mould covered approximately half of the area, 
with green mould covering the inoculum block. On the outward 
faces of the boards the mycelium was heavily degraded, with only 
inactive vestiges remaining. Some powdery green and cream- 
coloured moulds existed near the plaster. Sparse, stringy mycelium, 
in a discoloured condition, was seen on the tops of the joists. 
However, inactive white mycelium covered most of the sides, albeit 
thinly. Decay was evident in the form of softening and incipient 
cracking. On the back face of the plaster the extensive fan of growth 
on the right-hand side was now inactive and degraded, having a 
brown/olive-green hue; Trichoderma sp. grew at the bottom. The 
outward face exhibited small fans of earlier growth, now turned 
brown; some powdery mould was also present.

Table 26: Constructions 2 and 4 (treatment by fan drying twice)
Phase of Test 

Observed
General Observations

The end of the initial 
period of 
colonisation

In both constructions the colonies of S. lacrymans were white and 
healthy, whether they existed on the inward- or the outward-facing 
surfaces of the materials.

During Active 
Treatment I

Day 2: the mycelium on the exposed outer faces of the boards and 
the plaster developed an olive-green coloration. Day 7: the mycelia 
within the recesses of the constructions were still predominantly 
white with some loss of aerial volume evident. Nevertheless, the 
mycelia existing behind the plaster seemed to be less adversely 
affected than those under the boards. On the outward faces of the 
materials the discoloured areas of mycelia were expanding. 
However, the margins of the mycelia existing on the outward faces 
of the plaster and the boards had ceased spreading since the 
beginning of the treatment. Day 14: mycelia on the outward faces of 
the materials shrivelled, with olive-green patches appearing, 
especially on the plaster.

At the end of Active 
Treatment I

Construction 2 (active treatment, lower speed): S. lacrvmans was 
shrivelled with some olive-green discoloration. White and yellow- 
green moulds were prevalent. The growth on the back of the plaster 
possessed strands that were more prominent and intact. These 
strands had a dirty brown coloration in places. Mycelium at the back 
of the plaster appeared to be more discoloured and degraded than 
that elsewhere within the model. Construction 4 (active treatment, 
higher speed): condition of the mycelium was the same as that in the 
preceding construction, except that on the outer face of the plaster it 
retained a normal pearly-white appearance despite being effuse and 
dried.
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One month after the 
treatments ended

Construction 2: re-growth on the front end of a joist, followed 
shortly afterwards by re-growth at the back of the under-floor. 
Construction 4: re-growth on the side of a joist.

After two months Construction 2: re-growth on joists. Construction 4: growth had 
ascended the back of the plaster in a broad front.

After three months Construction 2: growth continued on the outer and inner faces of the 
boards; a further patch of growth appeared at the junction between 
the plaster and the boards. Apparent recovering mycelium emerged 
on the back of the plaster. Construction 4: growth around the 
inoculum block; new fronts of healthy growth existed at the back of 
the plaster, extending in a fan of radius 70mm in the back left 
corner.

After four months Constmction 2: active growth had spread to the upper reaches of the 
back of the plaster. Networks of lmm-diameter strands covered this 
surface; a moderate amount of the whitish granular mould was also 
present. The upper surfaces of the boards harboured fresh growth, 
which was mostly concentrated in the rear left corner. The outer face 
of the plaster had approximately a 50% covering of white, effuse 
growth by S. lacrym an s. Underneath the boards the covering of S. 
lacrym an s  was effuse and white, existing beside some granular, 
whitish mould. Construction 4: effuse growth was seen on the 
outward faces of the boards, especially near the plaster. Stranded 
growth, with growth fronts still evident, had become prominent on 
the back of the plaster. Some whitish powdery mould was also 
present. Moderately thick white growth accumulated on the 
undersides of the boards, with coexisting whitish mould present.

During early part of 
Active Treatment II

D a y  1 Almost no visual changes were noticed in the treated 
constructions, apart from flattening of the mycelia on the outward 
faces of the boards. D a y  3: the exposed mycelia turned mustard- 
yellow in places. D a y  7: the mycelia in each treated construction 
possessed a flattened appearance, yet only localised discoloration 
was observed.

Observations made 
at end of Active 
Treatment II

Constmction 2: the mvcelium underneath the boards had a dried 
appearance and had changed from white to cream, yet still remained 
intact. This ‘skin’ of mycelial growth adhered tightly to the joists 
and the undersides of the boards. At the back of the plaster the 
appearance was very similar, except that mycelial stranding was 
pronounced; again, the growth appeared either to be non-viable or to 
be displaying latency. The growth existing on the upper face of the 
boards was mainly white, intact and inactive; however patches of 
olive-green discoloration were evident. Whitish, granular mould was 
scattered over the timbers within the construction, as described 
earlier. Constmction 4: Mvcelium underneath and above the 
constmction was mostly degraded and discoloured grey. The same 
was tme of the growth behind the plaster; strands were still evident 
but no active growth was seen.

Observations made 
during dismantling 
of the constructions

Construction 2: the undersides of the boards displayed obvious 
softening and longitudinal cracking as a consequence of dry rot; this 
decay covered most of their area. No active growth was seen, but 
large amounts of inactivated growth clung to the timber, with much 
of the mycelium having been degraded. Stranding was pronounced
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throughout, being predominantly grey and olive green; white 
powdery mould and some darker mould ( T rich o d erm a  sp.) was also 
seen. On the upper side of boards the mycelium was dried and 
inactive, but still white and un-degraded. Cream-coloured inactive 
mycelium was present on the top surface of the joists; there were 
patches of grey and olive-green on this. White powdery mould was 
present on the sides of the joists and on the degraded mycelium 
remaining. There was also some visible softening of the joists 
through decay. The mycelium on the lower half of the outward face 
of the plaster was degraded, brown and effuse; powdery green 
mould was also present. On the back of the plaster, dried and 
discoloured strands were evident, along with some inactive fans of 
mycelium, now brown; some powdery green mould was also 
present. Construction 4: a web of inactive, effuse mvcelium 
possessing a white/brown/olive-green coloration occupied most of 
the undersides of the boards. Cream and yellow moulds were also 
evident, as was cuboidal cracking near the inoculum block. On the 
upper side of the boards vestiges of inactive mycelium were seen, 
some being white, others brown or olive-green. At the back of the 
plaster bunches of inactive strands existed. The joists harboured a 
large amount of inactive mycelium on their tops and sides; that on 
the sides was brown and degenerated. Much stranding and powdery, 
cream-coloured mould was seen. The back face of the plaster 
exhibited a heavy covering of inactive, badly discoloured mycelium 
(olive-green), while the outward face harboured inactive mycelial 
fans accompanied by green T rich oderm a  sp.

Table 27: Constructions 5 and 6 (treatment by passive aeration)
Phase of Test 

Observed
General Observations

The end of the initial 
period of 
colonisation

In both constructions the colonies of S. la c rym a n s  were white and 
healthy, whether they existed on the inward- or the outward-facing 
surfaces of the materials.

During Passive 
Treatment I

D a y  2: the mycelia on the exposed outer faces of the boards and the 
plaster developed an olive-green coloration. D a y  7: the mycelia 
within the recesses of the constructions were still predominantly 
white with loss of aerial volume evident; that behind the plaster 
seemed to be less adversely affected than that under the boards. On 
the outward faces of the materials the discoloured areas of mycelia 
were expanding. However, that existing on the outward faces of the 
plaster and the boards had ceased spreading. D a y  14 : mycelia above 
the boards shrivelled, with olive-green patches appearing, especially 
on the outward faces of the plaster. Significantly, less discoloration 
was seen on mycelia of the passively-aerated constructions 
compared with those aerated actively.

At the end of 
Passive Treatment I

Construction 5: noticeablv less discoloration and degradation of the 
mycelium was evident compared with that of the actively-treated 
constructions. Mycelium existing on the outward faces of the boards 
displayed a white, flattened appearance. Construction 6: same as for
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Construction 5 except that an opportunistic green mould 
(Trichoderma sp.) appeared on the flattened, mostly stranded 
mycelium at the back of the plaster, causing S. lacrymans to yellow 
and shrivel.

One month after the 
treatment ended

Construction 5: thin growth along ton of a ioist, accompanied bv 
some growth under the central part of the flooring. Construction 6: 
growth at the back of the joist-ends, with growth on the sides of 
joists and under the boards.

After two months Construction 5: growth continued to spread in thick patches which 
emerged through ioints and interstices in the boards. Construction 6: 
re-growth from the back had continued along both sides of joists and 
onto the under sides of the floorboards, allowing growth to emerge 
through the joints. Growth had spread luxuriantly onto the back of 
the plaster, crossing the existing green mould (Trichoderma sp.) and 
vestiges of earlier colonising growth by S. lacrymans.

After three months Construction 5: growth underneath the boards was now extensive, 
with the mvcelium spreading to the upper faces. Construction 6: 
growth underneath the boards was now extensive; in addition, 
moderately large areas of the outward (upper) face of the boards and 
that of the plaster were covered by growth. Behind the plaster the 
fan-like spread of S. lacrymans continued, overgrowing the existing 
green mould. These last two constructions displayed noticeably 
more vigorous re-growth than those treated actively (2 and 4).

After four months Construction 5: active growth existed underneath the boards; flecks 
of powdery white mould were also evident. Growth was existent on 
the upper side of the boards; this extended onto the outward face of 
the plaster. Construction 6: active growth was evident at the back of 
the plaster, where it had formed an intricate network of strands 0.5- 
1.0mm in diameter. Effuse growth was present over most of the 
underside of the timbers, but became thicker on the left-hand side. 
The upper side of the boards was almost completely covered by 
active growth, along with some powdery mould; growth of S. 
lacrymans was present on the lower reaches of the plaster.

During early part of 
Passive Treatment II

Day 1 Almost no visual changes were noticed in the treated 
constructions, apart from flattening of the mycelium on the upper 
side of the boards. Day 3: the exposed mycelium turned mustard- 
yellow in places. Day 7: the mycelium in each treated construction 
possessed a flattened appearance, yet only localised discoloration 
was observed.

Observations made 
at end of Passive 
Treatment II

Construction 5: the existing latent or inactivated mvcelium was 
white with patches of olive-green discoloration. Construction 6: 
another fungus, identified as the wet rot Basidiomycete Fibroporia 
vaillantii, had spread over the underneath right-hand side as a thick 
white cushion of vegetative growth. The mycelium of S. lacrymans 
at the back of the plaster was inactive and stained olive-green at its 
limits.

Observations made 
during dismantling 
of the constructions

Construction 5: the undersides of the boards possessed stranded, 
white and mildly active growth; some intervening mycelium existed 
between the strands, especially around the joints in the material. 
Some of this growth was inactive, or latent, and discoloured olive-
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green, especially towards the sides.' The active mycelia in this 
construction was not as healthy as that found in the untreated 
controls, however. Evidence of marked softening and cracking - 
attributed to S. lacrymans - was seen on the timbers; a small amount 
of powdery whitish mould was seen in the vicinity. The outward 
face of the boards harboured dried, inactive fans of mycelial growth 
with some olive-green patches. Little growth of moulds was noted. 
On the joists thin, mildly-active growth was seen along the tops and 
sides, accompanied by powdery mould; some browned, inactive 
mycelia was also noted. The outward face of the plaster supported 
some discoloured and degraded mycelium, along with fine green 
mould; in addition, spots of black mould, probably Aspergillus sp., 
were found in one corner. The back face of the plaster held no 
mycelium. Construction 6: On the underside of the boards dried S. 
lacrymans, having brown and olive-green coloration, was seen. F. 
vaillantii, which was growing profusely on the right side of the 
construction, displayed voluminous white mycelium and vein-like 
stranding, thicker than that of S. lacrymans, with a ‘veil’ of 
intercalary mycelium. The moisture content of the timbers was far 
higher in zones of active growth than in others; this was a possible 
consequence of translocation. On the outward faces of the boards 
dried, inactive ‘fans’ of S. lacrymans were seen alongside mycelium 
of F. vaillantii that was growing through from beneath. No active S. 
lacrymans was seen; some of the existent mycelium was white, 
whereas other parts had an olive-green hue. F. vaillantii was 
particularly active in joints and interstices of the materials. 
Similarly, the joists were covered by F. vaillantii, with the colonised 
zones being visibly moist. The outward face of the plaster displayed 
no active growth of S. lacrymans, but some spots of yellow-green 
mould were seen. F. vaillantii grew luxuriantly in a fan-like manner 
over the back of the plaster. Some dried and inactive S. lacrymans 
was also present, this growth was partially obscured by aged and 
dried Trichoderma sp.________________________________________

Table 28: Constructions 7 and 8 (the untreated controls)
Phase of Test 

Observed
General Observations

The end of the initial 
period of 
colonisation

In both constructions the colonies of S. lacrymans were white and 
healthy, whether they existed on the inward- or the outward-facing 
surfaces of the materials.

Observations made 
during dismantling 
of the constructions

Construction 7: Some active, effuse growth of S. lacrvmans was 
present on the underside of the boards. Active growth was present in 
healthy white strands ramifying over the surfaces, especially in and 
around the joints. Degradation of older mycelium was evident on the 
walls of the chamber, as indicated by browning. White mould was 
also seen, as was noticeable decay of the timber. On the upper side 
of the boards active, healthy growth was seen towards the front, with 
some degradation of the older mycelium towards the back. White, 
healthy strands were also seen, along with moderately-thick sheets
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of active mycelium; obvious decay of the timber was also visible. 
Active, healthy, ramifying growth was present on the joists, both in 
form of strands and of healthy mycelium; noticeable decay was 
evident on the timber. The mycelium was degraded in places, 
however; whitish powdery mould was seen too. On the outward face 
of the plaster a white, healthy mycelial fan was seen, along with a 
little browned mycelium. Meanwhile, the back face of the plaster 
harboured white, healthy fans of mycelium with fine white stranding 
behind the growth margins. Construction 8: active mycelium was 
seen on the undersides of the boards; white and green moulds were 
also present. The condition of the upper sides of the boards was 
similar; both sides, however, displayed marked evidence of decay by 
S. lacrymans, especially that of softening and loss of density. On the 
joists stranding was degraded, with browned mycelium existing 
alongside whitish, globular mould; some green mould was also seen. 
The outward faces of the plaster displayed green mould coexisting 
beside active mycelium of S. lacrymans. Likewise, active mycelium 
on the back face of the plaster was forced to compete with globular 
whitish mould and granular green mould (both thought to be 
Trichoderma sp.). These moulds were unusually prevalent in 
Construction 8.

In summary, Constructions 1 and 3 did not display any re-growth of S. lacrymans after the 
first active treatment. Constructions 2 and 4 displayed re-growth after the first active 
treatment; however, the second active treatment, followed by slight passive ventilation, 
was sufficient to curtail further activity by S. lacrymans. Both Constructions 5 and 6 
displayed re-growth after their first (passive) treatment. After the application of the second 
passive treatment, however, only Construction 5 displayed re-growth of S. lacrymans; the 
other passively-treated model did not display re-growth, but harboured actively-growing F. 
vaillantii. The untreated controls, Constructions 7 and 8, displayed healthy growth of S. 
lacrymans on most of their components throughout the duration of the experiment. Plates 
22-28 represent some principal aspects of these studies.

Various micro-fungi colonised areas of the constructions in an indigenous manner that 
appeared to vary little vis-a-vis the treatments applied. In addition, less discoloration and 
degradation was seen on the mycelia of the passively-aerated constructions compared with 
those aerated actively.

(Plates 22-27 are shown overleaf)
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Plate 22: The system for aerating the models. The fans and the funnels are seen directing 
air under the flooring of the infected models, so that it exits via the opened flap at the top 
of each construction.

Plate 23: Construction 2 photographed at the start of the first fan drying treatment. A 
covering of healthy S. lacrym an s  can be seen over the whole back surface of the lath and 
plaster.
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Plate 24: Construction 2 photographed at the end of the second fan drying treatment. When 
a comparison is made with the preceding photograph, it can be seen how badly the 
covering of mycelium had become discoloured, shrivelled and degraded in response to the 
treatments.

Plate 25: Constructions 3 (right) and 4 (left) exhibiting severe discoloration of mycelial 
‘fans’ as a consequence of the first fan drying treatments. Severe discoloration of the 
prominent mycelial ‘fan’ in Construction 3 is evident. This photograph was taken as the 
antagonistic mould seen at the bottom of the plaster was beginning to gain prominence.
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Plate 26: Constructions 3 and 4 photographed just before the start of the first fan drying 
treatments. Fresh growth of S. la crym a n s  across the upper surfaces of the boards is in 
evidence. Growth of S. lacrym an s  on the plaster is disguised by the colour of the paint on 
its outward face.

Plate 27: Constructions 3 and 4 at the end of the first recovery period after the first fan 
drying treatments. An increase in the growth of moulds on the timbers, especially the joists 
is evident. Fresh growth of S. la crym a n s  is just visible at the front of the joists in the far 
model (Construction 4).
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6.2.4. Moisture levels in the constructions at the time of dismantling 
This section deals with the mean moisture content values for the timbers of the models; 
these data were collected while the constructions were being dismantled at the end of the 
respective treatment regimes (Table 24). Methods for this part of the chapter are provided 
in 2.4.1.

Fig. 38 represents the moisture levels on the upper sides of the boards immediately after the 
dismantling of the constructions. The boards were numbered in ascending order from the 
rear wall of each construction: three measurements were performed on each board, in the 
same manner as those of section 6.2.2. No great differences emerged between the mean 
moisture contents of the upper sides of the boards when each model was considered 
independently. However, some differences emerged between the mean moisture content 
values of the respective constructions. The controls (Constructions 7 and 8) possessed 
generally higher values than those of the other pairs of models. Accordingly, Constructions 
1 and 3 and Constructions 5 and 6 possessed similar values to each other; these were higher 
overall that those of Constructions 2 and 4. When the data were compared en m a sse , a fully 
nested analysis of variance showed there to be significant differences between the boards 
(p=0.001) and between the models (p=0).

Fig. 39 represents the moisture levels on the undersides of the boards after dismantling. 
With the exception of Construction 6, the controls (Construction 7 and 8) displayed higher 
values than those of the other pairs. Accordingly, Constructions 1 and 3 possessed similar 
values to those of Constructions 2 and 4. In the passively-treated models, however, 
Construction 5 displayed similar values to those of Constructions 1-4; however its partner, 
Construction 6, showed higher values than all of the others apart from the controls. When 
the data were compared en m asse , a fully nested analysis of variance showed there to be no 
significant differences between the boards (p=0.267); however, there were significant 
differences among the respective models (p=0.008).

Fig. 40 represents the moisture levels of the joists after dismantling; six pooled readings, 
taken from two respective faces, compose the mean values shown. Overall, larger 
differences between individual components and respective models were found. Again, the 
overall values for Constructions 1 and 3 were similar to those of Constructions 2 and 4. 
Though the levels in Construction 5 were similar to those of the actively-treated 
constructions (1-4), its partner, Construction 6, displayed a markedly higher reading on the
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sides of the left joist. Similarly, Construction 7 displayed markedly higher values on all but 
the tops of its joists, while the other control, Construction 8, displayed similar values to 
those of Constructions 1-5. Some scattered patches of very moist timber were encountered 
in Constructions 6 and 7, however. Generally, moisture levels were no higher than those on 
the undersides of the boards. One way analyses of variance (ANOVA) revealed significant 
differences among the values for moisture content on the tops of the joists in the respective 
models (F(7,40)=15.04; p=0), as well as among the values for the left-hand sides of the 
joists (F(7,40)=7.57; p=0) and among the values for the right-hand sides of the joists 
(F(7,40)=6.06; p=0).

6.2.5. Measurement of softening in the timber components due to fungal decay 
In this section, the results for the penetrative testing of timbers from the dismantled 
constructions are provided. Methods for this part of the chapter are provided in section
2.4.1. Softening of the timber was used as an index of decay; each test value represents the 
mean of 3 readings for penetration in mm, whereas each of the control values represents the 
mean of 12 replicate readings sampled randomly on the equivalent un-decayed surfaces.

Fig. 41 represents the mean values for the undersides of the boards. It could be seen that 
almost all of the mean test values were significantly higher than that of the control: 
softening by biodegradation was therefore implicated in the test pieces. In each of the 
constructions, the levels of softening in individual boards varied more in some 
constructions than in others. The greatest amounts of softening occurred in Constructions 
2, 3 and 6. Consequently, each pair of constructions, with the exception of the controls (7 
and 8), displayed more softening in one member than in the other. In general, no great 
differences were noted between the values of these pairs. Furthermore, Constructions 7 and 
8 displayed less softening than those that were treated actively or passively. When the data 
were compared en m asse , use of a general linear model showed there to be significant 
differences between the boards (p=0.036) and between the models (p=0.004).

Fig. 42 represents the mean values for the upper surfaces of the joists. In comparison with 
those for the undersides of the boards, less softening occurred in comparison with the 
control value. Only in Constructions 2 and 6 did a significantly greater amount of softening 
occur. In both instances the elevated decay occurred on only one joist. Furthermore, the 
relatively large standard deviation of these values indicated the presence of discrete zones 
or pockets of accentuated decay. Overall, the respective values from the constructions did
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not vary greatly from each other. Use of a fully nested analysis of variance showed there to 
be no significant differences between the respective values for the models (p=0.525); 
however, significant differences between the values for the joists were revealed (p=0.014).

(Figures 38-42 are shown overleaf)
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Figure 38: The moisture levels on the upper sides o f the boards immediately after 
dismantling. Each value represents the mean and the standard deviation for 3 pooled 
readings taken across the respective board.

Figure 39: The moisture levels on the undersides of the boards immediately after 
dismantling. Each value represents the mean and the standard deviation for 3 pooled 
readings taken across the respective board.
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Figure 40: The moisture levels on the joists immediately after dismantling. Each value 
represents the mean and the standard deviation for 6 pooled readings taken along the 
respective faces on both sides of the construction.

□  Board 1

□  Board 2

□  Board 3

□  Control

Figure 41: The use o f a penetrative tester to determine softening of the boards on then- 
undersides. Each value represents the mean and the standard deviation for 3 pooled 
readings from across the respective board; the control represents a pooled reading for 12 
values sampled randomly.
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Figure 42: The use of a penetrative tester to determine softening of the joists on their upper 
surfaces. Each value represents the mean and the standard deviation for 3 pooled readings 
taken along the respective joist; the control represents a pooled reading for 12 values 
sampled randomly.
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6.2.6. Screening the efficacy of indigenous moulds found to be antagonistic to S. lacrymans 
within the Type 2 constructions
This section relates to the outcomes of paired fungal interactions of a stock isolate of S. 
lacrymans against moulds found to be antagonistic to S. lacrymans during the Type 2 
modelling experiment (4 replicates of each combination). The methods are outlined in 
section 2.4.2. Two varieties of media were used: 2% MEA (2.1.1.) and solidified LNM 
(Appendix E). The outcomes of these interactions are represented photographically in 
Plates 29-31.

Axenic cultures serving as controls: over the 5-week incubation the plates of 2% MEA 
produced thick and healthy growth of S. lacrymans FPRL 12C, with some yellowing 
occurring on the older regions of colonies. Similarly, healthy white growth appeared on 
inoculated plates of LNM, with a tendency towards thin, fluffy and stranded growth from 
week 3 onwards. S. lacrymans from these cultures readily colonised fresh MEA after 
sampling at the end of the test. Axenic cultures of Incubator Fungus, Isolates 3a, 3b, 6, and 
T. harzianum 25 remained healthy throughout, on both 2% MEA and LNM respectively, 
with their conidiophores remaining viable and fresh in appearance. Mycelial growth and 
conidial formation of the moulds were less abundant on LNM, however.

Incubator Funzus (Penicillium sp.): Many separate colonies of this microfungus formed 
within a few days, but these gradually became overgrown by S. lacrymans, which adopted a 
predominantly sparse, stranded form in order to overgrow the mould on both media. S. 
lacrymans from these cultures retained its ability to colonise fresh MEA.

Isolate 3(a) (Trichoderma sp.): This isolate completely overgrew S. lacrymans when grown 
on MEA: conidia formed over almost the entire surfaces of the plates, an event 
accompanied by marked browning of S. lacrymans, along with dark brown staining of the 
underlying medium. This browning indicated the production of melanin. Accordingly, S. 
lacrymans was inhibited and putatively inactivated by Isolate 3(a). On LNM, however, 
fewer conidiophores formed and less browning of S. lacrymans was evident, but 
conidiophores of the mould appeared on the mycelia of S. lacrymans and some inhibition 
of the latter was recorded. Cores of S. lacrymans from both sets of cultures lost their ability 
to regenerate on fresh medium.
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Isolate 3(b) (Trichoderma sp.): The results were very similar to those described for Isolate 
3(a). Isolate 3(b) did, however, form conidia more abundantly on LNM than 3(a). Again, S. 
lacrymans from these cultures lost its ability to regenerate.

Isolate 6 (Trichoderma sp.): On MEA, abundant formation of conidia occurred all over the 
surfaces of the plates; this isolate also caused marked browning of S. lacrymans as well as 
a cessation of its growth. The results were therefore very similar to those displayed by 
Isolates 3(a) and 3(b). However, when grown on LNM, only a small amount of conidial 
formation occurred, accompanied by a slight impedance of S. lacrymans. Similarly, only a 
small amount of browning was seen on S. lacrymans, though some conidiophores of the 
mould formed on its mycelium. Where browning did occur, a dark brown liquid was 
exuded from aerial hyphae of S. lacrymans. One replicate displayed no discolouring of S. 
lacrymans'. there, S. lacrymans sent fine exploratory mycelia across its opponent as far as 
the opposing core of inoculum. S. lacrymans from each of the cultures lost its ability to 
regenerate.

Trichoderma harzianum 25 (stock isolate of known effectiveness against S. lacrymans): 
When grown on MEA, this microfungus caused S. lacrymans to be constrained. Abundant 
sporulation of T. harzianum occurred, mostly on its own side of the plate. Significantly, 
this antagonist invoked less browning on the mycelium of S. lacrymans than that caused by 
Isolates 3(a), 3(b) and 6 respectively. Again, the medium beneath the interaction was 
stained brown by putative melanisation. When grown on LNM, this isolate produced 
relatively few conidia; growth of S. lacrymans was impeded however, with its mycelium 
becoming very effuse and somewhat discoloured. S. lacrymans from these cultures lost its 
ability to regenerate.

(Plates 28-31 are shown overleaf)
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Plate 28: Construction 6 displaying the antagonistic mould growth that was isolated for 
subsequent testing. Some apparent parasitism or saprotrophic degradation of S. la crym a n s  
by the mould is evident on the mycelium of the former.

Plate 29: Outcomes of the paired interactions between S. la crym a n s  and Isolates 3(a) and 
3(b) on 2% MEA and LNM respectively. The upper core in each culture is that of S.
lacrym an s.
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Plate 30: Outcomes of the paired interactions between S. la crym a n s  and Isolate 6 and the 
Incubator Isolate on 2% MEA and LNM respectively. The upper core in each culture is 
that of S. lacrym an s.

Plate 31: Outcomes of the paired interactions between S. la crym a n s  and T. h arzian u m  25 
on 2% MEA and LNM as well as those of the axenic controls for S. la crym a n s. The upper 
core in each culture is that of S. lacrym ans.
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6.3. Discussion

6.3.1 The use of Type 2 models to assess the efficacy of environmental control treatments 
When adequately infected, the constructions were partially opened, as would be done in a 
building, then subjected to ventilation into the sub-floor spaces and behind the plaster. The 
Type 2 models may therefore be representatively treated by environmental means, i.e., by 
the removal of one of the floor boards followed by active or passive drying. In addition, the 
reservoir of moisture in each construction was maintained throughout the experiment in 
order to represent the treatment of a building that could not be completely dried, at least not 
in the short term, due to its awaiting repair and restoration. This situation is relatively 
common, even among buildings of cultural or architectural value; treatments that have the 
purpose of minimising the damage to such buildings by wood-degrading organisms have 
been termed ‘mothballing’. Environmental treatments are thought to have useful potential 
in such circumstances (Hutton, 1995; Score e t a l., 1998).

In comparison with the Type 2 models described in this chapter, the Type 1 models of 
Chapter 5 were subjected to less representative conditions of humidity during much of the 
experiment, due to their being held in sealed chambers during the stages of inoculation and 
recovery. Since the components of a building are not usually sealed hermetically in this 
manner, the Type 1 models were less representative of buildings than the Type 2 models. 
As such, the Type 1 models would constitute a more exacting test of the efficacy of the 
treatments than would occur in practice, due to their greater potential for the build-up of 
humidity.

Active Treatment II was similar to Active Treatment I, except that in the second instance 
passive environmental control was applied for 4 months subsequent to the treatment. This 
was applied by leaving the top of the cavity behind the plaster open in order to simulate the 
incorporation of an additional vent to aerate the space around joist ends and behind the 
plaster. It would then be possible to judge whether the presence of the vent would prevent 
the re-emergence of S. lacrym an s  when, judging from previous findings, short-term fan 
drying alone was not capable of inactivating S. lacrym an s  in such circumstances (Chapter
5). The lower fan speed was chosen to enable duplication of the test, since the higher speed 
was not found to be significantly more effective; furthermore, in a commercial treatment an 
effort would possibly be made to minimise the input of energy.
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When S. lacrymans in the passively-treated constructions had re-established itself fully, the 
models were partially opened as before, then passive drying by ambient humidity was 
applied for the longer period of 2 months, followed by a recovery period. The aim of this 
test was therefore to determine whether a simple treatment by ambient humidity alone, 
effected by opening flooring and plaster, would be effective if applied for a longer 
duration.

Both Active Treatment I and Passive Treatment I were found initially to cause a rapid loss 
of aerial volume of the mycelia along with discoloration, first to off-white, then to olive 
green and brown in places. The mycelia behind the plaster appeared to be less adversely 
affected than those under the boards; in addition, a cessation of growth was observed. All 
of these events therefore paralleled those of the treatments by fan drying that were 
described in Chapter 5. It was also significant that less discoloration was displayed by the 
mycelia of the passively-treated constructions compared with those that were treated 
actively. At the end of the treatments discoloration of S. lacrymans and formation of 
conidiophores by one or more species of Trichoderma were evident.

However, within one month of the constructions being re-sealed, active growth appeared in 
two of the four actively-treated models and in both of the passively-treated models. It was 
also noteworthy that this potential for re-growth appeared not to be related to the speed of 
the fans that were applied to the former set. In each of these pairs of constructions, one was 
more heavily infected by S. lacrymans than the other by the start of the first treatments; in 
this manner, variation in the amounts of colonisation balanced-out conveniently. It 
appeared as though the greater amount of mycelial biomass (inoculum potential) in the 
former replicate of each actively-dried set permitted the fungus to recover from the 
stressful treatments, whereas no recovery was exhibited by the less extensive infections. It 
is possible that the greater inoculum potential in the former helped to buffer the effects of 
the active treatment more effectively, as Bravery & Grant (1985) postulated for a different 
experiment. In the passively-treated constructions, the imposed stresses were not stringent 
enough to prevent either the lesser or the greater infection displaying a recrudescence of S. 
lacrymans.

Active treatment II followed by a low-level passive treatment sufficed to prevent a re- 
emergence of S. lacrymans in both models. In contrast, Passive Treatment II permitted 
slow, sparse re-growth to occur in one construction, whereas F. vaillantii took hold in the
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other, even during the course of the treatment itself. It was not clear whether F. vaillantii 
caused a suppression of S. lacrymcins or not, since the latter remained inactive throughout 
the recovery period. The wet rot fungus, F. vaillantii, thus appeared to be more tolerant of 
the lowered humidity present during the passive treatment than S. lacrymans was, since the 
latter did not ever exhibit any activity during the course of the treatments.

The finding that active growth of S. lacrymans persisted in one of the passively-treated 
constructions indicated that the passive treatments, unlike the active treatments, could not 
be relied upon to inactivate S. lacrymans, even when they were applied for a protracted 
duration. Furthermore, the insidious nature of the dry rot fungus dictates that even this slow 
re-emergence of growth carried the potential to spread and to destroy timber. Although S. 
lacrymans was inactivated in the other model, F. vaillantii obviously constituted another - 
possibly more serious - threat to the timbers in these circumstances.

In all the constructions treated actively by fan drying and in those treated passively by 
ambient humidity, the treatments caused the growth of S. lacrymans to cease in all visible 
parts of the constructions, resulting in a partial or complete loss of aerial volume of the 
mycelia, accompanied by its discoloration. It appears to be significant that these symptoms 
were less marked - both above and below the flooring - when ambient humidity alone was 
applied. This finding, which agrees with the results for fungal activity, may provide an 
indication of the relative severities of the two treatments. In addition, pronounced stranding 
was seen on the more aged parts of the mycelia and on the back of the plaster as an 
apparent consequence of the treatments. Also, the timber displayed softening and incipient 
cracking through fungal decay, but was not severely deformed in the treated models nor in 
those serving as controls.

The untreated controls retained active growth throughout the programme; they could 
therefore be used to prove that the active and passive treatments did have negative effects 
on the activities of S. lacrymans. However, these controls displayed a similar amount of 
colonisation by indigenous moulds compared with the treated models; this finding would 
suggest a) that the presence of moulds was not necessarily a consequence of the treatments 
themselves and b) that the inhibition and inactivation of S. lacrymans in the treated 
constructions could not be directly attributed to the moulds. Furthermore, similar colonies 
of moulds were existent in constructions displaying active growth of S. lacrymans and in 
those displaying none. Nevertheless, common saprophytic moulds such as Trichoderma

181



spp., Penicillium spp. and Aspergillus spp. usually do not decay wood per se. However, 
they may utilise some non-lignocellulosic constituents as well as components of wood 
hydrolysed by other fungi, and may, along with some bacteria, affect the permeability of 
cut wood (Rayner & Boddy, 1988).

It was also noted that all of the drying treatments effectively lowered the moisture content 
of the upper surfaces of the boards to safe levels (Anon, 1970; Hennebert et al., 1990) 
relatively quickly, despite the proximity of the moisture ‘reservoir’ to these materials. The 
moisture levels were also seen to rise gradually as the recovery periods of high humidity 
were imposed. It would have been more useful, however, to have assessed the moisture 
levels of the timber along the joists, but these were not accessible. However measurements 
effected on the exposed parts of the joists during the treatments (data not shown) indicated 
that drying also occurred on them.

Overall, relatively few marked differences were evident amongst the mean values of 
moisture content recorded at the end of the experiments. In each construction, at least some 
of the timbers had a moisture content of within 20-40% - the range that should favour 
growth and decay by S. lacrymans (Hennebert et al., 1990; Jennings & Bravery, 1991); this 
finding would suggest that inactive S. lacrymans that was present on these timbers had 
become non-viable. As would be expected, the moisture content of the timber increased 
with greater proximity to the reservoir of free water and with more complete containment 
within the sub-floor space. It was also clear that the upper surfaces of the boards would 
tend to facilitate the evaporation of moisture into the atmosphere, as would occur in a 
building.

It appeared to be significant that the controls, which had not been subjected to periods of 
drying, displayed higher levels of moisture than the other constructions. However, there 
appeared to be no discernible relationship between the treatments imposed on the latter and 
the respective levels of moisture in their timbers. Additionally, the variable moisture levels 
seen in Constructions 6, 7 and 8 indicated localised areas of high moisture; it may thus be 
significant these were the only constructions to display large amounts of active mycelium 
at the end of the tests. It is possible, however, that translocation of water by active mycelial 
growth may have contributed to localised zones of moistening. Not surprisingly, the wet rot 
fungus F. vaillantii in Construction 6 appeared to thrive in the comparatively damp 
conditions, even though it was not clear why this fungus was absent from the controls,
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which displayed similar moistening, unless its spores entered during one of the periods of 
treatment.

It was perhaps surprising that the untreated controls, did not display a significantly larger 
amount of decay-induced softening compared with the treated models. However, it was 
possible that the more favourable conditions present in the controls permitted the mycelia 
to spread and to degrade timber more widely, instead of concentrating their activities in 
restricted areas. Nevertheless, the availability of degradable timber along with the retention 
of active S. la crym a n s  in the controls by the end of the experiments indicated that each of 
the models had the potential to sustain active growth and decay throughout the duration of 
the tests. Consequently, the inhibition and inactivation of S. la crym a n s  seen in most of the 
treated constructions could be attributed to the environmental conditions to which they 
were deliberately exposed, rather than to any exhaustion of resources. A similar conclusion 
was derived from the Type 1 models of Chapter 5.

The upper surfaces of the boards were not tested for softening by decay, since these 
surfaces had been lightly damaged by the probes of the moisture meter. Due to the 
variability in hardness that was displayed by the annual growth rings on the sides of the 
joists, these faces were not tested. In contrast, the upper face, like that of the boards, was 
formed by a tangential section of timber. Accordingly, the hardness of this surface was far 
more consistent, as was reflected by the negligible standard deviation of the mean value 
obtained from the non-infected control. It was perhaps significant that the floorboards were 
more readily softened by the action of fungal decay than were the joists. A probable 
explanation could be that the comparative thinness of the boards made them more 
susceptible to penetration by hyphae than the bulkier joists, which had a smaller surface- 
area-to-volume ratio. The joists also appeared to be protected by their being more resinous 
and lignified than the boards.

Overall, no clear relationship could be discovered between the amount of decay-induced 
softening observed and the treatments imposed upon the constructions. It was possible that 
the accuracy of this form of penetrative testing was limited by the practical difficulty or 
impossibility of fully taking into account heterogeneities in the distribution of decay- 
induced softening. In pragmatic terms, however, these estimations of decay were subsidiary 
to the physiological and morphogenic responses of S. la crym a n s  during the treatments.
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In relatively complex and heterogeneous fungal growth chambers such as these it is often 
difficult to ensure rigorous experimental uniformity, such as would be provided by 
traditional mycological experiments carried out on artificial media in small vessels. A 
compromise therefore had to be struck between the representativeness of the experiment 
and its amenability to replication and to parallel testing of defined experimental variables. 
However, despite such technical challenges it was clear that these trials were 
experimentally valid.

6.3.2. Degradation of fungal mycelia
Much degeneration of the mycelia was evident in the constructions. It was not always 
possible to differentiate between degradation that was provoked by the treatments, that 
possibly caused by moulds and that due to natural ageing of the colonies, since the mycelia 
in the controls were also affected in places. The ageing of a hypha is influenced by a range 
of internal and external factors; these are determined by its position within a colony, its 
physiological age and environmental factors (Isaac, 1996b). In addition, Cowling & Merrill 
(1965) suggested that wood-decaying fungi may conserve nitrogen by the re-utilisation of 
nitrogenous products of autolysis.

Fungal senescence is typically characterised by an increase in the frequency of septa, 
retarded nuclear division and an increase in vacuolation. These events are followed by a 
cessation of the production of RNA and proteins, the breakdown of nucleic acid and 
leakage of the cell membrane. Finally the release of degradative enzymes leads to autolytic 
digestion, including that of the cell wall. Significantly, various constituents, especially 
nitrogenous compounds, may be re-cycled by the fungus (Watkinson, 1984; Cooke & 
Whipps, 1993; Isaac, 1996b).

In higher fungi, dolipore septa play an important role in the process of hyphal degradation. 
As hyphae age or become stressed the septa may become occluded; consequently the 
cellular compartment ceases to contribute to the active growth of the mycelium and no 
longer benefits from the translocation of nutrients. The hyphal compartment is then no 
longer buffered from its local environment and has passed a point of no return (Isaac, 
1996b).
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A further process, known as coagulation autolysis, may also be prevalent in bacteria and 
fungi in response to age and possibly to environmental stresses (Zaslavskaya et aL, 1992). 
This phenomenon is characterised by an impairment of the cell membrane, followed by a 
coagulation of the cytoplasm. It is thought that the accompanying production of coagulase 
and peptidohydrolases promotes autolysis of cells that are not active enough to compete 
with those that are fresher and more vigorous.

6.3.3. Moisture, aeration and fungal colonisation
As was discussed in Chapter 5, fungal differentiation appears to be influenced by 
environmental conditions (Watkinson, 1984; Cooke & Whipps, 1993). In the Type 2 
models, the most obvious manifestation of these events was the production of fungal 
strands. This ability to change structural form according to environmental signals is critical 
to the survival of many higher fungi; furthermore, this characteristic may give them an 
ecological advantage over the microfungi or moulds (Jennings, 1991a; Cooke & Whipps, 
1993; Klein, 1996). It has also been hypothesised that water relations play an important 
part in the organisation and integration of higher fungi, especially those that spread 
extensively by the aid of strands (Jennings, 1991a). More conclusively, it has been shown 
that the development of some mycelial systems may be a response to other organisms. Soil- 
inhabiting fungi sometimes produce pigmentation, dense mycelial networks, mycelial fans 
and strands in response to competitors. Diffusible substances from both self and non-self 
appear to have inducing effects on these formations, as do the production of metabolic 
inhibitors (Rayner et al., 1994; Klein, 1996). All of these factors may therefore have 
influenced the similar behaviour of S. lacrymans in the Type 1 and 2 models.

Special attention must be drawn to a paper that partially inspired the Type 2 models, one 
that tested the reduction of dampness and the increase of ventilation as a preventive 
measure against S. lacrymans (Findlay, 1937); nevertheless, it did not report the use of 
environmental treatments on established infections. Findlay found that unless a full-scale 
modelled floor were supplied with natural ventilation, via vents and the avoidance of 
humidity-trapping zones along with damp-proofing measures, the growth of S. lacrymans 
from pre-infected timber spread abundantly. In that model the timbers moistened to 
between 20 and 50%, conditions that also promoted the natural growth of wet rot in the 
form of Coniophora puteana. In contrast, when a modelled floor was subjected to natural 
ventilation from vents, aided by honey-combed sleeper walls, damp proofing and a 
concrete under-site, the inocula of S. lacrymans merely shrivelled. Furthermore, the
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timbers, all of which remained below the 20% moisture level, remained free from all 
colonisation.

However, when Findlay’s results were compared with those of this chapter it was seen that 
the conditions required in the latter to inactivate an established infection were more 
exacting (e.g., the requirement for fan-drying) than those sufficient to prevent colonisation 
in his model. However, those in this chapter constituted a more exacting test since they 
simulated the reservoir of moisture that is often inevitable in susceptible buildings. There is 
also the problem of Findlay’s simultaneous use of more than one experimental variable 
obscuring the relationship between ventilation and preservation p e r  se . In addition, it may 
prove difficult or impossible for owners to adapt old buildings to modern standards of 
building practice - a matter not discussed in his paper.

It is noteworthy, too, that despite recommending good building practices, Findlay (1937) 
still advocated the use of chemical treatments on vulnerable building timbers, a policy 
shared by later authorities such as Coggins (1980) and Anon. (1985). However, if a 
remedial treatment were successfully effected by environmental control, it seems likely that 
the maintenance of dry, ventilated conditions should prevent further infection (Lloyd & 
Singh, 1994). In addition, recent innovations may be used to augment natural ventilation 
and drying in an inconspicuous manner. Examples of these devices include vented moisture 
sinks embedded into exterior walls, external slit-type vents (to aerate ceiling/floor spaces), 
galvanised joist hangers and vented roof tiles/ridge sections (Richardson, 1995).

Dry rot is most often found at the ends of joists and in wall plates embedded in damp walls 
in which drying of the stonework may proceed very slowly, even if the source of water 
ingress can be removed. A large ‘reservoir’ may therefore be sustained, from which S. 
la crym a n s  and other strand-forming fungi may draw water by the process of translocation 
(Findlay & Savory, 1960; Jennings, 1995; Maxwell, 1995). Floors and walls containing 
timber are always particularly susceptible to dry rot (Paajanen & Viitanen, 1989), hence 
their simulation in this project. However the moisture content within sections of timber 
may be higher than at their surface; their moisture contents may also vary according to their 
distance from a damp wall. Values of moisture content above 20% indicate high humidity 
and/or the penetration of water: they are thus a cause for concern, since dry or wet rot may 
ensue (Anon., 1970; Lloyd & Singh, 1994). Ventilation represents the most efficient 
method for drying structures. This remedy is most often applied by opening floors to
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expose as much of the timber as possible to aeration. Hidden timber such as that embedded 
in walls and behind plaster is often difficult to ventilate and to inspect. However if severe 
decay or moistening occurs (e.g., after fire-fighting) decorative panels may have to be 
stripped away. Heating and mechanical dehumidification may also have to be applied in 
order to speed up the evaporation from materials (Richardson, 1995).

6.3.4. Fibrovoria vaillantii
The Basidiomycete Fibroporia vaillantii (formerly Poria vaporaria or Poria vaillantii) 
belongs to the order Poriales and is their most common species in buildings. It is known for 
its ability to decay wood severely as a brown rot fungus (1.1.4.), leaving the timber lighter 
in colour than S. lacrymans does and with less pronounced cracking. Being a wet rot 
fungus, it is reputed to have a preference or requirement for timber that is more damp than 
that usually attacked by S. lacrymans (Anon., 1989; Hennebert et al., 1990). This finding 
was evident in Construction 6 of the present experiment. In addition, unlike S. lacrymans, 
it rarely produces sporophores in buildings and does not discolour readily. Since F. 
vaillantii does not produce strands that are as well-developed as those of S. lacrymans, it 
does not spread as readily and can usually be treated more easily (Findlay & Savory, 1960; 
Coggins, 1980). Nevertheless, it was not clear whether the spores (from which this fungus 
presumably resulted) settled on the joists during the course of the experiments or whether 
they were already present on the affected timber. In any case the conditions within 
Construction 6 were not thought to be greatly different from those of some of the other 
models, especially the untreated controls.

6.3.5. Growth of moulds on building materials
In two surveys on the occurrence of fungal damage in Finnish buildings between 1978 and 
1988, moulds were found to be implicated in 8.9% and 8.2% of the cases respectively; 
however S. lacrymans remained the most significant agent of decay, being present at 59.0% 
and 43.4% of the sites (Paajanen & Viitanen, 1989). The effects of indigenous moulds in 
the Type 2 models may be compared with the experiences of other authors. When S. 
lacrymans was grown over ground brick by Bravery & Grant (1985), the fungus tolerated 
Trichoderma viride, a finding that led the authors that believe that an apparent insensitivity 
to the antibiotics of moulds may facilitate the colonisation of damp masonry by S. 
lacrymans. In contrast, indigenous moulds caused Thornton & Johnson (1986) to abandon 
their experimentation on S. lacrymans within a simulated wall cavity. Subsequently,
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however, the use of Trichoderma spp. has been proposed as a biological treatment against 
dry rot (Score et al. 1998); this matter is discussed further in 6.3.7.

As was seen in the Type 2 models, sporulating microfungi have less exacting requirements 
for moisture than S. lacrymans, whose group, the wood-decaying Basidiomycetes, is 
among the most sensitive to water stress, producing little growth below a water potential of 
-2MPa, compared with -10 to -15MPa for Deuteromycetes such as Trichoderma spp. 
(Griffin, 1981).

It is important to note that if the conditions within treated buildings permit the growth of 
moulds, as was noted in all of the Type 2 models, such organisms may be harmful to 
human health. In addition, the microbial content of air may be significantly higher and 
more variable in a naturally-ventilated building compared with an air-conditioned one 
(Parat et al., 1997). Elevated levels of conidia from moulds may cause asthmatic disease 
and can induce illness by reacting with the immune system (Bech-Andersen, 1995). 
Furthermore, mycotoxins produced by many common moulds may pose a grave and 
manifold threat to human health through their being inhaled or ingested, especially in 
water-damaged buildings (Hintikka & Nikulin, 1998; Sudakin, 1998). However, Nielsen et 
al. (1998) found that isolates of Trichoderma spp. grown on building materials tested 
negative for a range of mycotoxins. In addition, volatile organic compounds (mVOC’s) 
from moulds may provoke health problems and irritation in human beings (Bech-Andersen, 
1995).

6.3.6. A discussion of some technical difficulties encountered during the Type 2 modelling 
Unavoidably, the spatial configuration of the models, their internal conformation and the 
restrictions of the working area in the basement caused photography to be problematical 
during the course of the experiments. This situation was compounded by the fact that the 
constructions could not be moved without risk of fracture to the bonded joints of their 
shells. Full-scale models of simulated buildings that were constructed as a later 
development of these studies possess the advantage of being more amenable to viewing, 
photography and monitoring electronically, including the use of probes in situ (D. Smith, 
personal communication).

A staining protocol for testing the viability of S. lacrymans microscopically (after Koch et 
al., 1989) was tested on mycelial samples removed from the Type 2 models, albeit without
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any success. Those authors claimed that their method (involving Janus Green B, KOH and 
Safranine) could be used reliably on sections of infected timber cut by means of a 
microtome. In any case, the use of viability staining is subject to certain limitations, 
especially the possibility of misleading results (Sumner, 1988). In addition, there were too 
many contaminating spores present to allow mycelial viability to be assessed by means of 
culturing on artificial media.

6.3.7. The antagonistic capacities of moulds isolated from the Type 2 models 
Isolates 3(a), 3(b) and 6, which were isolated from the Type II models, were antagonistic to 
S. lacrymans in the agar-based screening test, as indicated by inhibition of its growth, 
possible parasitism of its mycelia and the causing of putative melanisation both on mycelia 
and of the media. These isolates of Trichoderma spp. proved to be at least as effective as T. 
harzianum 25, the isolate found to be the most effective against S. lacrymans in a similar 
screening test reported by Score & Palfreyman (1994). However, it was found that the 
hyphal growth and formation of conidia by Isolates 3(a), 3(b), 6 and T. harzianum 25 were 
less profuse on the low nutrient (minimal) medium, a finding that appeared to be related to 
a slightly lesser antagonism towards S. lacrymans on that medium. The present results 
therefore corroborated those of Score & Palfreyman (1994) and Score et al. (1998). 
Furthermore, such interactions were found by Score et al. (1997) to stimulate the 
production of extracellular phenoloxidase and peroxidase. These enzymes have been linked 
to the production of anti-fungal compounds and apparent adaptations of higher fungi to the 
presence of microbial antagonists and competitors (Li, 1981; Rayner et al., 1994).

The low nutrient medium represents the nutritional content of timber far more closely than 
malt extract agar does, especially with regard to the C:N ratio (Srinivasan et al., 1992; 
Score & Palfreyman, 1994). The technique of cross-plating fungal isolates has been used 
by many other workers to investigate ecological relationships or antagonism between fungi: 
such a test is useful for rapid preliminary screening, as was required in this instance. 
However, more comprehensive and representative tests for the efficacy of microfungi 
against wood decaying Basidiomycetes, including S. lacrymans, have been developed (Doi 
& Yamada, 1991; Doi et al., 1994, Tucker et al., 1997; Canessa & Morrell, 1997; Score et 
al., 1998); these studies report the efficacy of Trichoderma spp. in systems containing 
timber. Score et al. (1998) concluded that species of Trichoderma may be effective 
combatants of S. lacrymans when used as pre-treatments, but that their usefulness against 
existent mycelium on timber was limited. Nevertheless, there are always inherent problems
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involved when data from laboratory-based experiments are used to predict the effectiveness 
of biocontrol or bioprotective agents in the field (Freitag et al., 1991).

Later in the Type 2 modelling experiments it became evident that the antagonism that 
Isolates 3(a), 3(b) and 6 displayed on artificial media was contrasted by their failure to 
constrain actively-growing S. lacrymans when the former were growing indigenously. In 
some instances reinvigorated S. lacrymans grew over the mould with impunity, despite the 
latter having been a putative antagonist during the first treatments. Hence, it appeared as 
though the effectiveness of the antagonists varied according to the vigour of S. lacrymans, 
as well as the prevailing environmental conditions, especially humidity. These strains of 
Trichoderma spp. appeared to affect S. lacrymans in an opportunistic manner when the 
latter was relatively inactive and disfavoured by environmental conditions: antagonism by 
these moulds therefore appears to be a differential response.

The formation of brown pigmentation on the mycelia of S. lacrymans was likely to be 
caused by the production of melanins or related compounds, as was the brown coloration 
deposited in the media (Rizzo et al., 1992). A similar pigmentation was observed on S. 
lacrymans within the Type 2 models and on that of some of the earlier experiments 
(Chapters 4 and 5). Melanins are dark brown or black pigments, polymers of phenolic 
metabolites, that occur in many organisms as secondary metabolites; these compounds may 
enhance survival and competitiveness (Bell & Wheeler, 1986). Accordingly, the 
importance of melanins to the survival and longevity of hyphae, spores, conidia and 
sclerotia has long been recognised (Lockwood, 1960; Sussman, 1968). Melanins and 
related polymers therefore confer mechanical strength to cell walls and cellular resistance 
to desiccation, ultraviolet light and solar radiation. Fungal melanins also impart resistance 
to microbial attack, especially by circumventing the action of lytic enzymes (Bell & 
Wheeler, 1986; Gooday, 1995).

Two forms of melanisation occur in mycological experiments such as those of this chapter: 
that of wall bound melanins, which colour the hyphae, and second that of heterogeneous 
melanins which may be secreted into an aqueous medium. Hyphal walls of melanised fungi 
contain electron-dense granules that are indicative of melanins. Though these compounds 
are not usually found in the fungal cytoplasm, it has been suggested that a cytoplasmic 
organelle may form precursors of melanins, which may then be passed to the cell wall in 
order to be oxidised to melanins (Bell & Wheeler, 1986). The second type of melanins are
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frequently secreted into culture media by saprophytic fungi, typically in response to biotic 
stress or ageing. In addition, their composition may differ from that of the wall-bound type 
(Saiz-Jimenez e t a l., 1979; Martin & Haider, 1980).

With regard to the putative inactivation of S. la crym a n s  by isolates of T rich o d erm a  during 
the screening, it must be stated that the test for re-growth of S. la c ry m a n s  could not 
differentiate conclusively between its loss of viability p e r  se  and its being out-competed by 
the rapidly-growing T rich oderm a  spp. In an ecological sense the latter is said to be r- 
selected; that is, it is characterised by a pre-emptive strike on nutrients, then very rapid 
growth that is quickly superseded by the production of reproductive structures. In contrast, 
wood-decaying Basidiomycetes are usually characterised by their longevity and their 
gradual, more comprehensive use of resources, a strategy that would be termed /^-selected 
(Rayner & Boddy, 1988; Carlile & Watkinson, 1994).
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C hapter 7

A nalys is  o f the Levels  o f T rehalose  

and Som e O th er M etab o lites  W ith in  M y c e lia  
Subjected to A ir  D ry in g
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7.1. Introduction

In this chapter intrahyphal levels of certain sugars and polyols whose production and 
mobilisation have been linked to physiological stress in micro-organisms were monitored, 
both in stressed and in unstressed cultures. These intracellular solutes, which include 
trehalose, glycerol, mannitol, arabitol and sucrose, are thought to confer resistance to 
fungal cells so that their tolerances of stresses such as those of osmotic potential, 
desiccation, and mild heating are increased. Reports of work performed on yeast, 
microfungi and other organisms indicate that these compounds can raise intracellular 
osmotic potential as well as stabilise membranes and proteins; in doing so they incur a 
minimal disruption to normal cellular activities (Van Laere, 1989; Jennings & Burke, 1990; 
Wiemken, 1990; Blomburg & Adler, 1992; Jennings, 1995). Furthermore, comparatively 
few studies on the presence of these compounds in Basidiomycetes have been reported to 
date.

Trehalose is a disaccharide that exists in many prokaryotes and fungi, as well as in some 
plants and animals. It is also thought to be one of the most important and prevalent 
carbohydrates in S. la crym a n s  (Brownlee & Jennings, 1981a). Drying is a common 
environmental stress, one that has a marked influence on the production and distribution of 
fungal biomass. It has been discovered, however, that some organisms that survive in arid 
environments accumulate large amounts of trehalose as a putative defence against 
dehydration. A classic example is the resurrection plant, S e la g in e lla  le p id o p h y lla , which 
resumes its activities after seasonal dehydration in the desert. Fungal resting structures such 
as conidia, spores and sclerotia also accumulate trehalose. Some of these organisms and 
structures have been found to increase their internal levels of trehalose to 20% of their dry 
weights or more, presumably to prepare themselves for the rigours of low ambient 
humidity and elevated temperature. Although many questions remain to be answered, the 
circumstantial evidence linking trehalose with biological tolerance of desiccation and 
lowered water potential appears to be sound. Many biologists and biotechnologists are 
therefore interested in the protective characteristics of trehalose, both in v iv o  and in v itro  
(Van Laere, 1989; Weimken, 1990; Colaqo e t a l., 1992; Newman e t a l ,  1993; Hallsworth 
& Magan, 1995; Teixido e t a l., 1998; Singer & Lindquist, 1998).

The dry rot fungus can survive mycelial drying for certain durations (Findlay, 1950; 
Findlay & Badcock, 1954; Low e t a l., 1997; 1999; Chapters 4,5 and 6). In light of the
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earlier findings of this project, it seemed logical to determine whether S. la c rym a n s  also 
alters its levels of trehalose and related solutes as a possible defence against the stress of 
drying. This matter had not been investigated in wood-decaying fungi before. In addition, a 
compound that could possibly serve as a physiological indicator of stress was sought; 
namely, one that could be related to the effectiveness of drying treatments. Since mycelial 
samples could not be removed from the Type 2 models (Chapter 6) without compromising 
that experiment, the drying treatments were simulated in a more reproducible and 
practicable manner by means of a novel modelled system. The resulting intrahyphal solutes 
were assayed by the technique of high performance liquid chromatography (HPLC).

The specific objectives of this chapter were

• To assay the levels of trehalose and other intracellular solutes within cultures of S. 
la crym a n s  in order to investigate possible adaptations to the stress of air drying

• To determine whether any of the detected compounds could possibly be used as an 
indicator or marker of drying-induced stress in S. lacrym an s

7.2. Results

7.2.1. Results for the short-term application of the treatments
During the treatment programmes, the ambient conditions consisted of a mean temperature
of 20.52°C (stdev. 1.01) and a mean relative humidity value of 65.94% (stdev. 3.80). The 
cultures in each treatment programme (both durations) were sampled in quadruplicate then 
each was assayed by HPLC as indicated in sections 2.5.1. to 2.5.3. The environmental 
treatments are outlined in the following table.

Table 29: A description of the treatment regimes applied to the cultures
Treatment Description of Process

1 The colonies were left with their lids on in a metal box stored in the same 
conditions as the others were. These cultures served as untreated controls.

2 The plates holding the colonies were drained of medium, which was replaced by a 
rinsing solution of de-ionised water, then drained; the plates holding the colonies 
were then air-dried with the lids removed.

3 The colonies were treated in the same manner as those of 2, except that they were 
left suspended in de-ionised water during the treatment by air drying.

4 The colonies remained in the original medium, with the lids removed during the 
treatment by air drying.
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In order to determine the percentage contribution that each detected solute made to the dry 
biomass of the sample (w/w), the data from the chart recorder (in mg/ml) were related to 
the dry biomass of the sample (in mg) and the volume of water added (in ml). The means 
values for the levels of trehalose, glucose, arabitol and sucrose (4 replicates of each) during 
the respective treatments are shown in Figs. 43-50. No solutes other than these were 
detected. Due to a lack of normal distribution in some of the data sets used to form each of 
the figures, no analysis of variance was performed on the data from this chapter.

Fig. 43 shows the levels of solutes when the cultures were rinsed, re-suspended in water 
then air dried over 4.5 days. The levels of trehalose fell quite steadily throughout, ending 
much lower than at the start. In contrast, levels of glucose halved over the first day or so, 
then decreased only very gradually. Those of arabitol remained around the same low level 
throughout, as did those of sucrose.

Fig. 44 shows the levels of selected intracellular solutes when cultures were rinsed, 
drained, then air dried for 4.5 days. Levels of trehalose were seen to fall rapidly, then to 
undulate around the lower level. In contrast, levels of glucose undulated widely around the 
original level throughout. The levels of arabitol commenced at a negligible level then 
increased gradually over the first 1.5 days, then undulated around this level For sucrose, 
however, the levels remained negligible throughout the duration.

Fig. 45 shows the levels of intracellular solutes when cultures were air dried in medium for
4.5 days. The levels of trehalose began at their usual level, then decreased during the first 
day to remain around the initial level. Glucose levels started high then undulated around 
that level, finally displaying an apparent upward trend towards the end of the treatment. 
The level of arabitol began around the same level as that of trehalose, then undulated 
around the same level for the remainder of the treatment. In contrast, sucrose displayed 
negligible levels throughout.

Fig. 46 shows the levels of intracellular solutes when the cultures were left untreated in 
medium over 4.5 days. The curve for trehalose began at its usual level then undulated 
around that mark in two sweeping arcs. Levels of glucose started out higher than those of 
trehalose then undulated abruptly around the original level. In contrast, levels of arabitol 
started near zero then gradually increased to reach an apparently steady, albeit low, level.
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Again the levels of sucrose started off negligible, only to increase transiently to a low level 
around the third day.

(Figures 43-46 are shown overleaf)
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Figure 43: The levels of selected intracellular solutes when cultures were rinsed, re
suspended in water, then air dried over 4.5 days. Mean values and standard deviations for 4 
replicate cultures are plotted respectively.
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Figure 44: The levels of selected intracellular solutes when cultures were rinsed, drained,
then air dried over 4.5 days. Mean values and standard deviations for 4 replicate cultures
are plotted respectively.
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Figure 45: The levels of selected intracellular solutes when cultures were air dried in 
medium over 4.5 days. Mean values and standard deviations for 4 replicate cultures are 
plotted respectively.

D u ra tio n  o f  R eg im e  in Days

Figure 46: The levels of selected intracellular solutes when cultures were left untreated in
medium over 4.5 days. Mean values and standard deviations for 4 replicate cultures are
plotted respectively.
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7.2.2. Results for the longer-term application of the treatments
Fig. 47 shows the levels of selected intracellular solutes when the cultures were rinsed, re
suspended in water, then air dried for up to 3 weeks. The levels of both trehalose and 
glucose fell abruptly during the first week; those of trehalose then pursued a gradual 
descent, whereas those of glucose undulated around very low levels. Conversely, the values 
of arabitol began low then decreased almost imperceptibly to reach a negligible level. 
Similarly, the values of sucrose remained around zero throughout the duration.

Fig. 48 shows the levels of intracellular solutes when cultures were rinsed, drained, then air 
dried over the course of 3 weeks. The levels of trehalose and glucose decreased abruptly 
during the first week to reach very low levels, at which they stayed during the remainder of 
the duration. In contrast, levels of both arabitol and sucrose remained negligible 
throughout.

Fig. 49 shows the levels of selected intracellular solutes when cultures were air dried in 
medium over the course of 3 weeks. Levels of trehalose began at their usual levels and then 
decreased gradually over the course of the treatment. The levels of glucose followed the 
same pattern, albeit at a higher concentration throughout. In contrast, the levels of arabitol 
commenced at zero and increased gradually thereafter. Once again, the levels of sucrose 
remained negligible throughout.

Fig. 50 shows the levels of intracellular solutes when cultures were left untreated in 
medium throughout the duration of the other treatments. The levels of trehalose decreased 
gradually throughout the duration, whereas the levels of glucose remained high, not varying 
much from that level. Meanwhile, levels of arabitol and sucrose remained around zero.

The mycelium in the control sets was undegraded throughout the experiment. However, the 
air-dried cultures residing within liquid displayed slight browning only, like that seen on 
the mycelia in the Type 2 models (Chapter 6). In contrast, the cultures that were dried 
without liquid for up to 3 weeks displayed marked discoloration and some incipient 
degradation.

(Figures 47-50 are shown overleaf)
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Figure 47: The levels of selected intracellular solutes when cultures were rinsed, re
suspended in water, then air dried for up to 3 weeks. Mean values and standard deviations 
for 4 replicate cultures are plotted respectively.
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Figure 48: The levels of selected intracellular solutes when cultures were rinsed, drained,
then air dried for up to 3 weeks. Mean values and standard deviations for 4 replicate
cultures are plotted respectively.
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Figure 49: The levels of selected intracellular solutes when cultures were air dried in 
medium for up to 3 weeks. Mean values and standard deviations for 4 replicate cultures are 
plotted respectively.

D u ra tio n  o f  R eg im e  in W eeks

Figure 50: The levels of selected intracellular solutes when cultures were left untreated in
medium for up to 3 weeks. Mean values and standard deviations for 4 replicate cultures are
plotted respectively.

201



7.3. Discussion

7.3.1. A discussion of the observed results
It could be clearly seen from Figs. 43-50 that the overall trend for the levels of trehalose 
was downward, no matter how the treatment was applied or which duration was being 
tested. The untreated controls for each duration exhibited the same trend. Thus, there was 
seen to be no stock piling of trehalose as an apparent stress protectant; on the contrary, 
trehalose appeared to be depleted as though it were a reserve compound. Trehalose 
therefore did not appear to accumulate as a protective adaptation to air drying. The 
response was therefore very different from the elevated levels of trehalose found in 
recognised anhydrobiotic organisms, such as the resurrection plant (,S e la g in e lla  
le p id o p h y lla ), cysts of the brine shrimp (A rtem ia  sa lin a ) and baker’s yeast (S a c c h a ro m y c e s  
cerev is ia e ), when subjected to the stress of drying (Van Laere, 1989; Weimken, 1990). 
Anhydrobiotic organisms may be defined as those that are capable of surviving almost 
complete dehydration (Crowe e ta l . ,  1992).

In contrast to the levels of trehalose, the levels of glucose in each respective treatment 
fluctuated but did not appear to increase in response to the breakdown of trehalose. 
Likewise, there did not appear to be any relationship between the levels of trehalose and 
those of any other solute during any treatment. Furthermore, compared with the levels of 
trehalose and glucose, those of arabitol and sucrose were usually lower, sometimes 
considerably so. Again, the levels of arabitol and sucrose did not increase significantly in 
response to the imposition of air drying: like trehalose, they did not appear to accumulate 
as a protective response. Also, the levels of arabitol and sucrose were very low in the 
cultures serving as controls. The level of arabitol did, however, increase gradually over the 
three-week treatment regime when the cultures were air-dried in medium. This trend 
coincided with a decrease in the levels of trehalose and glucose - findings that could 
possibly be construed as a stress-induced increase in the stock of arabitol at the expense of 
glucose and/or trehalose. These matters would require further investigation, however.

When the results of the treatments were compared, it was found that the air-dried cultures 
resting in medium and those that remained untreated produced relatively little decrease in 
the levels of solutes. Apart from an increase in the levels of arabitol in the former, there 
was little difference between the levels in the two treatments. Since the nutritional status of 
these cultures was likely to have been more favourable than those of the other two sets, it

2 0 2



was assumed that their levels of solutes reflect the lesser need for the compounds to be 
broken down to serve as reserve compounds when medium is present. In contrast, the 
cultures that were air-dried in water and those dried without liquid displayed a far more 
marked depletion of the solutes. These findings could be related to a) the seemingly harsher 
treatments imposed b) the ‘starvation’ conditions that prevailed c) probable structural 
damage, especially to the cell membrane, that may have resulted in a leakage of intrahyphal 
solutes. The cultures that were air-dried without any liquid appeared to suffer most from 
physical degeneration, and became difficult to remove from the vessels by the end of the 
longer treatment; accordingly the decline in levels of solutes was most marked in this set.

Admittedly, the initial levels of trehalose in the treatments were far more consistent than 
those of the other compounds. However, despite fungal growth often being variable 
between replicate cultures, even in the most controlled conditions, the inconsistency in the 
present experiment was greater than expected. This variation among the initial levels of 
respective compounds may possibly be explained in a number of ways. First, the process of 
setting-up the experiment on the first day of treatment resulted in the cultures being 
sampled over a period of about an hour (sampling was performed more quickly at the other 
time points). During this relatively cumbersome process - which would have to be refined 
if the experimentation were to be developed further - it was possible that levels of 
compounds whose properties or regulation were labile became variable even among 
replicate sets. Trehalose, on the other hand, has been found to be resistant to degradation 
during manipulation and storage (F. Wardrop, personal communication).

It was also possible that a loss of some solutes occurred from hyphae that may have been 
damaged mechanically or osmotically during the initial sampling. Consequently, 
physiological buffers could possibly be tested during the sampling process if a refinement 
of the experiment were attempted. Furthermore, it could be assumed that the assay for the 
solutes functioned adequately well, since there was no randomness observed in their 
values: each of the compounds followed discernible patterns throughout the treatments; 
sometimes these even paralleled each other. In addition, trehalose was always clearly 
separated during the HPLC ‘runs’, unlike some of the other compounds; nevertheless, the 
chart recorder was programmed to accommodate unavoidable overlapping of the resulting 
peaks, which was only partial at worst.
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It would appear, however, that the consistent depletion of trehalose that was observed in 
response to air drying could possibly serve as a marker for the compromised physiological 
state of the organism. Air drying appeared to cause a lowering of the level of trehalose to 
4% w/w or less. It is therefore possible that HPLC could be used to check the physiological 
condition of mycelium in practice. This application could possibly aid the monitoring of an 
environmental treatment in order to determine when an infection of S. la c rym a n s  has been 
stressed for an adequate duration and with an adequate intensity. Such monitoring may help 
to determine when parts of the infections are being inadequately treated due to sheltering 
by the structure of a building and its materials (Chapter 5). However, it is possible that the 
sampling and analysis would be too impractical and uneconomical for use in practice, since 
relatively costly scientific equipment is required and the analysis is exacting.

This novel experiment constituted a preliminary attempt to assess some of the 
physiological consequences of air-drying on S. la c rym a n s; consequently there is scope for a 
refinement and reorganisation of the methods and running of the tests. One of these 
possibilities involves somehow renewing the medium during the course of the treatments in 
order to obviate the possibility that the nutrient levels were being exhausted and that 
inhibitory secondary metabolites were accumulating in the vessels. Because of the high risk 
of contamination, this approach was not used in the present system. In addition, further 
work must be performed in order to determine the exact relationship between the levels of 
the solutes and the survival of the colonies. This testing would probably necessitate 
experimentation in cleaner conditions (the basement was chosen for its environmental 
stability), so that tests for survival that involve re-culturing could be used. In addition, the 
experimentation could possibly be applied to fungal samples growing on timber, in order to 
improve the representativeness of the tests. Nevertheless, the low nutrient medium that was 
used is said to resemble the nutritional composition of timber (Srinivasan e t  a l., 1992; 
Score & Palfreyman, 1994).

7.3.2. Compatible solutes and fungal resistance to stress
Water, which is essential to many cellular processes, confers a structural order to 
membranes and proteins. As dehydration proceeds, a series of cellular changes occurs, 
which includes a rise in solute concentration, changes in pH, altered ionic strength, the 
acceleration of destructive reactions and the denaturation of proteins and membranes 
(Wiemken, 1990; Blomberg & Adler, 1992; Sun & Leopold, 1997).
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The sugars and polyols (sugar alcohols) that accumulate in fungi under conditions of water 
stress may collectively be referred to as compatible solutes (Jennings & Burke, 1990). 
These compounds, which include trehalose, sucrose, glycerol, mannitol and arabitol, not 
only make an important contribution to cellular osmotic potential, but also have a non- 
harmful or stabilising effect on proteins and membranes. They may also serve as reserves 
of energy and reducing power (Cooke & Whipps, 1993; Jennings, 1995).

Holligan & Jennings (1972) found the marine fungus D e n d r y p h ie l la  s a l in a to have a 
moderately high level of free glucose in its mycelium during the uptake of glucose; 
however, the level declined during the first stage of starvation, but later increased along 
with an accumulation of malic acid. It was thought that glucose may have been mobilised 
by the oxidation of polyols or by the degradation of polysaccharides. No similar rise in 
these substances was noted in S. la c r y m a n s during the present experiment however. 
Another report demonstrated that, although intrahyphal levels of glycerol increased in a 
selection of xerophilic fungi in response to osmotic stress, glycerol was lost as the cultures 
senesced (Hocking, 1986). Similarly, Teixido e t  a l . (1998) found that the ageing of a yeast 
culture may be accompanied by a decrease in the amount of intracellular sugar along with a 
release of polyols from the cells, especially during osmotic stress. It is therefore possible 
that some of the solutes may have leaked from the hyphae of S. la c r y m a n s during the 
course of the present experiment, especially from the older colonies and from those 
suspended in liquid.

Varela & Mager (1996) pointed out that acquired tolerance of one form of stress by an 
organism does not automatically confer a resistance to other stresses. Nevertheless, it has 
occasionally been reported that exposure to one stress confers a wider resistance (Mager & 
Moradas-Ferreira, 1993). This situation may be explained by the existence of common 
transcriptional regulatory mechanisms, such as ds-acting elements responsive to a broad 
range of stressful conditions, and by the observation that physiological events during the 
normal stages of growth may confer general resistance (Jennings & Burke, 1990; Mager & 
De Kruijff, 1995). It would also be necessary to determine whether apparent adaptations to 
stress are due to the a c t iv a tio n of stress-responsive biochemical pathways and/or the f a i lu r e  
to  a c t iv a te pathways sensing favourable conditions for growth (Varela & Mager, 1996).

Another hypothesised role for compatible solutes - including some of those found in the 
present study - is in energy spillage by futile biochemical cycles. Energy spillage is
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important when cells having an adequate supply of carbon and other nutrients encounter a 
stress that constrains their growth, either chemically, physically or both. In these 
circumstances, carbon may be channelled from anabolic to catabolic purposes. Therefore, 
existing energy has to be dissipated due to a curtailment of cell division. Accordingly, 
futile cycles operate when a pair of compounds are interconverted by means of two 
different irreversible reactions. The reducing power of the compatible solutes is also called 
upon at such times. Trehalose, mannitol, glycerol and glutamine have been implicated in 
such cycles (Jennings & Burke, 1990; Jennings, 1995). Again, it was possible that such 
events could have occurred in the stressed cultures of the present experiments.

Earlier work on fungal solutes involved the use of gas-liquid chromatography (Holligan & 
Jennings, 1972 and Brownlee & Jennings, 1981a). More recent studies have involved 
HPLC, which has the advantage of permitting the simultaneous analysis of both sugars and 
polyols. HPLC has also been reported to be more accurate and practical for these analyses 
than more sophisticated instrumentation such as nuclear magnetic resonance (Hallsworth & 
Magan, 1997).

In addition, attempts have been made to improve the efficacy of fungal agents of 
biocontrol, especially their tolerances of suboptimal relative humidity, since these factors 
often limit their ecological fitness in the field. Recently it has been shown that levels of 
protective carbohydrates and polyols in the conidia of some of these agents can be 
increased by manipulating the conditions in which they are cultivated, especially with 
regard to water potential, temperature, pH and the composition of nutrients. (Hallsworth & 
Magan, 1994; 1995; 1996; Jin, et a l., 1996; Teixido e t aL, 1998; Bruce, 1998).

7.3.3. Trehalose: its production, breakdown and putative action
Trehalose is a disaccharide (a-D-glucopyranosyl a-D-glucopyranoside) that is commonly 
found in fungi, one that is present at high concentrations in resting structures such as 
conidia, spores and sclerotia; in these structures, the levels of trehalose exceed those of the 
principal storage compound, glycogen, and those of polyols such as glycerol (Thevelein,
1996). Accordingly, the resumption of fungal activity is associated with the mobilisation of 
trehalose, especially during growth from spores and from sclerotia. In addition, prolonged 
starvation of yeast cells has been found to cause a gradual mobilisation of trehalose 
(Thevelein, 1984).
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Trehalose is reported to be present in many fungi; in S. lacrymans it is, along with arabitol, 
the most abundant soluble carbohydrate (Brownlee & Jennings, 1981a; Carlile & 
Watkinson, 1994). Both trehalose and glycogen act as reserves of carbohydrate in fungi. 
Furthermore, the metabolic cycles that govern their production, regulation, use and 
breakdown appear to be closely linked. These aspects of fungal biochemistry, like many 
others, are not fully understood (Van Laere, 1995).

Increased levels of trehalose have been observed in cells of yeast that had been subjected to 
heat, chemical and osmotic stresses respectively. Their resistance to these stresses appeared 
to increase accordingly, with some limitations (Gadd et al., 1987; Hottiger et al., 1987; 
Attfield, 1987). The findings of Gadd et al. (1987) showed that high levels of intracellular 
trehalose accumulated in cells of Saccharomyces cerevisiae that had entered the stationary 
phase of their growth cycle, and in cells that were starved of nitrogen. This finding was in 
direct contrast to that found for S. lacrymans in the present experiment. Gadd et al. (1987) 
also discovered that the accumulation of trehalose improved the resistance of the cells to 
dehydration by freeze-drying; in contrast, cells in the exponential phase displayed 
negligible resistance to dehydration, presumably due to their lower trehalose content. 
Similarly, work by Hottiger et al. (1987) demonstrated that the trehalose content of 
exponentially-growing cells of S. cerevisiae increased rapidly in response to a shift in 
temperature from 27°C to 40°C, only to decrease when it was reduced to 27°C. 
Significantly, it was found that raising the incubation temperature increased the tolerance 
of the organism to high temperatures and desiccation, whereas reverting to the lower 
temperature caused its tolerance to return to normal.

Attfield (1987) found that trehalose accumulated in S. cerevisiae when it was exposed to 
separate treatments of elevated temperature, ethanol, copper sulphate and hydrogen 
peroxide, concluding that the mobilisation of trehalose may constitute a general response to 
physiological stresses. That author also suggested a possible link between the latter 
response and that of the so-called heat shock response, namely the accumulation of heat 
shock proteins (hsps) that putatively confer a similar resistance to microenvironmental 
stresses. This latter response may have been exhibited by S. lacrymans in response to 
supraoptimal temperatures (Palfreyman et al., 1995; Sienkiewicz et al., 1997). For the 
yeast Candida sake, Teixido et al. (1998) found that cells containing predominantly a 
mixture of glycerol, arabitol, trehalose and glucose were significantly more tolerant of low 
water availability than unmodified cells containing mostly arabitol.
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In the opinion of Van Laere (1989), intracellular glycerol in fungi confers protection 
against the partial dehydration that is induced by high solute concentrations (osmotic 
stress), whereas more severe dehydration, such as air drying, may be circumvented by the 
stock-piling of trehalose. Nevertheless, the water relations and associated metabolism of 
relatively few fungal species and genera have been studied to date, especially among the 
higher fungi. However, it appears as though the accumulation of trehalose in fungi is often 
associated with periods of reduced or stalled growth, periods that include sporulation and 
the scarcity of nutrients such as glucose, nitrogen, phosphorus and sulphur (Gadd e t a l., 
1987). Trehalose may thus be efficiently mobilised then degraded (Van Laere, 1989; 
Wiemken, 1990; Blomburg & Adler, 1992).

Though it has long been recognised that trehalose is prevalent in living material, especially 
in organisms that tolerate dry conditions, its role as a putative stress protectant has been 
championed only within the last 15 years. Previously, trehalose was considered to be 
merely another repository for energy within the cell (Crowe & Crowe, 1984; Van Laere, 
1989; Wiemken, 1990). Clearly, the stockpiling of trehalose during the stationary phase of 
microbial growth, periods of stress, and periods of nutrient depletion does not accord with 
that of reserve compounds, e.g., glycogen. Unlike trehalose, reserves of glycogen usually 
accumulate during active growth and nutritional abundance, conditions in which levels of 
trehalose are often minimal.

Specific reviews from Van Laere (1989) and Wiemken (1990) to Singer & Lindquist 
(1998) state that trehalose is clearly implicated as a natural protectant against dehydration 
in biological systems, especially by air-drying, as well as against supraoptimal heating. 
These findings are thought to explain the notable prevalence of trehalose in air-borne 
spores, dried bakers yeast and anhydrobiotic plants and animals. However, trehalose is still 
thought to serve as a reserve for intracellular carbohydrate, as well as a protectant 
(Thevelein, 1996).

Importantly, trehalose is known to have molecular properties that appear to protect labile 
biological materials more effectively than other carbohydrates and polyols do (Colago e t  
a l., 1992; Newman e t a i ,  1993). Crowe & Crowe (1984) convincingly demonstrated the 
readiness with which trehalose intermeshes its OH groups with the phosphate head groups 
of phospholipids. This specific bonding appears to allow trehalose to replace water around 
the head group of a phospholipid; in doing so, trehalose is likely to stabilise dried
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membranes in vitro and in vivo. More recently, trehalose has been found to stabilise 
proteins effectively in vitro, with minimal disruption to their structures and functions. 
Apart from the implications of these findings to living systems, trehalose has been 
proposed as a stabiliser for delicate biomolecules that are used in science, medicine and the 
food industry (Colapo et al., 1992; Newman et al., 1993; Singer & Lindquist, 1998).

In S. cerevisiae, the enzymes that catalyse the synthesis of trehalose are located in the 
cytosol, where production of the disaccharide occurs in two stages. In the first, the glucose 
moiety from uridine-diphosphate-glucose is joined to glucose-6-phosphate in order to yield 
trehalose-6-phosphate; in the second stage, the phosphate group is removed to give 
trehalose and free inorganic phosphate. The catalysis of these reactions has not been fully 
elucidated, but appears to involve an elaborate system of enzymes and their proteinaceous 
regulators. Although the specific relationships between this process and environmental 
stimuli are poorly understood, some regulators are induced by elevated temperatures 
(Thevelein & Hohmann, 1995; Singer & Lindquist, 1998). Another important finding is 
that a subunit of the trehalose-6-phosphate synthase/phosphatase complex appears to be 
involved in the control of glucose influx during glycolysis. Furthermore, recent cloning of 
the genes for several of the enzymes responsible for the production and breakdown of 
trehalose in yeast is likely to elucidate the metabolism of trehalose further and to facilitate 
the identification of comparable genes in other fungi (Thevelein & Hohmann, 1995; 
Thevelein, 1996).

The corresponding breakdown of trehalose in S. cerevisiae is performed by trehalases, 
which hydrolyse this molecule to glucose. Although trehalose has been detected 
exclusively in the nuclear-cytosolic compartment, the activity of trehalase is present both in 
this region and in the vacuole. The trehalase in the cytosol is often referred to as the neutral 
trehalase, due to its optimal pH, whereas that in the vacuole is known as the acid 
trehalase, for the same reason. The gene encoding the acid trehalase is expressed in the 
stationary phase of growth but not during exponential growth. During a recovery from heat 
shock or an exit from the stationary phase of growth, most of the hydrolysis of trehalose is 
performed by the neutral trehalase. Furthermore, the gene encoding this protein is induced 
by heat, a situation that also, paradoxically, stimulates the production of trehalose synthase 
(Jorge et al., 1997; Singer & Lindquist, 1998).
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Marino e t a l. (1989) found a significant activation of trehalose synthase along with a 
corresponding fall in the activity of trehalase when yeast was desiccated. In these 
circumstances, an accompanying increase in the amount of intracellular trehalose was 
contrasted by a diminution of stored glycogen. A reversal of the situation for both the 
enzymatic reactions proceeded a rehydration of the cells, resulting in a lowering of 
trehalose levels - a finding that is characteristic of other anhydrobiotic organisms 
(Wiemken, 1990). Marino e t a l. (1989) concluded that trehalose synthase and trehalases 
jointly control the levels of trehalose, which appears to form at the expense of cellular 
reserves of glycogen. In addition, intermediates in the reaction, and possibly glycogen 
levels themselves, may possibly activate trehalose synthase and provoke a concurrent 
inhibition of trehalase. However, bathing the cells in glucose for short periods increased the 
activity of trehalase only.

It has recently been postulated that the acid trehalase in yeast effects the hydrolysis of 
extracellular trehalose (which may be prevalent in nature where there are remains of micro
organisms), whereas the neutral trehalase hydrolyses trehalose that has accumulated 
intracellularly (Nwaka e t  a l., 1996). In any case, the neutral trehalase is the more tightly 
regulated of the two enzymes. In the fungi studied so far, neutral trehalases appear to be 
controlled by signalling pathways that result in reversible enzymatic activation by means of 
protein phosphorylation. These signalling pathways may be triggered in v iv o  by glucose, 
sources of nitrogen, elevated temperature, desiccation and some chemical agents (Marino 
e t a l., 1989; Jorge e t a l., 1997).

For the stress of supraoptimal heating or h ea t-sh ock , the conditions that induce the 
mobilisation of trehalose also induce the synthesis of heat shock proteins. In fungi, these 
molecules have been well studied only with regard to the stress of supraoptimal 
temperatures; however, by inference, it is thought that they protect proteins against other 
stresses. In yeast, heat resistance appears to result from the protective action of both 
trehalose and heat shock proteins (Blomberg & Adler, 1992; Thevelein, 1996; Singer & 
Lindquist, 1998). However, heat shock proteins may serve primarily to repair stress- 
induced damage to proteins, whereas the stabilising properties of trehalose and associated 
solutes appear to minimise damage to proteins, especially on their active sites (Yost & 
Lindquist, 1991). Some heat shock proteins function as molecular chaperones, preventing 
the aggregation of proteins and restoring them to their native state after denaturation; others 
facilitate recovery from heat stress by promoting the degradation of severely damaged
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proteins. In addition, it appears as though trehalose may be effective as a stress-protectant 
only in the presence of one or more other agents within stationary-phase cells, but not 
exponential-phase cells (Lewis et a l., 1993; Singer & Lindquist, 1998).

7.3.4. Possible stress markers and other relevant cellular events
The activities of enzymes involved in electron-transport within the mitochondria of S. 
c e re v is ia e  have been shown to provide a sensitive indicator of its physiological state during 
desiccation (Krallish e t a l., 1986); these enzymes include NADH-dehydrogenase, succinate 
dehydrogenase and cytochrome C oxidase. These authors also emphasised the danger of 
oxidative damage to membranes during desiccation in v ivo , since lipid hydroperoxidases 
and H20 2 are produced in elevated amounts in response to unfavourable conditions. Such 
oxygen free radicals may thus impair cellular viability. However an increase in the levels of 
H20 2-utilising enzymes may be one of the factors imparting cellular resistance to 
dehydration and rehydration in some organisms (Heckly, 1978; Sun & Leopold, 1995).

In a later paper, Krallish e t al. (1989) demonstrated that yeast harvested during the 
exponential-growth phase was sensitive to dehydration, losing adenosine phosphates as 
well as respiratory capacity during drying, with marked loss of viability. During the 
stationary phase, however, the cells retained their viability and accumulated ATP via 
mitochondrial oxidation of endogenous carbohydrates; consequently, the ATP remained a 
source of energy for use during re-activation. These authors suggested that levels of ATP 
could be used as a marker of viability and metabolic activity within commercial yeast. In 
addition, it is possible that this phenomenon could be related to the mobilisation of 
trehalose (Thevelein & Hohmann, 1995). Similarly, Marino e t  a l. (1989) reported that 
trehalase in yeast is inhibited by ATP. It would therefore be interesting and useful to 
determine the relevance of such findings to S. la crym a n s  when it is being subjected to 
drying, perhaps in the manner used in the present experiment.

In addition, the presence of elevated levels of intracellular polyols and sugars may result in 
cells becoming vitrified. This transformation to a glass-like solid during dehydration results 
in the immobilisation of cellular structures and biomolecules in a manner that preserves 
their structural conformations (Potts, 1994; Sun & Leopold, 1997). In addition, a 
combination of cellular vitrification and the protection of hydrophilic sites of cellular 
membranes and macromolecules by compatible solutes could also serve to minimise 
harmful intracellular crystallisation and its effects (Leopold, 1990).
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Although cytoplasmic vitrification has been studied mostly in seeds and in fungal spores, it 
appears to play an important role in the survival of anhydrobiotic organisms in general 
(Sun & Leopold, 1997). The vitreous state is thought to serve as a biophysical barrier 
against degradative processes by means of its extremely high viscosity, which tends to 
prevent diffusion. The latter occurrence is a prerequisite of most cellular processes, both 
beneficial and harmful (Potts, 1994; Sun & Leopold, 1997). If vitrification occurred in the 
present experiment, it would most likely have been exhibited by the cultures that were 
dried without free water. Furthermore, when cellular vitrification is present, the release of 
oxygen free radicals is inhibited, resulting in less oxidative damage. However, the free 
radicals may be released on hydration. Cellular vitrification may also suppress the non- 
enzymatic Maillard reaction, which promotes degradation in dried organisms (Heckly, 
1978; Sun & Leopold, 1995).

After recent developments in molecular biology, it has become apparent that fungal 
hydrophobins - secreted proteins that are thought to aid the functioning of aerial hyphae 
and fruiting structures - are linked ubiquitously to the morphogenesis of fungi (Wessels, 
1993). In addition, a recently-discovered group of proteins, called repellents, may also 
contribute to the hydrophobicity of aerial hyphae (Wosten e t a l., 1996). Hydrophobins form 
insoluble, hydrophobic surface layers on hyphae by the self-assembly of proteinaceous 
monomers in response to the environment; such coatings typically form on surfaces of 
aerial structures and on hyphal aggregations. Hyphae modified in this manner are more 
tolerant of the drying effects of air and may become more dependent on a movement of 
water from the absorbent regions of the thallus (Wessels, 1993; Kershaw & Talbot, 1998; 
Lugones e t a l., 1999). Consequently, these substances are likely to be of particular 
importance to S. lacrym an s, since this fungus readily produces aerial growth and often 
forms basidiocarps in well-ventilated locations, as well as hyphal aggregations that can 
tolerate dry conditions (personal observations).
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Chapter 8

A s s e s s i n g  t h e  R e l a t i o n s h i p  b e t w e e n  S .  l a c r y m a n s  
a n d  S e l e c t e d  F o r m s  o f  M a s o n r y
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8.1. Introduction

As was discussed in 1.1.5. and 4.3.3., several authors have reported that the presence of 
metallic ions - especially those of calcium and iron - stimulate the activities of timber 
decay by S. lacrymans and some other wood-decaying fungi (Bech-Andersen, 1987a; 
Paajanen & Ritschkoff, 1991; 1992; Paajanen, 1993; Palfreyman et al., 1996). 
Correspondingly, one of the main findings of Chapter 4 is that masonry and plaster increase 
the rate of timber decay by S. lacrymans.

S. lacrymans readily produces oxalic acid (ethanedioic acid) as a metabolic product (Bech- 
Andersen, 1987a; Akamatsu et a l, 1994). This strong organic acid is produced in relatively 
large quantities by species from all classes of fungi, an action that appears to facilitate the 
colonisation of substrates by these organisms (Dutton & Evans, 1996). Furthermore, the 
secretion of oxalic acid in nature increases the solubility of metals such as aluminium and 
iron (Cooke & Whipps, 1993; Dutton & Evans, 1996). Oxalic acid may also effect the 
release of metallic ions from building materials due to its chelation of calcium and other 
cations (Bech-Andersen, 1987a; Urquhart et al., 1995). In addition, oxalic acid is thought 
to perform an important role during the early stages of timber decay by brown rot fungi 
(Bech-Andersen, 1987a; Dutton & Evans, 1996; Green & Highley, 1997). In that process it 
appears to act as a degradative agent of low molecular weight that predisposes cellulosic 
material to enzymatic hydrolysation.

When oxalic acid is produced by fungi, crystals of calcium oxalate are often associated 
with the hyphae, usually in the monohydrate form (whewellite) and the dihydrate form 
(weddelite). Oxalate crystals are known to be produced by a large range of fungi, including 
wood-decaying Basidiomycetes. The mechanisms of this process are unclear, however 
(Dutton & Evans, 1996; Connolly et al., 1996). Bech-Andersen (1987b) found that when S. 
lacrymans was grown on stone wool and on mortar the hyphae accumulated calcium, a 
event that was accompanied by a diminution of the levels of this element in the materials. 
Similarly, Gharieb et al. (1998) found that the closely related fungus S. himantioides 
accumulated crystals of calcium oxalate when cultured in the presence of gypsum, a major 
constituent of building plaster; this substance was also solubilised by the organism. 
Nevertheless, the exact function of calcium oxalate vis-a-vis fungi is not known (Dutton & 
Evans, 1996; Jellison et al., 1997). However, by converting oxalic acid into insoluble 
crystals of oxalate, fungi could potentially reduce excessive acidity in their vicinities. S.
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lacrymans is most likely to obtain this neutralising calcium from masonry and plaster - 
materials that it colonises heavily in infected buildings (Bech-Andersen, 1985; 1987a;
1989).

A number of papers that report the degradation of rocks, building stone, mortar or concrete 
by lichens and/or filamentous fungi in temperate regions have been published (Silverman 
& Munoz, 1970; Williams & Rudolph, 1974; Strzelczyk, 1981; Ascaso et al., 1982; 
Krumbein, 1988; Jones et al., 1988; Petersen et al., 1988; Ascaso & Ollacarizqueta., 1991; 
May et al., 1993; De La Torre et al., 1993; Saiz-Jimenez, 1994; Arino et al., 1997; 
Jongmans et al., 1997; Prieto et al., 1997; Gu et al., 1998). These free-living fungi and 
lichens belong to a diverse range of groups and genera. Through chemical and physical 
means, such organisms cause alterations to the materials including the etching and 
solubilisation of minerals by acids, the removal of elements by chelating agents, as well as 
erosion by hyphal penetration and the adhesion of thalli. These processes ultimately 
contribute to the formation of soil; similar roles are played by bacteria, algae, mosses and 
higher plants in both the built and the natural environments.

The mostly aesthetic damage to materials that has been highlighted by the above- 
mentioned authors is not a serious concern with regard to the dry rot fungus, whose growth 
is usually permitted only in hidden recesses and on the interior surfaces of cellars. 
Similarly, no concern has been raised in the literature to suggest that S. lacrymans weakens 
masonry significantly in situ. Accordingly, the rationale for this chapter was to assess the 
extent to which S. lacrymans alters the fabric of selected masonry at the microscopic level 
and, as a consequence, affects its own appearance and structure during the colonisation of 
such materials. As such, this work is an extension and elaboration of the study by Bech- 
Andersen (1987b), who found that S. lacrymans degraded the insulating material stone 
wool, an occurrence that was accompanied by the removal of calcium from the material 
and the concomitant sequestering of calcium on the hyphae. Bech-Andersen linked this 
finding with his theory regarding the requirement of S. lacrymans to neutralise its 
metabolically-produced acidity through association with alkaline building materials (Bech- 
Andersen, 1985, 1987a; 1987b; 1989).

The specific objectives of this chapter were
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• To determine whether hyphal crystals on S. lacrymans are more prevalent on masonry 
than they are on a control (plastic) and whether their form is characteristic for the 
material colonised

• To determine whether S. lacrymans can degrade sandstone
• To determine whether S. lacrymans extracts elements from masonry then transports 

them via the mycelial system
• To determine the extent to which individual constituents of sandstone affect the rate of 

timber decay by S. lacrymans by means of a novel system.

8.2. R esu lts

8.2.1. The assessment of infected masonry and associated mvcelia by means of SEM 
The methods for this part of the work are described in 2.6.1., 2.6.2., 2.6.3. and 2.6.4. The 
main part of this experiment involved scanning pieces of the ‘tiles’ in the scanning electron 
microscope (SEM) after sampling at 8 weeks (Tables 31-33) and 24 weeks (Tables 36-37) 
respectively. Three preparations were used on separate pieces from individual sets: a) 
desiccation only (this procedure was least likely to disrupt hyphal crystals, since no liquids 
were involved); b) critical point drying (a standard procedure used to minimise shrivelling 
of biological material during SEM [used on sandstone only]); c) washing in de-ionised 
water (used to facilitate the examination of sandstone for degradation). Sections of the 
respective materials, randomly selected in triplicate, were scanned over their upper surfaces 
at various magnifications; additionally, pieces of sandstone were also viewed on the broken 
surfaces. In the case of mycelia sampled from the lids of the chambers (Tables 34 and 38), 
the carefully spread-out, desiccated samples were individually scanned over their surface 
extents. During electron microscopy, both infected, desiccated pieces of the materials and 
mycelial samples were subjected to targeted energy-dispersive X-ray microanalysis (EDX) 
in order to determine the elemental compositions of hyphae (after Bech-Andersen, 1987b 
and Connolly et al, 1996). Throughout this work, multiple SEM images and EDX readings 
(when required) were taken. Summarised results from these analyses are shown in the 
appropriate tables.

The principal mineral constituents of the sandstone were identified in the non-infected 
samples that served as controls for the washed samples (after Welton, 1984). Locharbriggs 
sandstone: quartz (some with overgrowths), illite. Clashach sandstone: quartz (some with

216



overgrowths), potassium feldspar (some in the resorbed form), illite. L eoch  sa n d s to n e : 
quartz (some with overgrowths), illite, calcite, dolomite.

Table 30: General visual observations made upon opening the 8-week chambers
Support Appearances of the Mvcelia on Appearances of the Mvcelia on the
Material the Infected Tiles:|: Lids of the Chambers

Locharbriggs
Sandstone

White and moderately effuse. Growth luxuriant and fleshy with 
rusty red/brown discoloration.

Clashach
Sandstone

White and moderately effuse with 
yellow and grey discoloration.

Growth luxuriant and fleshy with 
grey discoloration.

Leoch
Sandstone

White and moderately effuse with 
mild off-white discoloration.

Growth luxuriant and fleshy with 
off-white discoloration.

Lath and 
Plaster

White and moderately effuse with 
mild off-white discoloration.

Growth luxuriant and fleshy with 
marked red/brown discoloration; 
associated moisture had a rusty 
appearance.

Plastic
(Control)

White and moderately effuse with 
some yellow discoloration.

Growth luxuriant and fleshy with 
some yellow discoloration.

* Each of the tiles was entirely covered by a consistent growth of mycelium.

Table 31: Infected pieces of the materials collected after 8 weeks in the chambers (sa m p le s  
d e s ic c a te d )_____________________________________________________________________

Support
Material

Presence of 
Hyphal 

Crystals (+/-)
Elemental 

Analysis of the 
Hyphae*

General Observations (SEM)

Locharbriggs
Sandstone + Si, K,

Ca, Fe(tracef)
Irregularly-shaped crystals of putative 
calcium oxalate were noted on the 
hyphae. Thick hyphal encrustations, 
reminiscent of boiler plating, were also 
seen. This coating was rich in calcium.

Clashach
Sandstone + Si, K,

Ca, Fe(tracef)
A large number of irregularly-shaped 
crystals of putative Ca-oxalate were 
observed on the hyphae.

Leoch
Sandstone + Si, K,

Ca, Fe(tracef)
Again, a large number of Ca-rich 
hyphal crystals were observed. In 
addition, some heavy encrustation of 
the hyphae by Ca-rich material was 
observed; this material was similar to 
that found on the Locharbriggs 
samples, above.

Lath and 
Plaster + K, Ca, 

Fe(tracef)
Irregularly-formed Ca-rich crystals, 
similar to those described for the 
proceeding samples, were observed. 
Heavy ‘boiler-plating’ of some hyphae 
by a Ca-rich coating was also evident.
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Plastic
(Control)

No crystals were present. Hyphal 
K formations corresponded with those 

described by Hornung & Jennings 
(1981).

* Elements of lower atomic mass than the metals are not usually detected by EDX.. The elements are 
presented in the order in which they were detected by the EDX analyses, rather than in order of abundance, f  
Indicates the presence of only trace amounts of the element specifically indicated.

Table 32: Infected pieces of sandstone collected after 8 weeks in the chambers (sa m p le s  
c r itic a l p o in t d r ie d * )_____________________________________________________________

Support
Material

General Observations (SEM)

Locharbriggs
Sandstone

A close connection between the hyphae and the stone was evident. 
Though many of the hyphae had been washed away by the sample 
preparation, penetration of the stone was apparent. Some hyphal crystals 
were present.

Clashach
Sandstone

Most of the mycelium was washed from the stone by the preparation. 
However, some possible, but not clearly defined, hyphal degradation of 
the stone was seen in places. Remaining hyphal fragments were encrusted 
by crystals.

Leoch
Sandstone

Fragments of hyphae encrusted by crystals were observed; these hyphae 
were closely associated with the stone. Some possible fragmentation of 
the stone by hyphae was apparent.

* Since no advantage was derived from the use of point drying in this application, it was not applied to any of 
the 24-week samples.

Table 33: Infected pieces of sandstone collected after 8 weeks in the chambers (sa m p le s
w a sh ed )

Support
Material*

General Observations (SEM)

Locharbriggs
Sandstone

No conclusive evidence of hyphal degradation of the stone was observed. 
Planar surfaces of minerals displayed no signs of pitting or etching by the 
hyphae.

Clashach
Sandstone

As for the Locharbriggs samples, above.
Leoch
Sandstone

Hyphal penetration into the matrix of the stone, especially into 
components that had a friable appearance, was evident. Planar surfaces of 
minerals displayed no signs of pitting or etching by the hyphae.

* These washed, infected samples were compared with non-infected samples cut from the same respective 
batches of stone, in order to serve as controls.

Table 34: Mycelial samples collected from the lids of the chambers after 8 weeks
Support
Material

Locharbriggs
Sandstone

Elemental Composition General Observations (SEM) 
oftheHvphae*

Cl, K, Fe No hyphal crystallisation was observed. Some 
mycelial stranding, approximately 10pm in 
diameter, was observed.
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Clashach
Sandstone

Cl, K, Fe(tracef) No hyphal crystallisation was evident. Only 
very little iron had been transported.

Leoch
Sandstone

Cl, K, Fe No hyphal crystallisation was evident.
Lath and 
Plaster

Cl, K, Fe Presence of iron was especially marked. 
Hyphae appeared to be merged together in a 
highly encrusted manner.

Plastic
(Control)

Cl, K Iron was noticeably absent. Mycelial growth 
was dense; no crystallisation was observed.

* Elements of lower atomic mass than the metals are not usually detected by EDX. The elements are 
presented in the order in which they were detected v is-a -v is  the EDX analyses, rather than in order of 
abundance, t  Indicates the presence of only trace amounts of the element specifically indicated.

Table 35: General visual observations made upon opening the 24-week chambers
Support Appearances of the Mvcelia on Appearances of the Mvcelia on the
Material the Infected Tiles* Lids of the Chambers

Locharbriggs
Sandstone

White, sparse and effuse. Moderately thick with brown/yellow 
discoloration.

Clashach
Sandstone

White and effuse with some 
yellow and off-white patches.

Moderately thick with brown/yellow 
discoloration.

Leoch
Sandstone

White and effuse with mild off- 
white discoloration.

Moderately thick with brown, grey 
and yellow discoloration.

Lath and 
Plaster

Effuse with mild off-white 
discoloration.

Moderately thick with dark-grey 
discoloration.

Plastic
(Control)

White and effuse with yellow 
patches.

Moderately thick with some yellow 
discoloration.

* Each of the tiles was entirely covered by a consistent growth of mycelium.

Table 36: Infected pieces of the materials collected after 24 weeks in the chambers 
(samples desiccated)_____________________________________________________________

Support
Material

Presence of 
Hvphal 

Crystals (+/-)
Elemental 

Analysis of the 
Hvphae*

General Observations (SEM)

Locharbriggs
Sandstone + Si, K, Ca, 

Fe(tracef)
The mycelium was sparser than that 
observed on the 8-week samples. In 
addition, fewer hyphal crystals were 
evident compared with the earlier set. 
Apparently natural degradation of the 
hyphae was observed. A close physical 
connection was established between the 
hyphae and the stone. Again, a heavy 
encrustation of Ca-rich material was 
present on some of the hyphae.

Clashach
Sandstone + Si, K, Ca, 

Fe(tracef)
The mycelium was sparser than that of 
the 8-week samples. Close contact 
between the hyphae and the stone was 
evident; likewise, hyphal penetration 
into the material occurred. Again,
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irregularly-formed Ca-rich crystals 
were found on the hyphae.

Leoch
Sandstone + Si, K, Ca, 

Fe(tracef)
Heavy, irregular Ca-rich crystallisation 
of the hyphae was evident in places. 
Similarly, a heavy encrustation was 
present on some hyphae. A close 
association existed between the hyphae 
and the stone. Levels of calcium were 
marked.

Lath and 
Plaster + S, K, Ca, 

Fe(tracef)
Irregularly-shaped Ca-rich crystals were 
evident on free hyphae, as well as on 
the mycelial strands present (diameter 
45-50pm). Levels of calcium were 
marked, more so than for the 8-week 
samples. A similarly-heavy encrustation 
of hyphae was also evident. Some 
hyphal penetration into the plaster was 
apparent; the hyphae were in close 
contact with the underlying material.

Plastic
(Control) - Cl(tracef), K

As for the 8-week samples, no hyphal 
crystallisation was present. Apparently 
natural degradation of some hyphae 
was noted. Mycelial stranding, 
sometimes diffuse, was also present 
(diameter 10-40pm).

* Elements of lower atomic mass than the metals are not usually detected by EDX. The elements are 
presented in the order in which they were detected by the EDX analyses, rather than in order of abundance, f  
Indicates the presence of only trace amounts of the element specifically indicated.

Table 37: Infected pieces of sandstone collected after 24 weeks in the chambers (sa m p le s  
w a sh ed )_______________________________________________________________________

Support
Material*

General Observations (SEM)

Locharbriggs
Sandstone

Penetration of the stone by some hyphae was evident; this hyphal network 
had a close spatial association with the material. No conclusive evidence 
could be found to indicate hyphal degradation of the stone.

Clashach
Sandstone

Almost all hyphae washed away. No evidence to suggest hyphal 
degradation of the stone was present.

Leoch
Sandstone

Mostly fragments of hyphae remained; these were associated with a Ca- 
rich encrustation. No hyphal degradation of the stone was found.

* These infected, washed samples were compared with non-infected samples cut from the same respective 
batches of stone, in order to serve as controls.

Table 38: Mycelial samples collected from the lids of the chambers after 24 weeks
Support
Material

Elemental Composition 
of the Hvphae*

General Observations (SEM)

Locharbriggs
Sandstone

Cl, K, Fe The findings were similar to those of the 
respective 8-week samples.
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Clashach
Sandstone

Cl, K, Fe Same findings.
Leoch
Sandstone

Cl, K, Fe Same findings.
Lath and 
Plaster

Cl, K, Fe Same findings.
Plastic
(Control)

Cl, K Same findings.
* Elements of lower atomic mass than the metals are not usually detected by EDX; elements detected only in 
minute quantities are excluded from this assessment. The elements are presented in the order in which they 
were detected v is-a -v is  the EDX analyses, rather than in order of abundance.

Plates 32-37 are representative of the SEM micrographs produced during the course of 
these studies. The targeting of the accompanying EDX analyses, where applicable, are 
indicated by the respective cross hair marked on the image. The presence of Au in the EDX 
analyses is an artefact of the sputter coating of gold used in the standard preparation of 
samples; its presence did not appear to interfere with the analyses. In addition, the nodule
like hyphal formations seen on Plate 32(a) represent clamp connections and cross walls (as 
noted by Hornung & Jennings [1981]), rather than hyphal crystals.

(Plates 32-37 are shown overleaf)
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(a )

(b )

Plate 32(aXb): Mycelium grown on plastic(a) and targeted EDX analysis(b) of bunched
hyphae. No hyphal crystals are present.

222



(a )

(b )

Plate 33(a)(b): Mycelium grown on lath and plaster(a) and targeted EDX analysis of a 
prominent hyphal crystal(b). Individual crystals are present upon the hyphae, as well as 
some plating of hyphae.
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Plate 34: Mycelium grown on lath and plaster. Hyphal crystals are again in evidence, as is 
their variability in size and form.

Plate 35: Mycelium grown on Leoch sandstone. A highly variable combination of hyphal 
crystals and hyphal plating is predominant.
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(a)

(b )

Plate 36(a)(b): Mycelium grown on Leoch sandstone(a) and EDX analysis of a prominent 
hyphal crystal(b). Hyphal crystallisation is less abundant than that in the preceding 
micrograph.
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Plate 37: A 
micrograph.

more highly magnified image of the crystal shown in the preceding
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8.2.2. The identification of hyphal crystals by means of X-ray diffraction 
The methods for this section are provided in 2.6.5. Mycelial samples were carefully 
removed from the ‘tiles’ containing hyphal crystals. After analysis by means of X-ray 
diffraction, graphical representations of the resulting sample peaks were compared with 
those of standards for calcium oxalate monohydrate C2Ca04.H20  (whewellite) and 
calcium oxalate dihydrate C2Ca04.2H20  (weddelite). The characteristic patterns of 
diffraction for these standards were drawn from a database within the system for the 
analysis of data. The successful matching of the appropriate sequence of peaks constituted 
a positive identification of the respective form of crystal. For each material, samples of 
mycelia collected from both the 8-week tiles and the 24-week tiles were tested; the results 
from these pairs of samples corroborated each other. In the present study, however, it was 
not possible to determine the relative proportions of the two forms of calcium oxalate.

Table 39: The identification of crystals of calcium oxalate on the hyphae
Simport Material Presence (+/-) of Calcium 

Oxalate Monohvdrate 
(Whewellite)

Presence (+/-) of Calcium 
Oxalate Dihvdrate (Weddelite)

Locharbriggs
Sandstone

+ +
Clashach Sandstone + +
Leoch Sandstone + +
Lath and Plaster + +

8.2.3. Assessing the effects of individual constituents of sandstone and plaster on the rate 
of timber decay
This part of the work involved testing the effects of principal components of sandstone on 
the rate of timber decay by S. lacrym an s  in a novel model system. Each of these minerals 
was separately mixed with silicon dioxide (purified sand) in order to simulate the quartz- 
rich matrices found in sandstone; in that manner, the respective effects of each mineral 
could be assessed and compared with the values attained when using silicon dioxide only 
(the control). The methods for this section are provided in 2.6.6.

The data shown in Fig. 51 indicate the amounts of weight loss occurring in respective sets 
of wooden blocks during the 8-week period of incubation within the mineral-containing
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plates. The results were subjected to a one way analysis of variance (ANOVA) 
incorporating Dunnett’s test, the latter of which compares the mean test values against that 
of the control. Accordingly, when the mean values of percentage weight loss for the lowest 
concentration of the respective minerals (1:20) were compared against the control (sand 
only) no significant differences were found anywhere (F(l 1,79)= 1.33; p=0.224). For the 
respective mean levels of moisture content in the same sets of blocks, those for plagioclase, 
orthoclase and calcium sulphate differed significantly from that of the control 
(F(ll,79)=13.32; p=0). When the medium concentration of the minerals (1:10) was tested, 
the mean values of weight loss for calcium sulphate and bentonite differed significantly 
from that of the control (F(12,87)=9.12; p=0); whereas, with regard to the respective levels 
of moisture, those for saponite, kaolenite and iron oxide differed from that of the control 
(F(12,87)=9.51; p=0). Likewise, when the values of mean weight loss for the highest 
concentration of mineral (1:5) were tested, only that for bentonite differed (F(l 1,72)=2.99; 
p=0.003); however, no differences between the mean values for moisture content were 
found (F(l 1,72)=2.38; p=0.014). Concentration of the additives was therefore seen to have 
had a significant effect only in the chambers containing bentonite and, to a lesser extent, 
calcium sulphate. There, the additives had an antagonistic effect on the timber-decaying 
activities of S. lacrym an s.

It was found, however, that some blocks in a several of the plates became waterlogged due 
to subsidence of the plastic mesh that served as a separator between the paste-like mixture 
and the blocks. These blocks were excluded from the numerical analyses. No appreciable 
loss of moisture from the plates occurred during the course of the experiment.

(Figure 51 is shown overleaf)
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60 T

Figure 51: Weight losses of pre-infected Scots pine sapwood blocks (10 x 10 x 5mm) after 
being suspended above mineral/sand mixtures for 8 weeks. The ratios of concentration refer 
to the amount of respective mineral to sand (w/w) before wetting. Each value refers to the 
mean and standard deviation of 8 replicate blocks pooled from duplicate plates. Water
logged blocks were not included in the analyses.
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8.3. Discussion

8.3.1. The formation and possible roles of calcium oxalate
The present study is the first to assess the effects of sandstone and building plaster on the 
appearance and composition of S. lacrym ans at the hyphal level; similarly this study is the 
first to investigate the degradation of stone by a wood-decaying fungus. It was clear from 
the foregoing results that the sequestering of calcium oxalate on the hyphae of S. 
lacrym ans, as verified by EDX and X-ray diffraction, could conclusively be linked with the 
colonisation of stone and plaster respectively. These crystalline hyphal formations were 
similar to those reported by Bech Andersen (1987a; 1987b) on hyphae of S. lacrym ans 
infecting stone wool and mortar, as well as by Connolly e t al. (1996) on the hyphae of three 
wood-decaying Basidiomycetes grown in contact with soil. In contrast, no crystals formed 
when S. lacrym ans grew over plastic in the present study - a material that presumably could 
not be altered or exploited by the organism. Similarly, the timber itself would have 
constituted an extremely limited supply of minerals (Young & Guinn, 1966). Additionally, 
it was found that the use of critical point drying did not aid the viewing of hyphal 
structures, especially since a proportion of the respective hyphae and crystals appear to 
have been washed away during this preparatory treatment.

The hyphal formations seen on the sandstone and plaster did not differ much between the 
forms of masonry, except that thick calcium-rich plating was not found on the hyphae 
grown on Clashach sandstone. This form of hyphal encrustation was also noted by Bech 
Andersen (1987b). In addition, evidence of the extracellular hyphal sheath, as described by 
Green et al. (1990) and Connolly et al. (1995; 1996), was present during the studies. Apart 
from the presence of sulphur in the 24-week samples growing on lath and plaster, no 
changes in the elemental composition of the hyphae occurred between the two time points. 
Similarly, apart from some hyphal degradation and mycelial thinning in places - probably 
due to the eventual ageing of the mycelia and a depletion of the cellulosic resources late in 
the experiment - the appearances of the hyphae did not change significantly between the 
two sampling points. Likewise, the respective patterns and amounts of crystallisation did 
not appear to vary between the two sampling points. The sulphur associated with the 
hyphae grown on lath and plaster at the later time point is probably a consequence of the 
release of sulphate from gypsum, as displayed by Serpula h im antioides during a study by 
Gharieb et al. (1998). It may be significant that this sulphur did not appear to have been 
released by the earlier sampling point, since the preceding authors noticed a cumulative
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release of sulphate over time. Relevantly, S. h im a n tio id es  also sequestered calcium in the 
form of calcium oxalate, after having solubilised gypsum supplied in the medium (Gharieb 
e t a l., 1998).

It was found that, apart from the discovery of trace amounts of iron on the hyphae, S. 
la crym a n s  grown on sandstone and on plaster contained the same elements that Bech- 
Andersen (1987b) found on hyphae infecting stone wool and mortar, namely calcium, 
silicon and potassium. Furthermore, the latter author found that in normal culture S. 
la crym a n s  contained only trace amounts of calcium on its hyphae - a finding that 
corroborates the results for the hyphae grown on plastic in the present study. The hyphal 
formations observed on this material also resembled closely those of cultured S. la crym a n s, 
as described by Hornung & Jennings (1981) after a detailed morphological study. 
Additionally, there appeared to be a connection between the discoloration of mycelia and 
the colonisation of sandstone and plaster. These observations (which corroborated those of 
Chapter 4) could presumably be linked to the presence of calcium, silicon and iron in the 
mycelia grown on these materials.

Crystals of calcium oxalate are frequently observed in soil and in leaf litter, especially in 
association with fungal mycelia; this process appears to be a consequence of the production 
of oxalic acid by many species of fungi, including the wood-rotting Basidiomycetes. The 
principal forms observed are whewellite (monohydrate) and weddelite (dihydrate), with 
weddelite being the more prevalent. Such crystals are, however, extremely rare in geologic 
environments (Graustein e t a l., 1977; Dutton & Evans, 1996). Oxalate plays several roles 
in fungal ecology, including acting as a chelating agent and subsequently as a repository for 
calcium, as crystalline calcium oxalate - functions that may serve to minimise the toxic 
effects of calcium. Additionally, even in small amounts, oxalate in solution can increase 
the solubility of iron and aluminium greatly, as well as modify pH. It is also possible that 
hyphal encrustation by calcium oxalate plays a structural role in fungi and serves to deter 
grazing invertebrates from their thalli (Graustein e t a l., 1977; Dutton & Evans, 1996).

Connolly & Jellison (1995) found evidence to suggest that such crystals form by 
precipitation within the extracellular hyphal sheath, a membranous carbohydrate and 
protein based structure associated with wood-decaying fungi (Green e t a l., 1990). 
Furthermore, Connolly e t a l. (1996) reported that fungi produced crystals of calcium 
oxalate more abundantly while growing in soil rather than in wood. These authors found
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that crystals formed only on particular segments of the hyphae, a finding a that suggested 
that the production of oxalic acid may be related to certain developmental stages and 
physiological states of the mycelia. Similar observations were made during the present 
study. In addition, Connolly e t  al. (1996) suspected that heterogeneity in the prevailing 
microenvironmental conditions may have influenced the formation of calcium oxalate. The 
same authors also found that the relative quantities, appearances and longevity of oxalate 
crystals varied among fungal isolates and species.

The ability of S. la crym a n s  to produce oxalic acid led Bech-Andersen (1985; 1989; 1995) 
to propose a hypothesis to explain the unusually marked affinity of the dry rot fungus for 
buildings, and especially for the masonry and plaster within them, pointing out that these 
materials are concentrated sources of metallic ions, especially calcium. Bech-Andersen 
thus argued that calcium and possibly other cations from masonry and plaster are necessary 
in order to effect a neutralisation of the oxalic acid produced by S. la c rym a n s  during its 
normal metabolic activities. It has also been suggested that the production of oxalic acid by 
such fungi may serve to dispose of excess carbon in the carbon-rich but nitrogen-poor 
environment of decaying wood (Shimada e t a l., 1992). This theory accords with the later 
finding that the production of oxalic acid by S. la crym a n s  is stimulated by a high ratio of 
carbon to nitrogen (Akamatsu e t a l., 1994). Fungal oxalic acid has also been implicated in 
pathogenesis, competition for habitats and the control of nutrients and toxins in nature 
(Dutton & Evans, 1996).

Calcium is known to serve as a second messenger during fungal growth and differentiation. 
This element is believed to transduce chemical, electrical or physical stimuli at the cell 
surface into specific intracellular effects. Complex and often simultaneously-occurring 
cellular events may thus be mediated by this element, which may also regulate diverse 
biochemical processes. However, due to its toxicity, levels of intracellular calcium must be 
moderated. In addition, Ca2+ signalling processes interact with other second messengers, 
such as cAMP and inositol lipids. Furthermore, apically-extending fungal cells rely upon 
cytoplasmic gradients of calcium; these appear to be important for the maintenance of 
polarised tip growth. Also, mounting evidence suggests that calcium is involved in the 
formation of hyphal branches (Gadd, 1995; Gow, 1995; Jellison e t a l., 1997).
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8.3.2. Fungal degradation of masonry
Though a close spatial relationship was evident between the hyphae and the materials, none 
of the discernible pitting and etching of stonework that have been attributed to some 
lichens and microcolonial fungi were conclusively found at either of the sampling points 
(Krumbein, 1988; Petersen et al., 1988; Prieto et al., 1997). Nevertheless, the presence of 
silicon, calcium and trace quantities of iron on the hyphae made the degradation of 
sandstone implicit during the present study.

A possible explanation for this lack of conclusive visual evidence for biodegradation may 
be the relatively short period of colonisation used, since the natural biological weathering 
found by the above-mentioned authors is likely to have occurred over many years. 
Nevertheless, the rapid degradation of concrete by a species of Fusarium  in laboratory- 
based tests has been reported (Gu et al., 1998). In addition, significant weight losses have 
been achieved in sandstone after incubation with bacteria isolated from ancient monuments 
(Lewis et al., 1988). Due to time constraints and the composition of the salvaged material, 
no attempt was made to assess possible degradation of the lath and plaster.

It is possible that the sandstone was being degraded by S. lacrym ans from within, 
especially since penetration of hyphae into the matrices of the three varieties was apparent. 
Nevertheless, this hyphal penetration was surprisingly difficult to view and to characterise, 
due to hyphal orientations and the denseness of the mycelia. Alternatively, S. lacrym ans 
may have utilised only an imperceptible amount of mineral - perhaps by solubilising 
metallic ions or compounds without leaving any perceptible visual change. It is also 
possible that the fungus degraded surfaces that were already disrupted and pitted in these 
cuts of stone, as such surfaces were found in the non-infected controls.

Metabolically-produced acids, such as oxalic acid, produced by stone-degrading fungi, 
lichen and other micro-organisms have been implicated in the weathering of stone, as have 
chelating agents produced by these organisms (Petersen e t al., 1988; Jones et al., 1988; 
May et al., 1993; De La Torre et al., 1993). As mentioned previously, S. la c ijm a n s  
produces oxalic acid readily (Bech-Andersen, 1987a; Akamatsu et al., 1994). The affinity 
of S. lacrymans for masonry and plaster is also well documented (Bech-Andersen, 1985; 
1987a; 1989). It is therefore likely that oxalic acid would be implicated in any degradation 
of masonry that may be caused by this fungus.
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Fungi belonging to the genera Cladosporium , Penicillium , Fusarium, Trichoderm a, 
A spergillus, B otrytis, M ucor, Spicaria, Cephalosporium , H orm odendrum  and Phom a  have 
been found to degrade stone, including sandstone (Henderson & Duff, 1963; Petersen et 
al., 1988). Their destructive capabilities appear to be linked to their production of acids, 
many of which act as chelating and solubilising agents of cations; the release of 
complexing agents by the fungi has also been implicated. In addition, mechanisms 
involving iron-scavenging siderophores have been linked to the etching of microfractures 
in sandstone by P. notatum. Similarly, De La Torre et al. (1993) demonstrated that P. 
frequentans produces large amounts of oxalic, citric and gluconic acids that deteriorate clay 
silicates, micas, feldspars, calcite and dolomite from a range of building stone via the 
removal of cations and the formation of organic salts. Organic acids from soil- and rock- 
inhabiting fungi have also been found to solubilise silicates (Henderson & Duff, 1963). 
Likewise, Silverman & Munoz (1970) demonstrated that P. sim plicissim um  can solubilise 
relatively large proportions of silicon, aluminium, iron and magnesium from a variety of 
rocks. Such fungi also appear to degrade stone by the penetrative actions of their hyphae; 
this process generally occurs in a manner analogous to that of the disaggregating action of 
plant roots in soil (May et al., 1993; Prieto et al., 1997).

Subsequent research in this area with regard to S. lacrym ans could involve the testing of 
mechanical strength in pieces of infected sandstone after varying periods of incubation. In 
this manner, the possible contribution of S. lacrym ans to the structural weakening of 
masonry could be investigated. In addition, an investigation to determine whether S. 
lacrym ans can cause weight losses in sandstone and plaster could be performed.

8.3.3. The extraction and transport of iron
The elements potassium, iron and chlorine were found in the mycelia that spread from the 
tiles of stone and plaster onto the lids of the chambers. Interestingly, the levels of iron and 
chlorine were noticeably higher in the hyphae of these mycelial samples compared with 
those colonising the materials themselves; in addition, calcium-rich crystals were absent 
from the former. In contrast, when ‘tiles’ of plastic were present, solely potassium and 
chlorine were detected. It was therefore assumed that at least most of the potassium was 
derived from the wood, since similar amounts were found in each sample. Such findings 
indicate that S. lacrym ans is capable of extracting iron from sandstone and plaster, then 
selectively transporting it towards outlying regions of the mycelial network. 
Correspondingly, a movement of iron from the materials may be facilitated by the higher
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solubility of this element when oxalate is present (Graustein e t a l., 1977), as was the case 
on hyphae colonising the stone and the plaster in the present experiment. Apart from the 
disappearance of chlorine from the later sample of the control (for reasons that were not 
clear) the respective profiles of elements remained the same for each material between the 
two sampling points.

Connolly & Jellison (1997) found evidence of the selective translocation of iron, 
magnesium and potassium from soil into wood by the brown rot fungus G lo eo p h y llu m  
trabeu m . Likewise, interfering quantities of other cations were translocated out of the wood 
to external depositories. Earlier, Connolly & Jellison (1995) had found the white rot fungus 
R esin ic iu m  b ic o lo r  to translocate calcium across glass from soil by means of its mycelial 
cords, which were associated with the accumulation of calcium oxalate. This finding 
contrasted with that of the present study, in which no calcium oxalate formed on peripheral 
mycelia. Nevertheless, these authors could not determine whether the calcium was being 
translocated intracellularly or extracellularly.

No reports describing the translocation of metallic elements by S. la c rym a n s  have been 
published. However, the dry rot fungus readily forms mycelial strands (cords) that are 
associated with the effective redistribution of water, soluble carbohydrates, nitrogen and 
phosphorus. Effective translocation may also occur in the un-stranded mycelium 
(Watkinson, 1971; Brownlee & Jennings, 1981; Watkinson, 1984; Jennings, 1991b).

A supply of iron is important for growth and many other physiological activities. This 
element is involved in electron transfer in the respiratory chain, haemoproteins, redox 
reactions with inorganic substances, acid-base reactions and DNA synthesis and cleavage, 
among other roles. As mentioned in earlier chapters, iron also appears to be involved in the 
early stages of timber decay by brown rot fungi via its involvement in the generation of 
cellulose-attacking hydroxyl free radicals. Though iron is usually regarded as a trace 
mineral in biology, it is often required in comparatively large amounts, although its 
intracellular levels must be regulated (Jellison e t a l., 1997; Isaac, 1997; Green & Highley,
1997).

In recent years, fungal siderophores have become associated with the uptake of iron by 
numerous fungi, particularly when this element is in limited supply and its acquisition 
would constitute an ecological advantage (Srinivasan, 1993; Isaac, 1997). Such
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mechanisms m a y  therefore have been involved in the uptake of iron that occurred during 
the present study, although, as mentioned previously, there is a strong possibility that the 
chelation of iron by organic acids, such as oxalic acid, was operative.

Siderophores are low molecular weight ferric-specific ligands (microbial iron transport 
cofactors), whose synthesis by micro-organisms is regulated by the availability of iron, 
with scarcity of this element often triggering their production. Various classes of 
siderophore exist, with Basidiomycetes usually producing the hydroxamate form, of which 
four classes have been identified; in these, ornithine is the iron-binding residue. 
Interestingly, some species that do not produce siderophores may benefit from their release 
by other organisms. There are several proposed mechanisms by which siderophores effect 
the entry of iron into cells via specific membrane-bound receptors. Iron-loaded siderophore 
molecules may be actively transported through the cell membrane; alternatively, iron may 
be transferred to another chelator for transferral; another possibility is that iron is 
reductively withdrawn from the accompanying siderophore during its passage. Once inside 
the cell, iron is made available for cellular processes or storage (Byers, 1986; Jellison e t  a l., 
1997; Isaac, 1997; Goodell & Jellison, 1998).

In conclusion, a more detailed investigation concerning the utilisation of elements 
extracted from masonry by S. lacrym an s  would be desirable, since these elements appear to 
increase its capacity for timber decay (Bech-Andersen, 1987a; Paajanen & Ritschkoff, 
1991; 1992; Paajanen, 1993; Palfreyman e t a l., 1996; Chapter 4) and, in the case of iron, be 
transported through the mycelium, as the present study has shown.

8.3.4. The influence of components of sandstone and plaster on the decay of timber 
In the experiment testing the effects of separate components of sandstone and plaster on the 
rate of timber decay, it was found that the lowest concentration of the minerals caused no 
effect on the decay rates. However, in the medium concentration, calcium sulphate and 
bentonite were found to reduce the decay rate, whereas in the highest concentration, only 
bentonite served to lower the rate. It was therefore found that concentration had a marked 
effect only for bentonite. Nevertheless, a comparatively large amount of variation existed 
between the individual values in each set, a factor that dulled the sensitivity of the test. It 
was therefore concluded that this novel experimental design did not function as well as was 
desired, especially since the inadvertent soaking of some blocks occurred, due to 
subsidence of the plastic support - a factor that probably upset the results in places. Apart
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from bentonite and to a lesser extent calcium sulphate, it appeared as though the added 
minerals did not affect the rate of timber decay. Bentonite is a complex aluminium-rich 
compound that also contains calcium, magnesium, sodium and silicon. Nevertheless, it 
would not have been surprising to find inhibition of fungal activity at high concentrations 
of any of the additives, since these minerals contain elements that are known to be 
cytotoxic, such as heavy metals. (Urquhart e t a l ,  1995; Sayer e t a l., 1995; Jellison e t a l., 
1997). It was also possible that S. la crym a n s  was exploiting silicon dioxide, since silicon 
accumulated on the hyphae when they colonised stone in the earlier experiment.

Sandstones are sedimentary rocks formed from accumulated detrital material. The principal 
component of sandstone is quartz (S i02), which is frequently accompanied by significant 
amounts of feldspar and mica. Other minerals that may be present include calcite, dolomite 
and iron oxides. Trace amounts of heavy minerals such as zircon, tourmaline or garnet are 
also common; however, in principal, any natural mineral may occur in sandstone (Urquhart 
e t a l ., 1995; M. Young, personal communication). For the present chapter, three 
representative forms of Scottish building sandstone were chosen. Each possessed a 
different coloration, texture and elemental composition. Locharbriggs and Leoch are, for 
example, moderately high in iron, whereas Clashach is low. With regard to levels of 
calcium, Leoch is high, whereas Locharbriggs and Clashach are low.

Correspondingly, the additives selected for the novel decay experiment are highly relevant 
to the overall compositions of the sandstones. Among these, kaolinite (Si- and Al-rich), 
saponite (Mg-rich) and bentonite (Al-rich) are clay minerals; these typically serve as 
binding agents in the stone (M. Young, personal communication). Unfortunately, the 
physical characteristics of some of the minerals intended for inclusion in this test were 
unsuitable for the application. It is envisaged that the effects of S. la c rym a n s  on these 
planar minerals, as well as the others, can be determined by SEM at a later date. Silicon 
dioxide was chosen to act as a bulking agent in order to parallel its presence in sandstone. 
In addition, natural gypsum (CaSO^K^O) was included in the experiment in order to 
represent the principal component of plaster. Similarly, the purified reagents calcium 
sulphate and calcium carbonate were included in order to provide other concentrated 
sources of calcium.

With regard to the ‘tile-based’ experimentation in this chapter, similar values of mean final 
weight loss of around 65% (results not shown) were noted for all the sets of blocks at the
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final sampling point. This finding contrasted with the values for the earlier sampling point, 
which displayed noticeably more marked variations between the respective sets - as was 
found in Chapter 4 (4.2.5.). Collectively, the present findings suggest that masonry and 
plaster are more likely to accentuate the rate of timber decay than they are to affect the 
ultimate potential for decay, since even the blocks incubated on inert plastic attained 
seemingly maximal levels of weight loss after 24 weeks. However, respective differences 
in the overall potential for decay may have become more marked if larger sections of 
timber and longer periods of incubation had been employed.
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Chapter 9

A  C o n c l u d i n g  D i s c u s s i o n  o f  t h e  P r o j e c t
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9.1. An overview of the resultant conclusions

Overall, this project was a success, with all of the requisite aims (1.6.) having been 
achieved, despite some technical difficulties and delays having been encountered during 
the 3-year period of experimentation. The conclusions from the respective experiments, 
along with the merits and limitations of the tests, are discussed fully in the preceding 
chapters. In addition, a number of possibilities for future experimental work in these areas 
are outlined in the appropriate chapters. In the main, this project involved the design, 
construction and running of novel experiments involving experimental chambers for 
studying the behaviour of S. lacrym an s v is -a -v is  its immediate environment. Accordingly, 
protocols for established instrumentation/techniques, such as HPLC and SEM, were 
adapted to these purposes when required. The justification for and merits of such 
experimental modelling are outlined in 1.3. It is also possible that these experimental 
methods could be adapted for other purposes, particularly the study other wood-degrading 
fungi.

The findings of the experimentation pioneered during this project have already contributed 
towards a progression of these studies, namely the development of full-scale models to 
assess the behaviour and treatment of S. la crym a n s, as well as the establishment of two 
designated laboratories for such work. In addition, findings from the present project were 
consulted during the development of an interdisciplinary study involving the application of 
risk assessment to the management of dry rot. These later studies constitute two Ph.D. 
projects that are currently in progress within the School, and which have scope for further 
expansion and specialisation.

The main findings of this project are outlined as follows, in the order in which they are 
presented in the thesis.

• The ‘wild’ Himalayan isolates of S. lacrym an s  proved to be less sensitive to the lower 
and upper regimes of temperature tested, as well as to lowered water potential, 
compared with domestic building isolates of the species. These findings appear to 
suggest the existence of additional hardiness in the former that would be beneficial in 
the less stable conditions that would be found in their native woodlands. While the 
building isolates, as a group, could spread linearly at about twice the rate of the
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Himalayan isolates, no overall differences in their rates of timber decay emerged 
(Chapter 3).

• The first known isolation and molecular identification of ‘wild-growing’ S. la crym a n s  
from Europe was carried out during this study, after field samples had been donated to 
the group. This Czechoslovakian isolate proved to be very similar to the domestic 
isolate of S. la crym a n s  that was used extensively in the project: this finding implies 
close genetic and evolutionary links between the two forms (Chapter 3).

• In small-scale growth chambers designed to test separately the effects of lowered 
humidity and air flow on S. lacrym an s, the growth and timber-decaying abilities of the 
fungus could be stopped by incubation at 86% relative humidity or by the application of 
a moving air flow of 2.5 litres per minute, when these were applied as remedial 
treatments. Significantly, however, the survival of the organism was not lost until 
conditions somewhat more harsh were applied. These findings suggest that caution 
should always be applied when interpreting apparent inactivation of the dry rot fungus 
in response to an environmental treatment (Chapter 4).

• A low-level flow of air may potentially stimulate a rapid spread of linear growth away 
from the direction of the stress. Although this occurrence was seen in only two colonies 
during the project, a similar response occurred after the application of fan drying to an 
infection in a large-scale model during a subsequent project (D. Smith, unpublished 
findings). Both of these findings suggest that care must be taken when aerating a 
building, so as not to stimulate the spread of S. lacrym an s  inadvertently (Chapter 4).

• The introduction of aged plaster, brick and varieties of stone to the small-scale growth 
chambers stimulated the decay of timber and the mycelial growth of the fungus, 
compared with the inclusion of plastic, timber and plasterboard, which elicited no 
stimulatory effects. In addition, the presence of some of the building materials served to 
buffer the effects of regimes of lowered humidity slightly, but not those of air flow. It 
therefore appears as though the susceptibilities of building timbers to decay by S. 
la crym a n s  are influenced by the non-woody materials that are also colonised (Chapter
4).
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• The use of medium-scale models simulating infected flooring and plaster walling 
revealed differences in the appearances and patterns of colonisation by S. lacrymans 
depending upon whether aged or new materials were used. Treatments involving air 
drying by fans caused both shrivelling and a loss of viability of the fungus only when 
there was no ‘reservoir’ of water available; when there was water present, latent activity 
remained - especially in sheltered interstices within the materials. This finding has 
important implications for the use of environmental treatments: it appears as though 
these are more likely to be effective on building timbers that can be dried quickly and 
isolated from sources of moisture. In contrast, large sources of moisture such as wet 
masonry, which may take months or years to dry, are more likely to facilitate the 
buffering and survival of ventilated conditions by the dry rot fungus. This concern was 
subsequently found to be justified when infections in large-scale models were treated by 
environmental means (D. Smith, unpublished findings). The findings also emphasise the 
risk of enclosed spaces in the structures and materials sheltering the fungus during 
treatments by ventilation (Chapter 5).

• When a combined environmental and biological treatment was applied to infections 
growing on this type of workshop-scale construction, it was found that the reputed 
antagonist of S. lacrymans, Trichoderma harzianum 25, conferred a mildly protective 
effect to the timbers, though it did not colonise plaster and could be overgrown by S. 
lacrymans. Importantly, T. harzianum 25 also caused a severe degradation of the part of 
S. lacrymans that assimilated water from the ‘reservoir’ of water. In contrast, T. 
harzianum 25 was entirely unsuccessful when used as the sole treatment. A combined 
treatment may therefore hold potential for the minimisation of damage to buildings 
awaiting repair and restoration (Chapter 5).

• When a more representative design of medium-scale model was subjected to separate 
treatments of fan drying and passive ventilation, the former treatment was the more 
effective, but its efficacy could be augmented further by incorporating low-level passive 
ventilation via discreet vents. In this manner, a successful remedial treatment of S. 
lacrymans could be effected, though the prevalence of mould during the treatment could 
prove to be undesirable in practice. However, some of this mould displayed 
differentially antagonistic effects against S. lacrymans. Furthermore, some samples of it 
appeared to be slightly more effective in a screening test than the antagonist used earlier 
(T. harzianum 25) (Chapter 6).
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• When levels of the stress-protective carbohydrate trehalose and associated solutes were 
assayed after the application of various drying treatments to cultures of S. la c rym a n s , no 
intramycelial stock-piling of the solutes occurred in response to stress. This result 
contrasted with those reported for other organisms that are tolerant of drying, including 
some fungi - a class of organism in which these solutes are prevalent. This finding could 
indicate a relative physiological weakness in S. la crym a n s  that could be exploited to the 
advantage of environmental control treatments (Chapter 7).

• During an investigation into the relationship between S. la crym a n s  and some non- 
woody building materials, it was found that the fungus removed calcium, silicon and 
iron from sandstone and calcium, sulphur and iron from aged plaster. These elements 
were sequestered on its hyphae, especially in the form of calcium oxalate. Degradation 
of the sandstone was implicit, but not obvious microscopically. Furthermore, S. 
la crym a n s  transported iron from these building materials through its mycelial system. 
On the whole, this utilisation of elements from the materials constitutes further evidence 
for the exploitation of masonry and plaster by the dry rot fungus, as had been postulated 
by Bech-Andersen (1985; 1989; 1995), and found to be evident during the 
experimentation of Chapter 4. An attempt to determine the effects of separate minerals 
in sandstone and plaster on timber decay by S. la crym a n s  revealed few variations 
(Chapter 8).

9.2. The outlook for environmental control treatments to combat the dry rot fungus

Originally, an aim of this project was to test the effectiveness of environmental control 
treatments in buildings. However, for the reasons given in Chapter 1, these tests were not 
possible. Nevertheless, valuable information was derived from the present studies - 
findings that have a strong bearing on the application of environmental control treatments 
to both infected and susceptible buildings. It was also determined that larger-scale models 
would eventually be necessary in these studies, even though they would make experimental 
replication more difficult and assessment more time-consuming. Nevertheless, these full- 
scale tests on infected building materials were found to be outwith the scope of the present 
study, hence their development into a subsequent project.
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Despite the fact that a definitive answer to the question of the effectiveness of 
environmental control treatments must await the completion of the succeeding project, 
several important points may be made in light of this preliminary study. It appears as 
though remedial treatments involving active ventilation by fan drying are effective against 
S. la crym a n s, especially when no ‘reservoirs’ of moisture or persistent sources of water 
ingress are present. However, it is important for evaporated moisture to be dissipated from 
the building effectively during such drying. Nevertheless, even when unavoidable sources 
of dampness are present, their effects on S. la crym a n s  appear to be precluded when low- 
level passive ventilation is applied after the main treatment. However, care must be taken 
to ventilate all enclosed spaces and surfaces of the infected materials. This passive 
ventilation may be effected via inconspicuous vents, such as those that may be applied to 
hollow plaster walling, sub-floor spaces, inter-floor spaces and roofing spaces.

It is also possible that combined treatments involving ventilation and the application of 
biological control agents, such as strains of T. harzian u m , may eventually be used 
successfully in buildings. However, such potential treatments require more testing and 
development; in addition, the conidiospores produced by fungal agents of biological 
control could constitute a heath hazard for occupants. For this reason, biocontrol treatments 
may be suitable only for the protection of uninhabited buildings.

Though environmental control treatments appear to have the potential to serve as remedial 
treatments for dry rot, certain potential problems were revealed during the present studies. 
The first of these concerns the finding that an apparent inactivation of S. la c ry m a n s  does 
not necessarily indicate its loss of survival, since the fungus can rapidly overcome periods 
of latency, especially if it is colonising interstices in materials. Another problem is the 
occasional stimulation of rapid growth away from the direction of active aeration, as 
mentioned in the previous section. Rigorous monitoring during and after treatments is 
therefore essential. Without doubt, environmental treatments involving ventilation and 
controlled drying could constitute relatively low-cost, environmentally-benign solutions to 
the problems of dry rot. These treatments appear to be particularly suited to buildings 
awaiting restoration, or in the process of it.
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The water potential (solute or osmotic potential) of 2% MEA was adjusted by 
supplementing the medium with defined quantities of potassium chloride (Fisons® 
laboratory reagent) prior to autoclaving. Data from White (1992) was used as a guide.

Theoretical Water Potential 
(MPa)

0.00 

-0.46 

-2.22 

-3.99 

-7.15

Appendix A: Using KC1 to adjust the water potential of an artificial medium

Weight of KC1 Added 
(g/Litre)

nil

7.46

37.28 

67.10

119.28
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Appendix B: Adjusting the pH of an artificial medium

In order to vary the pH of the medium, 2% MEA was supplemented with defined volumes 
of 0.1M hydrochloric acid (Fisons®) and/or 0.1M sodium hydroxide (Fisons®). These 
constituents were autoclaved separately and decanted into the medium at pouring 
temperature. In each case the total volume of the mixture was 1 litre.

The mean surface pH of the plates was determined by using a flat-ended pH probe 
(Russel® CFWL/30/9mm) and an appropriate meter. Two un-inoculated plates from each 
pH regime were tested one week after the plates had been poured. Ten readings from each 
were taken from the centre to the periphery.

Mean Surface pH Volume of 0.1 M 
NaOH/Litre

Volume of 0.1 M 
HCl/Litre

3.05 nil 80.0ml

4.40 nil 32.0ml

5.56 nil 13.3ml

6.09 3.3ml 3.3ml

6.51 8.0ml nil

6.94 16.0ml nil

7.60 48.0ml nil
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Appendix C: Solutions used for the preparation, running and staining of SDS-PAGE 
gels

Section C 1: Reagents for the preparation o f samples and the running o f gels 
Stacking gel buffer: 5.9g of tris buffer (Fisons® T/P630/60) and 0.4g of lauryl sulphate 
(Sigma® L-4390) brought to pH 6.7 with cone, hydrochloric acid (Fisons® H/1200/PB17) 
then made up to 100ml with de-ionised water.

Resolving gel buffer: 18.15g of tris buffer and 0.4g of lauryl sulphate brought to pH 8.9 
with cone, hydrochloric acid then made up to 100ml with de-ionised water.

Boiling mix: 1.0ml of Stacking gel buffer, 0.8ml of 25% w/v lauryl sulphate in de-ionised 
water, 0.5ml of (3-mercaptoethanol (Sigma® M-7522), 1.0ml of glycerol (Sigma® G-9012) 
and 30yd of 0.2% w/v bromophenol blue (Sigma® B-8026) in de-ionised water.

Gradient gel (formed bv using Hoefer® gradient mixer)
5%

Protogel (National Diagnostics® code EC890) 3.33ml
15%

10.00ml
Resolving gel buffer pH 8.9 5.00ml 5.00ml
Purified water 11.70ml 2.00ml
10% Ammonium persulphate (Sigma®) 125yd 54.2yd
Temed (Sigma®) 8.25yd 8.25yd
Glycerol - 3.00ml

Stacking gel
Protogel 3.00ml -
Stacking gel buffer pH 6.7 4.50ml -
Purified water 10.50ml -
10% Ammonium persulphate 150yd -
Temed 7.5yd -
Electrode buffer: 15.8g of tris buffer, 2.5g of laurvl sulphate and lO.Og of glycine (BDH®
444495D) made up to 2.5 litres with de-ionised water.
Water-saturated butanol: Butanol (Fisons®) and de-ionised water (50:50 mix)
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Molecular weight markers (BDH® product no. 44264 2L): This reagent was prepared 
according to the manufacturer’s instructions to give protein standards of 12 300, 17 200, 30 
000, 42 700, 66 250 and 76-78 000 units of molecular weight respectively.

S ec tio n  C  2: R ea g en ts  fo r the s ilv er-s ta in in g  o f  s e ts  (after Blum e t a l. f 19871)
Fix Solution: 500ml of methanol (Fisons® analytical grade), 120ml of glacial acetic acid 
(Fisons® A/0400/PB17), 0.5ml of 37% formaldehyde (Sigma® F-1635) and 379.5ml of de
ionised water

Wash A : 400ml of ethanol (Fisons® analytical grade) and 400ml of de-ionised water 

Pretreat: 0.05g of sodium thiosulphate.5H20 (Sigma®) and 250ml of de-ionised water

Impregnate: 0.5g of silver nitrate (Sigma® 5-8157), 187.5pl of 37% formaldehyde and 
250ml of de-ionised water

Develop: 15g of anhydrous sodium carbonate (BDH® no. 30121), 125pl of 37% 
formaldehyde, l.Omg of sodium thiosulphate.5H20 and 250ml of de-ionised water

Stop: 500ml of methanol, 120ml of glacial acetic acid and 380ml of de-ionised water

Wash B : 250ml of methanol (Fisons® analytical grade) and 250ml of de-ionised water
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The following reagents were individually prepared as saturated solutions in de-ionised 
water at room temperature, with the compound being added in excess, mixed well and left 
to stand for a week before being used in the experiment. Use of a liquid to effect a defined 
level of humidity requires a sealed vessel with a relatively small air space in relation to the 
surface area of the humidity-giving solution. Additionally, the temperature at which the 
tabulated data are valid should be maintained with as little variation as possible (Winston 
& Bates, 1960).

Salts used as saturated solutions in order to effect defined relative humidity
Data from Winston & Bates (1960) and Fisons’ 1996 catalogue for laboratory reagents
were used to create the following regimes of humidity.

Compound and Manufacturer’s Code Nominal % R.H. at 20°C

Appendix D: The use of saline solutions to control relative humidity

Potassium sulphate (Fisons® P/6960/65) 97
Potassium nitrate (Fisons® P/6080/65) 93
Potassium chloride (Fisons® P/4240/62) 86
Ammonium sulphate (Fisons® A/6440/62) 81
Sodium chloride (Fisons® S/3120/60) 76
Ammonium nitrate (Fisons® A/5880/60) 65
Sodium dichromate (Fisons® S/3560/60) 55
Magnesium chloride (Fisons® M/0550/60) 33

Laboratory-grade reagents were adequate for this purpose (Winston & Bates, 1960).
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Appendix E: Low nutrient medium (LNM)

One litre of de-ionised water was added to the following reagents with the exception of * 
prior to autoclaving at 121°C for 20 minutes. Reference: Huttermann & Volger (1973).

Mass added 
in grams

Reagent

5.000 D-Glucose (Fisons®)
1.000 KH2P 04 (Fisons®)
0.614 M gS04.7H20  (Fisons®)
0.500 KC1 (Fisons®)
0.010 FeS04 (Fisons®)
0.008 Mn (CH3COO) 2.4H20  (Fisons®)
0.002 Zn (N 03) 2.6H20  (Fisons®)
0.050 Ca (N 03)2.4H20  (Fisons®)
0.002 CuS04 (Fisons®)
0.008 NH4N 0 3 (Fisons®)
0.013 L-asparagine* (Sigma®)

15.000 Purified agar (Oxoid® L28) This reagent was used to solidify the 
medium where applicable.

* This reagent was filter sterilised as a xlOOO cone, stock solution by means of a sterile 
Whatman® 0.2pm filter cartridge. 1ml of it was aseptically introduced per litre of 
autoclaved medium, after it had reached a temperature suitable for pouring.
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Appendix F: Phosphate buffered saline (PBS)

Phosphate buffered saline was prepared in the following manner. All the reagents were 
manufactured by Sigma®. Reference: Vigrow (1992).

1) 0.02M solutions of sodium di-hydrogen phosphate (stock solution A) and di-sodium 
hydrogen orthophosphate (stock solution B) in de-ionised water were prepared.

2) Phosphate buffer lOmM, pH 7.4, was obtained by mixing 19ml of stock solution A and 
81ml of stock solution B with 100ml of de-ionised water.

3) PBS was obtained by the addition of sodium chloride to phosphate buffer in order to 
achieve a final concentration of 0.15M.
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Appendix G: Information on the sites where the Himalayan field samples were 
collected

Three fruiting bodies of Serpula lacrymans with accompanying stands and fan-shaped 
mycelia were found at several locations in woodlands of the Narkanda region of the Indian 
Himalayas, between 2,800 and 3,100 metres above sea level. One of the basidiocarps was 
found in contact with the soil on the interior of a heart-rotted trunk of Picea smithiana; a 
second was located on the underside of a fallen, burnt and well-decayed stump of Abies 
pindrow, the third was located in partial contact with the soil on the underside of a fallen, 
well-decayed stump of Taxus baccata. For each find, the sporophores were north- or north
east-facing, situated in relative shade or darkness, in a local temperature of 10-14°C and a 
relative humidity of 60-80%, adjacent to clay-loam soil (pH 7 approximately), and in 
proximity to timber with a moisture content in the range of 27-56%. The associated biota 
included Heterobasidion insular, Armillerea mellea and Serpula himantioides.

This information was kindly provided by a colleague, Dr N.A. White, subsequent to her 
taking part in an expedition to the foothills of the Indian Himalayas in 1994. The aims of 
this expedition were to verify an earlier report of S. lacrymans in the region (Bagchee, 
1954) and to make a preliminary study of its natural biotope (Singh & White, 1995; White 
etal., 1995b; White et al., 1997).
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Appendix H: Additional information on Historic Scotland

Address
Historic Scotland 
Longmore House 
Salisbury Place 
Edinburgh 
EH9 ISH
UNITED KINGDOM

Main telephone number 
(0131)668 8600

Internet site
www.historic-scotland.gov.uk

Address of English Heritage (Historic Scotland’s partner organisation)
English Heritage 
429 Oxford Street 
London 
W1R 2HD
UNITED KINGDOM
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The data in the following four tables refer specifically to section 6.2.2. of Chapter 6. This 
information is represented in tabulated form for clarity. Each value represents a mean of 9 
readings relating to percentage moisture content of the upper surfaces of the flooring 
boards in the 8 models, as determined by the use of a calibrated resistance meter (methods 
outlined in 2.4.1.). The respective values were obtained by pooling the 3 readings for the 3 
boards in each respective construction at that sampling point.

Appendix I: Additional tabulated data from the Type 2 modelling experiment

Table (i): The mean percentage moisture levels on the upper surfaces of the floorboards on 
constructions 1 and 3 over the course of the treatments

Interval
Between
Readings

%  Moisture 
Content 

Construction 1
% Moisture 

Content 
Construction 3

Stage of the Experiment (See Fig. 8)

3 Days 24.56 23.67 Active Treatment I 
(use of fans to effect 

environmental control treatments)
16.78 16.22
14.78 14.78
13.44 12.89
12.78 12.56
13.67 13.56
13.67 12.67
13.56 12.67

3 Days 13.11 12.78 4-month period in order to 
permit re-growth of any 

surviving mycelia
13.44 12.67
13.44 12.67
13.67 12.89

7 Days 15.56 15.33
16.22 15.67
24.33 25.00
24.56 28.00
36.33 36.22
29.11 28.33
33.89 34.00
25.44 24.89
26.22 24.89
25.00 24.33
27.00 27.11
27.00 25.11
24.44 23.89
26.00 23.78

7 Days 25.67 23.44 Additional 4-month period 
in order to verify re-growth 

of any surviving mycelia
24.56 23.00
23.67 22.67
23.89 22.33
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Table (ii): The mean percentage moisture levels on the upper surfaces of the floorboards on 
constructions 2 and 4 over the course of the treatments

Interval
Between
Readings

%  Moisture 
Content 

Construction 2
% Moisture 

Content 
Construction 4

Stage of the Experiment (See Fig. 8)

3 Days 22.78 22.11 Active Treatment I 
(use of fans to effect 

environmental control 
treatments)

15.56 15.67
14.22 14.67
13.11 12.78
12.89 12.78
13.89 13.33
13.22 13.11
13.89 12.67

3 Days 13.33 12.67 4-month period in order to
13.22 12.56 permit re-growth of any
13.67 13.00 surviving mycelia
13.78 13.00

7 Days 16.33 15.11
16.78 15.67
25.44 23.00
25.89 23.78
33.22 26.89
28.89 24.11
30.33 25.11
24.22 23.89
25.89 23.78
26.00 23.56
25.56 23.78
24.56 23.78
24.22 23.22
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24.44 23.00
3 Days 24.33 22.44 Active Treatment II 

(use of fans to effect 
a further environmental 

control treatment)*
19.78 18.56
18.67 17.22
18.11 16.44
16.89 15.67
17.00 16.11
16.56 15.22
16.11 15.44

7 Days 16.22 15.22 4-month period in order to
16.33 15.22 permit re-growth of any
15.89 15.00 surviving mycelia during
16.33 14.78 a low-level passive treatment
15.22 14.00
12.78 11.56
12.67 11.89
9.44 8.78
12.88 15.00
14.44 16.00
15.22 15.78
16.44 16.11
16.00 15.78
15.78 15.67
17.11 15.89
19.67 18.67

* Noticeably quicker evaporation of the free water occurred in the chambers when an active treatment was 
used, in comparison with the passive treatment: Constructions 2 and 4 - 10mm of evaporation each over 8 
days; Constructions 5 and 6 - 2mm each over 8 days.

Table (iii): The mean percentage moisture levels on the upper surfaces of the floorboards 
on constructions 5 and 6 over the course of the treatments

Interval
Between
Readings

% Moisture 
Content 

Construction 5
% Moisture 

Content 
Construction 6

Stage of the Experiment (See Fig. 8)

3 Days 24.00 23.33 Passive Treatment I 
(ambient humidity alone used 

to effect an environmental 
control treatment)

16.67 15.44
15.56 14.33
13.44 13.00
12.89 12.56
14.33 13.44
13.22 12.44
13.56 12.78

3 Days 13.11 12.56 4-month period in order to 
permit re-growth of any 

surviving mycelia
13.89 12.67
13.44 13.00
13.78 13.22
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7 Days 16.89 17.33
18.00 17.56
27.89 24.00
36.56 24.78
44.22 28.00
33.22 25.22
38.22 25.67
28.56 24.56
26.78 24.78
26.22 24.44
26.11 24.56
25.33 24.56
25.11 25.22
24.67 25.22

3 Days 24.56 26.33 Passive Treatment II 
(ambient humidity alone used 

to effect an environmental 
control treatment)

21.00 21.22
19.56 19.44
18.56 18.56
17.78 17.56
18.00 18.11
17.22 16.89
17.11 17.78

7 Days 17.00 17.22
16.78 17.11
16.56 16.67
16.00 16.56
14.89 15.44
12.56 13.00

7 Days 16.00 17.44 4-month period in order to
16.89 17.89 permit re-growth of any
17.44 19.77 surviving mycelia
18.11 19.56
17.56 19.11
18.00 19.67
17.00 18.66
17.00 18.33
18.33 20.33
17.00 19.67
17.33 19.67
17.78 19.44
17.33 18.89
17.56 19.89
18.00 20.22
19.11 26.00
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Table (iv): The mean percentage moisture levels on the upper surfaces of the floorboards 
on constructions 7 and 8 over the course of the experiment

Interval
Between
Readings

% Moisture 
Content 

Construction 7
% Moisture 

Content 
Construction 8

Stage of the Experiment (See Fig. 8)

1 Month 25.56 23.67 Constructions left untreated
26.00 27.78 in order to serve as controls
25.56 27.00 for both the active and the
23.33 26.44 passive treatments respectively
22.11 26.67
25.11 26.22
23.00 26.44
24.44 26.00
24.78 26.00
25.11 22.56
23.44 27.11
27.00 31.67

29.44
30.67
30.44
25.00
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Appendix J: Additional information regarding statistical analysis

A specimen of a read-out from an ANOVA analysis performed by using MINITAB for 
Windows (Minitab Inc.®) is reproduced as follows: -

ROWS: Humidity

%Wt loss %Wt loss
MEAN STD DEV

76 2.710 2 .0 11
81 2.178 2.817
86 2.840 1.189
93 12.798 1.352
97 21.987 4.083
100 19.750 1.323
A LL 10.377 8.713

MTB > Oneway ‘%Wt loss’ ‘Humidity’

Analysis of Variance on %Wt loss

Source DF SS MS F P
Humidity 5 1645.35 329.07 58.69 0.000
Error 18 100.92 5.61
Total 23 1746.27

In this thesis, information from the upper table is plotted graphically or in a table, whereas 
information from the lower table is communicated using values from the DF, F and p 
columns, e.g., (F(5,18)=58.69; p=0). In accordance with common statistical practice in 
biology, significant difference is determined by a confidence interval threshold of 95%, i.e., 
values for p in the range 0.05 to 0. The p value serves as an index of probability relating to 
the possibility of statistical difference occurring through chance alone.

Further tests linked with ANOVA, such as Tukey’s pairwise comparisons and Dunnett’s 
test, are applied frequently in this thesis in order to clarify the location of significant 
statistical difference. The interpretation of read-outs for these tests depends upon scanning 
discrete pairs of values relating to binary combinations of grouped data: if a pair of 
ascribed values is of the same sign (+/-), there is a significant difference, if not, there is 
none. Dunnett’s test is favoured when test values are compared against those of a control.

\
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