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Abstract The mycelia of two wood decay basidiomycete fungi were grown opposing each
other across a 1-μm pore membrane supported on the surface of malt broth, contained
within a sealable reaction vessel. Production of volatiles during the time course of
interaction was followed by collecting head space samples by solid phase microextraction
(100 μm polydimethylsiloxane fiber) on five occasions over 25 d following coinoculation
of the fungi: 1, 3 (i.e., immediately prior to mycelial contact), 9 (1–2 d after initiation of
pigment production by Resinicium bicolor), 17, and 25 d. Ten volatiles were produced
during interactions that were not detected in single species controls. In general, most (18)
fungal volatiles were sesquiterpenes eluted between 12.5 and 21 min, with a further two
eluted at 29.1 and 33.9 min; a benzoic acid methyl ester, a benzyl alcohol, and a
quinolinium type compound with a distinctive fragmentation pattern at m/z 203, 204, 206,
and 207 were also identified; three volatiles with m/z maxima of 163, 159, and 206–208,
respectively, remained unidentified. The results are discussed in relation to possible
ecological roles of volatiles.
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Introduction

During growth through organic resources and soil, basidiomycete mycelia frequently
encounter mycelia of other fungi, both of the same and of different species (Rayner and
Boddy, 1988; Boddy, 2000). When basidiomycete mycelia meet, recognition as “non-self”
(both inter- and intraspecifically) results in antagonistic responses (unless the mycelia are
mating compatible) accompanied by changes in morphology in the interaction zone (and
often elsewhere) and in production of extracellular enzymes, volatile and diffusible
secondary metabolites, often visually manifested as bright pigments in mycelium and
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culture substratum (Rayner and Boddy, 1988; White and Boddy, 1992; Griffith et al.,
1994a,b,c; Score et al., 1997). Mycelial growth is often stopped, reduced, or stimulated, and
such responses are often induced prior to contact (Schoeman et al., 1996; Wheatley et al.,
1997; Savoie, 2001; Humphris et al., 2002; Wald et al., 2004a,b), but also following
contact, and in the case of intraspecific interactions, following hyphal fusion (Rayner and
Boddy, 1988; Boddy, 2000). Responses occurring prior to contact are likely to be induced
by diffusible and/or volatile organic compounds (VOCs) depending on the combination of
interacting species (Rayner et al., 1994; Heilmann-Clausen and Boddy, 2005). In this paper,
we concentrate on VOCs.

VOCs have been detected from fungal fruit bodies (Fäldt et al., 1999), fungal-spoiled food
(de Lacy Costello et al., 2001; Demyttenaere et al., 2004), and fungi within buildings (Korpi
et al., 1999; Ewen et al., 2004). VOCs produced by basidiomycetes and ascomycetes include
alcohols, terpenes, aldehydes, ketones, sesquiterpenes, and aromatic compounds (Sunesson
et al., 1995; Wheatley et al., 1997; Korpi et al., 1999; Rösecke and König, 2000; Rösecke et
al., 2000; Abraham, 2001; Wheatley, 2002). Many sesquiterpenes from plants (e.g., Cakir et
al., 2005; Cheng et al., 2005; Wang et al., 2005) and fungi (e.g., Florianowicz, 2000;
Abraham, 2001; Roy et al., 2003) appear to have antifungal properties, and VOCs produced
by some fungi have been considered as potential biocontrol agents in timber preservation
(Schoeman et al., 1996; Wheatley et al., 1997). Some sesquiterpenes may be involved in
defense responses against fungivores (Wiens et al., 1991; Stadler and Sterner, 1998).

Most studies have investigated the identities of VOCs produced as a snapshot at a single
time point; however, the VOC profile can change over time (Sunesson et al., 1995; Nilsson
et al., 1996; Korpi et al., 1999). For example, volatile production by Penicillium growing in
pure culture reached a peak after 4–5 d (after normalization for colony size; (Nilsson et al.,
1996). When mycelia are interacting, production of VOCs is likely to change considerably
during different stages of the interaction. The current study follows VOC production over
the time course of mycelial interaction between two wood decay basidiomycetes,
Hypholoma fasciculare and Resinicium bicolor. Although the latter is most common in
coniferous woodlands, they are both found in angiosperm woodland, where their mycelia
could potentially interact while growing across soil or within wood (Kirby et al., 1990;
Boddy, 2001).

Sampling was timed to coincide with different morphological manifestations of
interaction: on agar, growth usually slows following hyphal contact, red/brown pigment
is produced by R. bicolor in the interaction zone, while H. fasciculare forms cords
following mycelial contact that produce a yellow pigmentation approximately 10 d later,
ultimately with slow mutual replacement (Fig. 1). The following hypotheses were tested: (1)
VOCs are produced prior to mycelial contact, initiating an early defense response; (2) VOC
production is linked to the production of pigments during interspecific interaction; (3) VOC
production increases over the course of the interaction independently of colony size; and
(4) interspecific interactions produce additional VOCs, which are otherwise not produced
during self interactions.

One means of sampling headspace VOCs is to use solid phase microextraction (SPME)
fibers. The fiber coatings have different properties for adsorption of different polarity
compounds (Nilsson et al., 1996; Jeleń, 2003), and both polydimethylsiloxane (PDMS) and
polyacrylate fibers have been used successfully to sample fungal VOCs (Nilsson et al.,
1996; Fäldt et al., 1999; Jeleń, 2003; Demyttenaere et al., 2004; Ewen et al., 2004). SPME
PDMS sampling, combined with separation and identification by GC/MS, was used to
monitor the production of VOCs emitted from interactions of H. fasciculare and R. bicolor
grown over 0.5% malt extract broth.
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Methods and Materials

Fungi

Cultures of H. fasciculare (HF-DD2) and R. bicolor (RB1), from the Cardiff University
Fungal Ecology Group culture collection, were initially grown separately on 2% malt
extract agar (Lab M MC23 malt extract, Lab M agar no. 2) in 9-cm nonvented Petri dishes
at 20°C to provide fungal inoculum. Inocula comprised plugs of mycelium plus agar
(10 mm diameter) cut from the margin of growing cultures with a no. 5 cork borer. Growth
rates of the two species were similar; thus, in interaction systems (see below), both plugs
were added at the same time.

Interaction Systems

Interactions took place in Reacsyn™ fermentation vessels (BioDiversity, Enfield, UK)—
polypropylene bottles containing a porous polyester/polypropylene support at the base of an
inner chamber (Fig. 2). The support sat in contact with the surface of the broth medium
[30 ml of sterile malt extract broth (0.5%, Lab M MC23 malt extract)] contained in the
outer chamber. A Fluropore™ membrane (1 μm pore size; Millipore, Watford, UK) was
placed onto the vessel support, and fungal inocula were placed on or near the center (see
below). The membrane, although not completely preventing growth into the culture
medium, encouraged horizontal growth of the mycelium ensuring a physical interaction
(similar to that observed on solid agar plates) and provided a stark white background
against which any hyphal pigmentation could clearly be seen. The neck of the inner
chamber was stoppered with a gas permeable polyurethane foam bung. The inner/outer
chamber design allowed simple sampling of both the headspace (40 ml) and broth (30 ml)
within an aseptic system.

Fig. 1 Resinicium bicolor inter-
acting with Hypholoma fascicu-
lare on 2% malt agar in a 9-cm
Petri dish, 18 d after mycelial
contact at 20°C. Resinicium bi-
color is partially replacing H.
fasciculare (R rep) and vice versa
(H rep). Note that there is dark
red/brown pigment production by
R. bicolor (R), and yellow pig-
ment production around cords of
H. fasciculare (Y). Photograph
courtesy of Tim Rotheray
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Treatments

Five treatments were prepared in triplicate, two single plugs of each isolate, two self
pairings, and one interspecific interaction: (1) a single H. fasciculare plug inoculated
centrally (HF), (2) two H. fasciculare plugs placed 10 mm apart (HFHF), (3) a single R.
bicolor plug inoculated centrally (RB), (4) two R. bicolor plugs placed 10 mm apart
(RBRB), and (5) one H. fasciculare plug placed 10 mm away from a single R. bicolor plug
(HFRB). The vessels were placed in their commercial racking system and incubated in the
dark at 20±0.5°C.

Sampling of Volatiles

Volatiles were collected by SPME (100 μm PDMS fiber, Supelco, Poole, Dorset, UK).
Guided by a small preliminary experiment, sampling took place 1, 3, 9, 17, and 25 d after
inoculation. The first sample of the volatiles, the baseline, was taken the day after
inoculation, allowing the dispersal of any compounds produced or released as a result of
mycelial severance. The 3-d sample was prior to mycelial contact with about 1.5–2-mm
distance between the colonies. Resinicium bicolor started to produce pigment at 7–8 d; thus,
pigment production was initiated 1–2 d prior to sampling at 9 d. The last two time
samplings represented later stages of the interactions. The SPME sampling process was as
follows: the SPME fiber (preconditioned according to the manufacturers’ instructions) was
briefly conditioned at the start of sampling each day (250°C, 15 min) and a fiber blank was
then run. The inoculated Reacsyn vessels were flushed to clear any build up of fungal
volatiles and plasticizer by placing in a sterile laminar flow system with the foam bung/cap
system removed for 10 min (deemed suitable following preliminary trials). The cap was
then replaced and the vessel was removed from the flow. The SPME fiber was pushed
through the bung and exposed to the headspace of the inner chamber for 1 h. The SPME
fiber was withdrawn and immediately injected into the GC/MS system.

GC/MS Analysis

Volatiles were analyzed by GC (GC8000, Thermofinnigan, Hemel Hempstead, UK) and
MS (MD 800, Thermofinnigan). Samples were desorbed at 220°C in a split/splitless
injection port in splitless mode for 2 min and resolved over 30 m VF23ms (Varian, Palo
Alto, CA, USA) polar column (0.25 mm ID, 0.25 μm film thickness), with helium carrier

Fig. 2 Diagram of the Reac-
syn™ fermentation vessels used
to assess production of volatiles
and diffusibles when mycelia
were interacting and when grow-
ing alone

46 J Chem Ecol (2007) 33:43–57



gas (55 KPa). The temperature program was as follows: start 45°C, increasing at 3°C/min to
200°C, then held at 200°C for 5 min. Mass spectra were recorded in electron ionization
mode from m/z=35 to 400, with a source temperature of 200°C and interface at 280°C.

Fiber blanks were used to check for any signs of contamination. Control Reacsyn vessels
containing malt broth but no fungus were tested by SPME for any exchange of volatiles
between the vessels being incubated together. Putative identifications were made by
comparing mass spectra with library entries (National Institute of Standards and
Technology v2.1 mass spectral database). An absolute identification would have required
preparation and/or provision of individual reference compounds and was beyond the scope
of this project. Peaks of interest were integrated by using Masslab v1.4 (Thermofinnigan).
Prior to statistical analysis, peak areas for each time point were normalized against
dibutylbenzene (plasticizer signal, RT 11.9), which remained constant across all samples
throughout the time course of the experiment. Peaks found in only one replicate of a
treatment were reported but considered artifacts and were not included in further analysis.
The evolution of each volatile (as peak area, in standard equivalent units, over time) was
compared by using one-way analysis of variance or two-sample t-test (Minitab v13) by
comparison of area under the curve determined by KaleidaGraph software (Synergy
Software, Reading, PA, USA).

Results

Visible Changes

Mycelial morphology changed after mycelial contact. Red/brown pigment was produced
beneath mycelium of R. bicolor between 3 and 9 d, and yellow pigment developed in H.
fasciculare cords between 9 and 17 d.

Between Treatment Differences in Volatiles

Replicates within each treatment were generally consistent (and consistent with the
preliminary experiment), although one replicate from the interspecific interaction produced
the same volatile peaks as the other two replicates but at lower concentrations. In total, 25
fungal metabolites were detectable in the five treatments (Fig. 3). The interspecific
interaction produced 12 volatiles that were not found in the single species samples (peaks
1–4, 6, 7, 9, 14, and 21–23), and additionally three (peaks 8, 12, and 17) were considered to
be produced only during interspecific interaction because they were present only in a trace
amount in a single replicate of the single-species samples. Four peaks were common to the
interspecific interaction and R. bicolor samples (peaks 5, 11, 16, and 19), three to the
interspecific interaction and H. fasciculare (peaks 10, 24, and 25), one peak was unique for
R. bicolor (peak 13), and three peaks (peaks 15, 18, and 20) were identified in all
treatments. Peak 20 was produced in significantly higher concentration by R. bicolor than
H. fasciculare (P<0.05). An additional peak (peak 23), although only present in a single
replicate of the interspecific interaction (suggesting it was not a consistently produced
volatile), was included in the total peak count, as it was putatively identified as a
sesquiterpene. The majority of the metabolites produced were determined to be
sesquiterpenes eluting between 12.5 and 21 min (peaks 1–17). Two further sesquiterpenes
eluted at 29.1 and 33.9 min (peaks 19 and 23). Two sets of diastereoisomers were putatively
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identified from mass spectral data, peaks 3, 5, 14, and 16 being +-muurolene, +-cadinene, +-
amorphene, and +-bulgarene, and peaks 4, 11, 15, and 17 being α-muurolene, α-cadinene,
α-amorphene, and α-bulgarene, although the order of elution of the isomers could not
definitely be assigned due to the similarity of the mass spectra within each set. Peak 12,
although a major peak, did not produce any matches in the database, so it was not
identified. Of the remaining peaks, peak 18 appeared to be a benzoic acid methyl ester,
peak 20 a benzyl alcohol, and peak 24 a quinolinium-type compound with a distinctive
fragmentation pattern at m/z 203, 204, 206, and 207. The remaining peaks, peaks 21, 22,
and 25, had m/z maxima of 163, 159, and 206–208, respectively, but could not be
identified.

In most cases, the production of specific volatiles was not affected by colony size (no
significant differences found between single- and double-plug single-species treatments, P>
0.05). Peaks 11 and 16, however, were detected in the double- but not in the single-plug
R. bicolor treatment, and peak 19 also indicates some effect of colony size—HFRB being
significantly different (P≤0.05) from RB but not RBRB (Fig. 4). Where volatiles were

Fig. 3 Representative GC/MS traces indicating fungal metabolites: (a)Hypholoma fasciculare v Resinicium
bicolor (HFRB) interaction at 17 d; (b)R. bicolor (RBRB) alone at 17 d indicating position of the peak found
in R. bicolor only. Peaks are numbered individually. An additional small peak (25) was found in both
treatments at 49.1 min (not shown), BB is dibutylbenzene

Fig. 4 Evidence of up-regulation of VOCs during interspecific interaction in those volatiles that were also
present in single species inoculations: HF, Hypholoma fasciculare inoculated singly; HFHF, H. fasciculare
inoculated as two plugs; HFRB, H. fasciculare v Resinicium bicolor; RB, R. bicolor inoculated singly; RBRB,
R. bicolor inoculated as two plugs. Values are means (with standard errors) of three replicates of total area
under the curve produced over 25 d. For each peak, the same letter indicates no significant difference (P≤
0.05). Log10 transformation of data were required for peaks 10, 11, 15, 16, and 20. One-way ANOVA with
Tukey–Kramer a posteriori test performed on 5, 10, 15, 18–20, and 24. Two-sample t-test was carried out on
peaks 11 and 16

b
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present in both the interspecific interaction and other treatments, up-regulation tended to
occur, the area under the volatile evolution curve from the interspecific interaction being
greater (P≤0.05) than both single- and double-plug isolate samples for peaks 5 and 11
RBRB (Fig. 4). In the case of peaks 10, 15, and 16, the large amount of variability within
the interspecific interaction, which was caused by the outlying response of replicate 1,
resulted in a lack of significant difference between some samples (Fig. 4). No up-regulation
occurred in the production of the metabolites corresponding to peaks 18, 20, 24, and 25.

Production of Volatiles Over Time

All VOCs detected increased over the time course of the experiment and then declined. Of
the 25 metabolites, only four were detected at 1 d (Fig. 4, Table 1): peaks 18, 19, 20, and 24
from 4, 1, 4, and 9 samples, respectively; peak 24 being the only metabolite consistently
present at 1 d. Production of other metabolites began between 3 and 17 d, but most
commonly from 9 d following mycelial contact (Table 1), and increased over time, most
reaching a maximum at 17 d and declining by 25 d (Table 1, Fig. 5).

Table 1 Comparison of the evolution of fungal volatiles graded on a log scale for peak area (standard
equivalent units) allowing comparison of peak areas over time and between peaks

Peak
Number

Ret.
Time

Days

HF HFvHF

1 3 9 17 25 1 3

1 12.9 * * * * * * *
2 13.29 * * * * * * *
3 13.50 * * * * * * *
4 14.1 * * * * * * *
5 14.6 * * * * * * *
6 15.3 * * * * * * *
7 15.40 * * * * * * *
8 15.8 * * * * * * *
9 16 * * * * * * *
10 16.5 * * * 0.01** * * *
11 16.9 * * * * * * *
12 17.8 * * * * * * *
13 17.9 * * * * * * *
14 18.5 * * * * * * *
15 19.2 * * 0.03*** 0.22**** 0.13*** * 0.00*
16 20.09 * * * * * * *
17 20.9 * * * * * * *
18 26.5 0.00* 0.00** 0.00** 0.00** 0.00** 0.00* 0.00**
19 29.15 * * * * * * *
20 30.9 * 0.00* 0.02*** 0.01** * 0.00* 0.00**
21 31.89 * * * * * * *
22 32.65 * * * * * * *
23 33.97 * * * * * * *
24 35.35 0.02*** 0.02*** 0.03*** 0.04*** 0.01*** 0.04*** 0.08***
25 49.18 * * 0.00* 0.00** * * *

Log scale for peak area (standard equivalent units) *<0.001; **=0.001–0.01; ***=0.01–0.1; ****0.1–
1; *****>1
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Discussion

There was no evidence of long-distance antagonism (Boddy 2000) in the interaction
between H. fasciculare and R. bicolor; morphological responses were not manifest until
after mycelial contact, and there was no physiological response (as evidenced by lack of
change in VOC profiles) until 8 d after inoculation. By this time, mycelial contact had
been made, and R. bicolor had begun to produce red/brown pigments (3–9 d). Those
\VOCs emitted before 9 d (peaks 4–6, 8–10, 13–15, 17–20, 22–24, and 25) may
relate to R. bicolor pigment production, while those which did not occur until after 9 d
(peaks 1–3, 7, 11, 12, 16, and 21) may be associated with the yellow pigment production
seen in the mycelium of H. fasciculare at this time. Shifts in metabolism corresponding
with pigment production have also been detected in Phlebia radiata (Griffith et al., 1994a;
Rayner et al., 1994).

The decline in VOCs concentration towards the end of the experiment may have several
causes. First, because there was no overall replacement of one fungus by the other, there
was no new mycelial contact to induce fresh VOC production. Continued production of
VOCs might be envisaged where one fungus replaces another with the production of

Days

HFvHF RB RBvRB

9 17 25 1 3 9 17 25 1

* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* * * * * * 0.03*** * *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* 0.0** * * * * * * *
* * * * * * * * *
* * * * * * 0.00** * *
* * * * * * * * *
* * * * * * * * *
0.04*** 0.13**** 0.04*** * * 0.00** 0.14*** 0.02*** *
* * * * * * 0.00** * *
* 0.01** * * * * * * *
0.00** 0.00** 0.00** 0.00** 0.00* 0.00** 0.00* 0.00** *
* * * * * 0.04*** 0.04*** 0.01** 0.00**
0.02*** 0.00* * * 0.00** 0.08*** 0.09*** 0.02*** *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
0.04*** 0.02*** 0.02*** * * * * * *
0.00** 0.01** * * * * * * *

Table 1 (Continued)
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successive bands of pigment by either or both the invading and invaded fungus. In other
fungal combinations, where pigment production is less, there may be less VOCs produced
even during the height of the interaction. Second, the nutrient limitations of the media may
have prevented further metabolite production as the number (Sunesson et al., 1995;
Korpi et al., 1999) and concentration (Demyttenaere et al., 2004) of VOCs produced can
vary depending upon the growth medium.

The outcome of an interaction may depend to some extent on the ability of a fungus
to detoxify its opponent’s metabolites. Catabolism or detoxification of VOCs may have
occurred during the current study; at least one compound produced by R. bicolor grown
on its own was not detected during the interspecific interaction. This may indicate the
inhibition or switching off of some metabolites during interaction. Also, there was some
evidence that plasticizer (at midretention times) from the Reacsyn vessels decreased with
time, perhaps due to fungal metabolism. Evidence that H. fasciculare does breakdown
diffusible compounds produced by other fungi was provided by Griffith et al. (1994b):
H. fasciculare had a reduced radial extent when inoculated onto a cellulose film overlaid
onto agar on which an opposing species had initially been grown; when this cellulose film
plus fungus was removed and replaced by a fresh inoculum of H. fasciculare on a fresh
cellulose film, the latter grew much more extensively, indicating that some degradation of

Days

RBvRB HFvRB

3 9 17 25 1 3 9 17 25

* * * * * * * 0.01*** 0.00**
* * * * * * * 0.02*** 0.00**
* * * * * * * 0.00** *
* * * * * 0.00** 0.03*** 0.05*** 0.00**
* 0.02*** * * * * 0.12**** 0.19**** 0.00*
* * * * * * 0.02**** 0.33**** 0.00**
* * * * * * * 0.03*** *
* 0.04*** * * * * 0.01** 0.09*** 0.03***
* * * * * * 0.00** 0.03*** 0.00**
* * * * * * 0.00** 0.05*** 0.01**
* 0.00** 0.00** * * * 0.03*** 0.56**** 0.10****
* * * * * * 0.07*** 1.02***** 0.18****
* 0.02*** 0.01*** * * * * * *
* * * * * * 0.09*** 0.04*** 0.00*
* 0.13*** 0.13*** 0.03*** * 0.00** 0.18**** 1.56***** 0.32****
* 0.02*** 0.01*** * * * 0.02*** 4.62***** 0.84****
* * * * * * 0.00** 0.03*** 0.01**
0.00* 0.00* 0.00* 0.00* * 0.00* 0.00** 0.01** 0.00**
* 0.07*** 0.04*** * * * 0.12**** 0.09*** 0.03***
0.01*** 0.06*** 0.04*** 0.01** 0.00* 0.01*** 0.06*** 0.13**** 0.03***
* * * * * * 0.00* 0.01** *
* * * * * * 0.01** 0.01** *
* * * * * * 0.00** 0.00** *
* * * * 0.02*** 0.02*** 0.02*** 0.02*** 0.01**
* * * * * * 0.00* 0.00** *

Table 1 (Continued)
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the inhibitory compounds had occurred during the growth of the initial H. fasciculare
inoculum.

Some VOCs were produced as part of the normal metabolism of each fungal isolate, but
may still have a role in the defense of territory against invasion by other fungi. Wood
previously colonized by decay fungi is inhibitory (and occasionally stimulatory) to other
fungi even when the original occupants are dead (Heilmann-Clausen and Boddy, 2005).
VOCs may be up-regulated during interaction, and in the current study, two VOCs (peaks 5
and 11) were up-regulated to a statistically significant extent (P≤0.05) during the
interaction compared with the fungi growing alone. There was also some indication that
peaks 10, 15, 16, and 19, may be up-regulated during interaction. These four peaks, which
were not specific to the mixed species interactions, were some of the nonsesquiterpene
compounds detected.

Of the 25 VOCs detected when the fungi were growing alone and during interaction, 19
were sesquiterpenes. Sesquiterpenes are widely used for communication among inverte-
brates, used by invertebrates to locate plant or animal hosts and by plants and fungi to
attract insects for propagule dispersal. Many plants (Cakir et al., 2005; Cheng et al., 2005;
Wang et al., 2005) and fungi (Florianowicz, 2000; Roy et al., 2003) produce sesquiterpenes
with antifungal activity. An increase in sesquiterpene concentration including that of +-
muurolene has been found in response to wounding and fungal inoculation of spruce,
suggesting that sesquiterpenes are part of an antifungal response (Viiri et al., 2001). Other
sesquiterpene extracts show antifeedant activity or are ultimately toxic to invertebrates
(Wiens et al., 1991; Kahlos et al., 1994; Stadler and Sterner, 1998). α- and +-muurolene and
+-cadinene have been detected in red and white cabbage and nasturtium infested with Pieris
brassicae or Pieris rapae larvae, but not in uninfested plants, potentially forming part of an
antifeedant plant defense response (Geervliet et al., 1997).

On the other hand, cadinenes, muurolenes, and amorphenes, putatively identified in our
samples, are also used in insect communication systems (El-Sayed, 2005); for example, α-
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Fig. 5 Production of each volatile (Peaks 1 to 25) in all five treatments over time, values are means (with
standard errors) of three replicates. Dotted lines HF, open circles on dotted lines HFHF, dashed lines RB,
circles on dashed lines RBRB, solid diamonds HFRB
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and +-muurolene contribute to the attraction of females of the moth, Helicoverpa armigera,
to pigeon-pea plants (Hartlieb and Rembold, 1996). Germacrene D, an important precursor
to the cadinenes, muurolenes, and amorphenes (Bulow and König, 2000), also strongly
affects insect behavior (Prosser et al., 2004), activating an antennal response (Røstelien et
al., 2000; Mozuraitis et al., 2002), and increases attraction to the substrate and oviposition
by the tobacco budworm moth Heliothis virescens (Mozuraitis et al., 2002). The precise
effect of the volatiles, produced during interspecific fungal interactions, on invertebrate
behavior is, however, not yet known.

The two sets of putatively identified diastereoisomers (α- and +-muurolene, cadinene,
amorphene, and bulgarene, peaks 3, 4, 5, 11, 14, 15, 16, and 17) were generally associated
with the interspecific interaction, although peaks 5, 11, and 16 were also found in RB
treatments. The fact that peaks 11 and 16 occurred in the RBRB interaction but not RB only
suggests some interaction response even with self isolates. General inducement or
upregulation of compounds during the HFRB interaction suggests that they are part of
non-self recognition and/or defense process, which is also visually manifest in the
development of pigments from both species and the reduction of growth towards each
other. Initial experiments with collembola also indicate attraction to certain regions of
fungal growth, and toxicity of the pigmented cords of H. fasciculare (T.D. Rotheray,
personal communication).

The preponderance of sesquiterpenes in the VOC profile should, however, be viewed
with some caution as SPME fibers are particularly good at absorbing sesquiterpene
hydrocarbons (often reported as fungal VOCs), and the PDMS-coated fiber absorbed the
highest proportion of sesquiterpenes when compared against three other fiber coatings
(Jeleń, 2003). Not all compounds can be picked up by SPME sampling. Sesquiterpene
oxygenated compounds were completely missed by SPME sampling, while they were
detected by simultaneous distillation extraction. However, other compounds that were
detected by SPME were missing from the simultaneous distillation extraction (Jeleń, 2003).
Other extraction techniques such as absorption on tenax followed by thermal desorption
and solid sample injection (SSI) may offer a more comprehensive extraction. Other
extraction techniques also have their disadvantages with respect to, for example, time for
preparation and losses by degradation during the introduction of the analyte to the GC
column in the case of SSI, and the decomposition of certain compounds on tenax (Ewen et
al., 2004). In summary, although SPME sampling by PDMS fiber may provide an
incomplete selection of the VOCs released by the fungi, it allows for rapid simple
nondestructive sampling, and has provided a sufficient selection of compounds to elucidate
the changes in metabolism associated with fungal interactions.

Of the four hypotheses tested, hypothesis 1, that VOCs are produced prior to mycelial
contact initiating an early defense response, was not supported. Findings, however,
supported the other three hypotheses: VOC production was linked to the timing of pigment
production and may even provide a way of separating the metabolites produced by each
species where the pigments are produced at distinctly different times (hypothesis 2). Some
VOCs produced by the fungi when growing alone and during the interspecific interaction
were significantly up-regulated during the interaction (hypothesis 3), while, compared with
the individual fungi, a new set of VOCs was produced during the interspecific interaction
(hypothesis 4).

Future priorities are further identification of volatiles and diffusibles exuded during
fungal interactions. This will also involve determining whether or not the VOCs are
attractive and/or toxic to insects and inhibitory to other fungi. We need to link volatiles/
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diffusibles back to genes and to determine if genes are being up-regulated. The function of
the pigmentation and the relationship between pigmentation and VOC production must be
determined. The work also needs to be extended to combinations of fungal species beyond
those used here. Different species of fungi are likely to produce different sets of metabolites
when growing alone and during interaction, although there is some crossover in the
metabolites produced.
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