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ARTICLE INFO ABSTRACT

Corresponding Editor: Peter H.W. Biedermann Wood-decaying fungi in the phylum Basidiomycota play a significant role in the global carbon cycle, as they
decompose deadwood effectively. Fungi may compete for utilizable substrate and growth space by producing
soluble metabolites and by releasing volatile organic compounds (VOCs). We determined the role of wood
substrate (Scots pine or Norway spruce) on the generation of hyphal biomass, secreted metabolites and enzyme

activities, wood decomposition rate, and fungal species-species interactions on VOC release. We studied one
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E:;?;:;;?;ta brown-rot species (Fomitopsis pinicola) and two white-rot species (Phlebia radiata and Trichaptum abietinum)
Fungal interactions cultivated individually or in combinations. Wood substrate quality influences VOC release by the wood-decaying
White rot fungi, with signature differences caused by the decomposition trait (brown rot or white rot) and species-species
Brown rot interactions. VOC release was higher in the cultures of Basidiomycota than in uncolonized sawdust. Fungal

Enzyme activity biomass, decomposition activity, iron reduction, enzyme activities, oxalate anion content, and oxalic acid pro-

Coniferous wood
Carbon cycling

duction explained VOC release from decaying wood.

1. Introduction

Wood-decomposing fungi in the phylum Basidiomycota, such as
species causing white and brown rot, are a crucial element in the global
carbon cycle (Eastwood et al. 2011; Floudas et al. 2012). During the
active decomposition phase, deadwood and forest litter are colonized by
a multitude of saprotrophic fungal species belonging to Basidiomycota
and Ascomycota (Lundell et al. 2014). Ascomycota are the most domi-
nant fungi during the decay stages of deadwood in boreal forests (Rajala
et al., 2012), most likely due to scarcity of available soil nitrogen, while
Basidiomycota remain the most abundant group of fungi throughout
long-term decomposition processes in European forest deadwood
(Hoppe et al., 2016). Decomposition rates and chemical conditions in
deadwood vary during the decomposition process (Bani et al. 2018).
Basidiomycetous brown-rot fungi mainly decompose wood poly-
saccharides (cellulose and hemicelluloses), while white-rot fungi
decompose all wood components including lignin and cellulose (East-
wood et al. 2011; Floudas et al. 2012; Lundell et al. 2014; Kuuskeri et al.
2016).

Volatile organic compounds (VOCs) are important in chemical in-
teractions between bacteria, fungi, and plants (Schulz-Bohm et al.
2017). Earlier studies have indicated that fungal and microbial de-
composers may produce and release VOCs e.g., to secure their growth
space and resource availability (Miiller et al. 2013; Boddy 2016; El
Ariebi et al. 2016; Hiscox et al. 2018). Competition between species is
the main form of interaction among filamentous fungi capable of
decaying wood (Boddy 2000; Hiscox et al. 2018). The release of VOCs
may enhance the mycelial growth of interacting partners (Evans et al.
2008), increase microbial activity in the soil (Adamczyk et al. 2015),
and support beneficial interactions between fungal species (Schulz--
Bohm et al. 2017). The generation and release of VOCs by
wood-decaying fungi is dependent on species and interaction combi-
nations (Evans et al. 2008; Mali et al. 2019).

Fungal hyphae and fruit bodies have the potential to synthesize and
emit volatile isoprenoids, such as monoterpenoids and sesquiterpenes,
and oxygenated VOCs (C4-C;5 alcohols, ketones, and acetates) (Ewen
et al. 2004; El Ariebi et al. 2016). VOCs, such as sesquiterpenes and
monoterpenoids, typically play different ecological roles in interactions
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between organismal groups. Nitrogen availability for plants may change
through VOC-induced alteration of microbial nitrification and mineral-
ization activities in soil, carbon cycling may be affected by changes in
organic matter decomposition and microbial activities, and plant growth
together with host recognition by mycorrhizal fungi may be enhanced
(Smolander et al. 2012; Ditengou et al. 2015; Adamczyk et al. 2018;
Schenkel et al. 2018). Oxygenated VOCs (0VOCs) are water-soluble and
many oVOCs may also be oxygenated degradation products of larger
organic molecules synthesized by plants. The diversity of organic vola-
tile compounds is huge, and isoprenoids are universal secondary me-
tabolites of plants.

Decomposers in deadwood and litter are regulated by environmental
conditions and substrate quality (Bani et al. 2018). Substrate quality
(anatomical structure and chemical composition of volatile and
non-volatile organic compounds in wood) may have a major role in
fungal-promoted release of VOCs. It has been reported that monoterpene
release from decomposing Pinus sylvestris litter was five to ten times
higher than from decomposing Picea abies litter at an early stage of
decomposition (Isidorov et al. 2010). The warming climate may alter
microbial communities and shift ecological interactions between plants
and soil microbes (Classen et al. 2015). Microbial processes may impact
atmospheric chemistry, as the boreal forest floor may contribute
significantly to ecosystem emissions of monoterpenes in early spring and
autumn (Maki et al. 2019a). Sesquiterpene release from microbial pro-
cesses is especially important, as sesquiterpenes have a major role in
oxidation reactions occurring under the tree canopy (Hellén et al. 2018).

This study aimed to determine the effect of woody substrates, either
Pinus sylvestris (Scots pine) or Picea abies (Norway spruce), on fungal
VOC synthesis and release, on the growth and metabolic activities of
three wood-decaying Basidiomycota (class Agaricomycetes) species
with different decomposition strategies, namely Fomitopsis pinicola (a
brown-rot fungus), and Phlebia radiata and Trichaptum abietinum (white-
rot fungi). These fungal species were chosen as they are representatives
of the orders Polyporales and Hymenochaetales, and common deadwood
saprotrophs in boreal and temperate forests (Kuuskeri et al. 2015; Mali
et al. 2017; Shah et al. 2018). Moreover, the three fungal species and
their combinations were studied previously on agar and liquid media
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(Mali et al. 2017), which supported experimental planning of this
research. We carried out these concurrent solid-state cultivations in
wood, as fungal hyphal interactions may markedly differ on laboratory
agar media compared to experiments using natural substrates (Hiscox
and Boddy 2017; Mali et al. 2017).

The main aim of this study was to determine the role of wood sub-
strate — either Scots pine or Norway spruce — on the generation of hyphal
biomass, secreted metabolic activities, wood decomposition, and fungal
species-species interactions in relation to VOC release. This study com-
plements our previous findings concerning signature VOCs released by
the same fungi growing in Norway spruce (Mali et al. 2019). In the
current study, we hypothesized that:

1. Interactions of brown-rot and white-rot fungi accelerate VOC release
compared to single-species cultivations.

2. VOC release from wood by brown rot is more substantial due to the
more rapid hyphal growth and efficient decomposition of coniferous
wood compared to white-rot fungi.

3. VOC synthesis and release by wood-decaying fungi depends on their
growth substrate (either spruce or pine wood).

4. Fungal metabolism indicators, such as hyphal ergosterol content,
enzyme activities (laccase, p-glucosidase, chitinase, and acidic
peptidase), oxalic acid production, and iron reduction explain the
VOC release of wood-decaying fungi.

2. Material and methods
2.1. Experimental set-up

Three wood-decaying fungi of Basidiomycota (Fomitopsis pinicola
isolate FBCC1181 Fp, Phlebia radiata isolate FBCC0043 Pr, Trichaptum
abietinum FBCC0110 Ta) were combined using wood substrate cultiva-
tions, similar to our previous study (Mali et al. 2019). The fungal isolates
are stored in the FBCC sub-collection of the Microbial Domain Culture
Collection HAMBI, Helsinki Institute of Life Sciences, University of
Helsinki. The fungal single-species (Fp, Ta or Pr) and species combina-
tions (FpPr, FpTa, FpPrTa) were cultivated in three parallel cultures on

The concentrations of isoprene, monoterpenoids, sesquiterpenes, and oxygenated volatile organic compounds (0VOCs) were determined based on the detection limit of
each compound. VOCs marked with * were calibrated using other sesquiterpenes (isolongifolene, longicyclene and B-caryophyllene) as standards. All other VOCs were
calibrated using authentic standards. One sesquiterpene was only tentatively identified and was therefore marked as SQT1*.

Compound Concentration (ug m~>) Compound Concentration (ug m~>) Compound Concentration (ug m~3)
isoprene 0.040 Sesquiterpenes oVOCs
Monoterpenoids longicyclene 0.012 Geraniol 0.055
a-pinene 0.131 isolongifolene 0.007 a-bisobolol 0.436
camphene 0.002 B-caryophyllene 0.008 Verbenone 0.698
A-3-carene 0.036 aromadendrene* 0.006 Nuciferol 9.549
B-pinene 0.003 a-gurjunene 0.940 methyl-3-furoate 2.738
myrcene 0.009 a-humulene 0.001 1-butanol 0.445
1,8-cineol 0.0005 B-farnesene 0.061 Isopropanol 0.006
linalool 0.232 isocaryophyllene* 0.046 2-butanone 0.018
limonene 0.056 SQT1* 0.211 1-penten-3-ol 0.002
p-cymene 0.001 a-buinesene* 0.051 1-pentanol 0.046
terpinolene 0.002 y-muurolene* 0.061 3-methyl-2-buten-1-ol 0.031
bornylacetate 0.012 a-bisabolene* 0.044 butyl acetate 0.025
B-himachalene* 0.009 cis-3-hexen-1-ol 0.043
a-muurolene* 0.008 trans-3-hexen-1-ol 0.043
A-cadinene* 0.046 trans-2-hexen-1-ol 0.043
a-curcumene 0.026 1-hexanol 0.014
cis-2-hexen-1-ol 0.008
1-octen-3-ol 0.009
6-methyl-5-heptene-2-one 0.700
cis-3-hexenyl acetate 0.058
hexyl acetate 0.005
trans-2-Hexenyl-acetate 0.004
a-pinenepxide 0.0003
3-octanone 1.334
methyl-12-furoate 0.119
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either Norway spruce or Scots pine sawdust. Ten grams (dry weight) of
wood sawdust were dry-autoclaved (121 °C, 15 min) in 250-ml glass
Erlenmeyer flasks before inoculating the cultures with a piece of
mycelium on malt-extract agar. The culture flasks with closed with
cellulose stoppers. The cultures were incubated at room temperature
(21-23 °C) for 12 weeks, and their moisture level was kept constant by
adding sterile Milli-Q water (Mali et al. 2019). The effect of fungal in-
teractions on VOC release was determined in a factorial design by
growing fungal species in several combinations: either as individual
fungus isolates, or in pairs, or all three on the same substrate. Each
combination included four biological replicates as four individual cul-
ture flasks (n = 4).

2.2. Analytical methods

2.2.1. VOC flux measurements

We measured the VOC release of each fungal combination at room
temperature on three occasions: 4, 8, and 12 weeks after inoculation of
the fungi (Mali et al. 2019). The flasks were flushed with VOC and
oxidant-free air for 10-15 min before sampling. VOCs were sampled
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using Tenax TA-Carboback-B adsorbent tubes by sucking air from the
closed headspace for 1.5 h (Fig. S1). Both ingoing and outgoing air were
sampled, and the flux was calculated from the concentration difference
between ingoing and outgoing air, as described in Maki et al. (2017;
2019c). Plain sawdust was measured as a control with four replicates.
Ten glass flasks were measured during one measurement cycle and two
replicates of a certain fungal culture or plain sawdust were measured in
one measurement cycle. First, we measured uninoculated spruce
sawdust and fungal cultures on spruce sawdust, where species were
growing either individually or in combination of all three together using
two measurement cycles. Second, we measured the fungal cultures on
spruce sawdust, where species were growing in pairs. Third, we
measured plain pine sawdust and fungal cultures on pine sawdust,
where species were growing individually. Finally, we measured fungal
cultures on pine sawdust, where species were growing in pairs or all
three together.

The concentrations of isoprene, monoterpenoids, sesquiterpenes,
and different oVOCs were determined from the adsorbent tubes (Maki
et al. 2019¢) (Table 1). The adsorbent tubes were analysed within 2
weeks using a thermal desorption (PerkinElmer TurboMatrix 650;
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Fig. 1. Release of (A-B) total monoterpenoids, (C-D) oxygenated volatile organic compounds (0VOCs), and (E-F) total sesquiterpenes by fungal cultures growing on
pine and spruce sawdust. The different cultures consist of fungal species growing individually (Fp = Fomitopsis pinicola, Ta = Trichaptum abietinum, and Pr=Phlebia
radiata) and in combinations. The flux rates with standard deviations are means of four biological replicates, and the flux rate of each replicate is the mean of three
measurement times. Letters (A-F) indicate a statistically significant difference between fungal cultures (p < 0.1°).
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PerkinElmer, Waltham, MA, USA) -gas chromatograph (PerkinElmer
Clarus 600) -mass spectrometer (PerkinElmer Clarus 600T) (Aaltonen
et al. 2011). The absence of authentic standards for a-buinesene,
y-muurolene, a-bisabolene, p-himachalene, a-muurolene, and A-cadi-
nene may increase the uncertainty of VOC quantification. The adsorbent
tubes were analysed by desorbing VOCs from the tubes into a helium
flow using thermal desorption (300 °C), by cryofocusing VOCs in the
cold trap (—30 °C), by injecting VOCs into a gas chromatograph column
using rapid heating (300 °C), and by detecting them with a mass spec-
trometer. The instrument was calibrated by measuring four known
concentrations of different VOCs in standard mixtures in methanol so-
lutions by injecting (5 pL) standards into the sample tubes. The VOCs
were identified by matching their retention times and mass spectra to
the authentic standards. Sesquiterpenes without authentic standards
were only tentatively identified by comparing them to the NIST (the
National Institute of Standards and Technology) mass spectral library
and calibrated using other sesquiterpenes (Maki et al. 2019c). The
detection limit for VOC quantification was 0.0003-9.549 pg m™
depending on the compound, calculations were based on Maki et al.
(2017) (Table 1).

The fungal VOC flux (VOCF, ng gD\,\f1 h’l) of each compound from
each fungal culture was determined using equation (1) below. We
calculated the difference between ingoing (Cpy, ng h™1) and outgoing
(Cout, ng hh samples, divided that with the dry weight of the wood
sawdust and fungal biomass (mpy, g) in each flask, and subtracted the
mean VOC release of the uncolonized sawdust (VOC;s, ng gDW’1 h .

_Cour — Cy

VOCr = - VOC, (€8]

Mmpw

2.2.2. Fungal enzyme activities, metabolites, and wood decomposition

To characterize fungal metabolic activities, we analysed secreted
carbohydrate-active enzyme (CAZYme) activities and metabolic prod-
ucts from the liquid phase of the fungal cultures after each VOC sam-
pling (4, 8, and 12 week after cultivation began). Fungal hyphal growth
as generation of biomass in the solid wood sawdust susbstrates was
determined by the ergosterol content (Shah et al. 2018; Mali et al. 2019).
Decomposition activity was determined by calculating the loss of wood
mass as decrease in dry weight of the culture solids (Mali et al. 2019).

Table 2
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We calculated the mass loss of spruce and pine wood at the same three
time points (after 4, 8 and 12 weeks of cultivation). p-glucosidase ac-
tivity was defined using 4-nitrophenyl p-D-glucopyranoside as the
enzyme substrate (Rytioja et al. 2014), and laccase and manganese
peroxidase (MnP) activities using ABTS and Mn2* ions as substrates,
respectively (Kuuskeri et al. 2015). Iron reduction, chitinase and acidic
peptidase activities, and chelated oxalate anion (oxalate) content were
analysed using previously described analytical methods (Shah et al.
2018). Oxalic acid production was determined by HPLC analysis (Mat-
tila et al. 2017).

2.3. Statistical analyses

In this study, we used a factorial laboratory experiment design by
cultivating the fungal species either individually, in pairs, or all three in
combination on the same substrate, i.e. either on spruce or pine sawdust.
Each species combination included four biological replicate cultures
(Mali et al. 2019). As the data were not normally distributed, we used
the non-parametric Kruskal-Wallis test (n = 4, df = 1, significance level
of p < 0.100°) to determine whether the total monoterpene, sesquiter-
pene, and oVOC fluxes of the fungal combinations differed statistically
from each other at a given sampling time on both wood substrates
(Fig. 1).

We used linear mixed-effects models to explain the effect on VOC
release (Fluxyoc) caused by the fungal species combinations, extracel-
lular enzyme activities (chitinase, p-glucosidase, laccase, manganese
peroxidase, and acidic peptidase), iron reduction capacity, generation of
fungal biomass (ergosterol accumulation), chelated oxalate anion con-
tent, and production of oxalic acid (Tables 2 and 3). We tested the effect
of a fixed intercept parameter (By), fungal species combination (Bp),
chitinase activity (B¢), p-glucosidase activity (Bp), acidic peptidase ac-
tivity (Bp), iron reduction capacity (Br), ergosterol accumulation (Bg),
production of oxalic acid (Bpa), laccase activity (Br), manganese
peroxidase (MnP) activity (Bymp), mass loss (Byy), and chelated oxalate
anion content (Bcoa). VOC release was tested using equation (2):

Fluxyoc =Bo+ Br+ Bc+Bg+Bp+Bgr+Bg +Bos+Br+Byimp +Bur +Bcoa+€
2

The error term € in equation (2) was formulated as:

The linear mixed-effects model was used to explain the effect of fungal species combination (Fungi), ergosterol content, acidic peptidase activity, p-glucosidase activity,
oxalic acid production, chitinase activity, iron reduction, laccase activity, manganese peroxidase (MnP) activity, wood mass loss, and chelated oxalate anion content
(oxalate) on the release of monoterpenoids, sesquiterpenes, oxygenated volatile organic compounds (oVOCs), and individual compounds that were well explained by
the fungal metabolic factors on spruce sawdust. The R? and p values indicate the significance of linear regression. N was 12 for all fungal cultures.

Sesquiterpenes Monoterpenoids oVOCs Isoprene
Fixed effects p value R? Fixed effects p value R? Fixed effects p value R? Fixed effects p value R?
Intercept 0.26 0.71 Intercept 0.58 0.78 Intercept <0.001*** 0.64 Intercept <0.001*** 0.78
iron reduction <0.01** Oxalate <0.05* laccase <0.05* MnP <0.01%**

iron reduction <0.05* MnP <0.001* peptidase <0.05*

mass loss <0.1° oxalate <0.001*

peptidase <0.001***

p-pinene A-3-carene p-himachalene A-cadinene
Fixed effects R? Fixed effects R? Fixed effects p value R? Fixed effects p value R?
Intercept 0.82 Intercept 0.80 Intercept <0.001*** 0.68 Intercept <0.1° 0.76
chitinase laccase p-glucosidase <0.01%** oxalic acid <0.001***
iron reduction oxalate oxalic acid <0.001***
mass loss oxalic acid

iron reduction <0.001***

mass loss <0.001***
Iso-longifolene nuciferol trans-3-hexen-1-ol 3-methyl-2-buten-1-ol
Fixed effects p value R? Fixed effects p value R? Fixed effects p value R? Fixed effects p value R?
Intercept 0.63 0.72 Intercept 0.66 0.82 Intercept <0.01** 0.69 Intercept 0.50 0.44
p-glucosidase <0.05* iron reduction <0.01** p-glucosidase <0.01** oxalate <0.001***
chitinase <0.1° mass loss <0.001*** oxalate <0.001***
iron reduction <0.001***
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The linear mixed-effects model explained the effect of fungal growth combination (Fungi), ergosterol content, acidic peptidase activity, p-glucosidase activity, oxalic
acid production, chitinase activity, iron reduction, laccase activity, and manganese peroxidase (MnP) activity, wood mass loss, and chelated oxalate anion content
(oxalate) on the release of monoterpenoids, sesquiterpenes, oxygenated volatile organic compounds (0VOCs), and individual compounds, well explained by the fungal
metabolic factors, on pine sawdust. The R? and p values show the significance of linear regression.

Sesquiterpenes Monoterpenoids oVOCs Isoprene
Fixed effects p value R? Fixed effects p value R? Fixed effects p value R? Fixed effects p value R?
Intercept <0.001*** 0.74 Intercept 0.37 0.84 Intercept 0.67 0.59 Intercept <0.05* 0.90
p-glucosidase <0.05* ergosterol <0.05* laccase <0.001*** ergosterol <0.001%**
oxalate <0.001*** oxalate <0.01** oxalate <0.001*** oxalate <0.001***
chitinase <0.001%** oxalic acid <0.001*** peptidase <0.1°
p-pinene limonene Nuciferol
Fixed effects p value R? Fixed effects p value R? Fixed effects p value R? SQT1*
Intercept <0.01** 0.78 Intercept 0.53* 0.74 Intercept <0.001*** 0.86 Fixed effects p value R?
ergosterol <0.001*** ergosterol <0.05* ergosterol <0.001*** Intercept <0.01%** 0.77
oxalic acid <0.05* oxalic acid <0.001*** ergosterol <0.001***
iron reduction <0.01** chitinase <0.01**
o-curcumene o-buinesene a-bisabolene butyl acetate
Fixed effects p value R? Fixed effects p value 0.74 Fixed effects p value R? Fixed effects p value R?
Intercept <0.001*** 0.75 Intercept <0.001*** Intercept <0.01** 0.74 Intercept 0.28 0.86
p-glucosidase <0.01** oxalate <0.001*** ergosterol <0.001*** ergosterol <0.01%**
oxalate <0.001#*** chitinase <0.001*** p-glucosidase <0.001%** laccase <0.01%**
chitinase <0.001*** oxalate <0.001%**
mass loss <0.1°

€= xyr+ oxr + e, 3 models were determined separately on experiments performed on

where o contains random parameters associated with the interaction
of the measurement months (1-3) and fungal species combination,
«grcontains random parameters associated with the interaction of the
number of biological replicates (1-4) and fungal species combination,
and e was a random error term. If the effect of fungal species combi-
nation was insignificant on the release of certain compounds or com-
pound groups, we added it to the model as an error parameter «g
containing random parameters associated with the fungal species com-
bination. The final model included only those parameters with a sta-
tistically significant effect on compound or compound group
(monoterpenoids, sesquiterpenes, and oVOCs) with significance levels of
p <0.100°% p < 0.050%, p < 0.010**, p < 0.001*** (Tables 2 and 3). The
R? value indicates the explanatory power of the model when compared
with VOC flux measurements (Tables 2 and 3). The linear mixed-effects

spruce and pine wood growth substrates. N was 12 for all fungal
cultures.

Exponential and linear regression of the VOC fluxes with selected
fungal enzyme activities (chitinase, B-glucosidase, acidic peptidase),
iron reduction capacity, generation of fungal biomass (ergosterol accu-
mulation), and production of oxalic acid were tested for each fungal
combination. The R? and p values < 0.1° indicate the statistical signif-
icance of the exponential regression (Supplementary Tables 1 and 2).

3. Results
3.1. Spruce as a substrate

Spruce wood decomposition by brown-rot and white-rot species
released oVOCs (21.9-41.8 ng gpw ' h™%, std 4.75-15.94 ng gpw *h 1),
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Fig. 2. Release of individual volatile organic compounds (VOCs) by fungal cultures growing individually (Fp = Fomitopsis pinicola, Ta = Trichaptum abietinum, and
Pr=Phlebia radiata) and in combinations on spruce sawdust. The flux rates are calculated mean values with standard deviation of four biological replicates and the
flux rate of each replicate is the mean value of the three measurement times (4, 8 and 12 weeks).
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Fig. 3. The relationship between wood mass loss and release of monoterpenoids (A-C), sesquiterpenes (D-F), and oxygenated volatile organic compounds (0VOCs)
(G-D) from the fungal cultures on spruce sawdust. Fungal species were grown individually (Fp = Fomitopsis pinicola, Ta = Trichaptum abietinum, and Pr=Phlebia
radiata) and in combinations. The mean values with standard deviation show variation of the four biological replicates during the different cultivation weeks.
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sesquiterpenes (0.3-22.0 ng gpw © h™}, std 0.36-9.64 ng gpw ' h™1),
and a small amount of monoterpenoids (0.2-1.5 ng gDW_1 h_l, std
0.33-1.20 ng gpw + h™1) (Fig. 1). Spruce sawdust itself released 0VOCs
(9.4 ng gpw 1 h7}, std 5.80 ng gpw * h™1), sesquiterpenes (2.0 ng gow *
h~?, std 0.74 ng gpw ! h™1), and monoterpenoids (2.4 ng gow * h™}, std
0.66 ng gpw * h™1). Combinations of brown-rot and white-rot fungi
increased sesquiterpene release compared to individual fungal species.
The total sesquiterpene fluxes were highest with a combination of Fp
and Ta (p < 0.05%), and in the co-cultivation of all three species (p <
0.05*). Monoterpene release was highest when brown-rot fungus Fp was
growing individually compared to the two white-rot species (p < 0.05%).
We observed hardly any differences in oVOC fluxes between the cultures
of single species or different combinations of fungal species. We also
observed indications of monoterpenoid uptake or bioconversion by Ta
(—0.6 ng gpw ' h™1) and Pr (—0.5 ng gpw * h™1) and sesquiterpene
uptake or bioconversion by Pr (—1.0 ng gpw~* h™1): the VOC fluxes from
these species were smaller than the mean fluxes measured from
uncolonized spruce wood sawdust without mycelia.

The fluxes were dominated by oVOCs, such as methyl-12-furoate,
methyl-3-furoate, 1-hexanol, 3-octanone, 2-butanone, and a-bisabolol,
and sesquiterpenes such as a-curcumene, a-muurolene, and A-cadinene
(Fig. 2).

Increasing mass loss of spruce sawdust elevated the total mono-
terpenenoid release of brown-rot species Fp when it was growing both
individually and together with the two-white rot species Ta and Pr
(Fig. 3). Increasing mass loss was also found to accelerate sesquiterpene
release by Fp but only in individual cultures. The opposite trend was
observed for oVOC fluxes, which were highest when living fungal
biomass was lowest, indicating that oVOCs were emitted at an early
stage of fungal growth and monoterpenoids at later stages, during the
active period of interaction and fungal biomass growth into spruce
substrate (Fig. 3).

Enzyme activities (acidic peptidase, chitinase, and f-glucosidase)
and generation of fungal biomass (ergosterol content) increased in the
fungal cultures during cultivation on spruce sawdust, while oxalic acid
production was highest at the beginning of the experiment in individual
cultures of the brown-rot fungus Fp and in the three-species co-culti-
vation (Fig. 4). Enzyme activities and fungal biomass were highest in the
single-species cultures of Fp compared to the two white-rot fungi (Ta
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and Pr) individually and in their paired cultures (Fig. 4). Enzyme ac-
tivities and generation of fungal biomass showed an increasing tendency
in combinatory cultures including the brown-rot species (combinations
FpTa, FpPr, and FpTaPr).

3.2. Pine as a substrate

Pine wood decomposition released 0VOCs (57.0-96.0 ng gpw * h™},
std 11.37-85.95 ng gpw L h™1), sesquiterpenes (0.8-60.3 ng gpw ' h %,
std 0.24-46.98 ng gpw ' h™1), and monoterpenoids (0.2-3.3 ng gpw *
h’l, std 0.60-1.13 ng gDW’1 1 (Fig. 1). Pine sawdust itself released
0VOCs (197.6 ng gpw * h™, std 43.63 ng gpw ' h™1), sesquiterpenes
(1.8ng ng’l h’l, std 0.27 ng ng’l h’l), and monoterpenoids (7.6 ng
ng’l h7, std 1.73 ng ng’l h™1). We observed a decrease in mono-
terpeneoid fluxes caused by all species (Fp: 4.9 ng gpw ' h™!, Pr: 4.4 ng
ng_l h~! and Ta: 5.1 ng gDW_1 h™1) and a decrease in 0VOC fluxes by
Fp and Ta (—12.1 and —41.5 ng gpw © h™1). The total sesquiterpene
fluxes were highest in FpTa co-cultivations (p < 0.001***) or when all
three species were growing together (p < 0.01**). Interaction between
Fp and Ta accelerated the VOC release of monoterpenoids on pine
sawdust, while the trend was less clear on spruce sawdust (Fig. 1). In
total, fungal VOC release was higher on pine wood substrate compared
to spruce wood substrate.

The most common VOCs released by the fungal cultures on pine
wood were sesquiterpenes, such as a-muurolene, and A-cadinene, and
oVOCs such as methyl-12-furoate, 3-octanone, 2-butanone, and 1-hexa-
nol (Fig. 5).

Unlike on spruce sawdust, increasing decomposition rate of pine
sawdust did not explain VOC release by the fungal cultures (Fig. 6).
Monoterpenoid uptake or bioconversion by individual fungal cultures
was lower when

the decomposition rate of pine sawdust was higher. Sesquiterpene
release increased with a higher decomposition rate, when all three
species were growing together. The negative values of wood mass loss
are most likely measurement errors.

Hyphal biomass (ergosterol content) was highest for brown-rot
fungus Fp compared to the two white-rot fungi (Ta, Pr) on pine
sawdust (Fig. 4), but differences in enzyme activities (acidic peptidase
and chitinase) between the cultures were less apparent compared to
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Fig. 5. Release of individual volatile organic compounds (VOCs) by the fungal cultures growing individually (Fp = Fomitopsis pinicola, Ta = Trichaptum abietinum,
and Pr=Phlebia radiata) and in combinations on pine sawdust. Flux rates are mean values with standard deviations of four biological replicates and the flux rate of

each replicate is the mean value of the three measurement times (weeks 4, 8,

and 12).
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Fig. 6. The relationship between wood mass loss and release on monoterpenoids (A-C), sesquiterpenes (D-F), and oxygenated volatile organic compounds (0VOCs)
(G-D) from the fungal cultures on pine sawdust. Fungal species were cultivated individually (Fp = Fomitopsis pinicola, Ta = Trichaptum abietinum, and Pr=Phlebia
radiata) and in combinations. The mean values with standard deviations show variation of the four biological replicates during the cultivation weeks.

fungal cultures on spruce sawdust (Fig. 4). In fact, f-glucosidase activity
was highest for white-rot fungus Pr on pine substrate. Fungal biomass
along with the two enzyme (acidic peptidase and chitinase) activities
reached their highest values in the two-species brown rot-white rot
combinatory cultures on pine sawdust. The increasing trend of values in
the course of the cultivation time is notable. The three-species combi-
nation showed a similar increase but with higher deviation between the
four parallel culture flasks.

3.3. Factors that direct fungal VOC release on spruce substrate

We tested whether fungal species combination, ergosterol content,
enzyme activities (B-glucosidase, chitinase, laccase, manganese peroxi-
dase (MnP), and acidic peptidase), iron reduction, oxalic acid produc-
tion, and amount of chelated oxalate anions (oxalate) in wood or wood
mass loss could be used to explain VOC release from spruce wood by the
wood-decaying fungi (Table 2). Iron reduction explained the total
sesquiterpene release, whereas chelated oxalate anion content, iron
reduction, and mass loss explained the total monoterpene release. In-
dividual VOCs were also well explained by varying mixtures of fungal
metabolic parameters.

Sesquiterpene release was highest on the spruce substrate, when
chitinase activity was highest in the fungal cultures including the com-
bination of brown-rot and white-rot species in pairs (R? = 0.27-0.34, p
< 0.001***, Supplementary Table S1). Oxygenated VOC release was
highest, however, when chitinase activity was lowest in the same fungal
cultures (R2 = 0.32-0.94, p < 0.001***). Monoterpene release was also
highest when chitinase activity was highest in the paired co-culture of
the brown-rot Fp and the white-rot Pr species (R2 = 0.56, p < 0.001***),
The exponential regression of chitinase activity and VOC release was
mainly low when fungal species were growing individually.

Oxygenated VOC release was highest when fungal hyphal biomass
(ergosterol content) was lowest on the spruce substrate (Supplementary
Table S1). We observed a statistically significant relationship between the
oxygenated VOC fluxes and ergosterol content in fungal cultures where
brown-rot and white-rot species interacted with each other [R? =
0.65-0.85, p < 0.001***). Monoterpene release was highest when fungal

hyphal biomass was highest in the paired cultures of brown-rot and white-
rot species (R? = 0.51-0.72, p < 0.001***). Sesquiterpene release also
increased with increasing ergosterol content in these paired fungal cul-
tures (R2 =0.15-0.28, p < 0.001***). We also found a positive relation-
ship between the total monoterpene and sesquiterpene fluxes and
p-glucosidase activity in the FpPr combination fungal cultures (R = 0.41
and R? = 0.83 p < 0.001***), Monoterpene and sesquiterpene release was
highest when iron reduction activity was highest in the paired cultures of
brown-rot and white-rot species (R% = 0.32-0.70, p < 0.01%%).

3.4. Factors that direct fungal VOC release on pine substrate

Based on the linear mixed-effects models, p-glucosidase activity,
chelated oxalate anion content (oxalate), and chitinase explained the
total sesquiterpene release, whereas ergosterol and chelated oxalate
anion content (oxalate) explained the total monoterpenenoid release on
pine substrate (Table 3). Isoprene and the individual monoterpenoids
(B-pinene and limonene), sesquiterpenes (SQT1*, a-bisabolene, a-cur-
cumene and a-buinesene), and oVOCs (nuciferol and butyl acetate) were
strongly explained by varying mixtures of the fungal metabolic param-
eters (Table 3). The explanation powers of the models were stronger on
pine substrate compared to results obtained on spruce substrate.

Similar to spruce substrate, sesquiterpene release was also highest on
pine substrate when chitinase activity was highest in fungal cultures,
where brown-rot and white-rot species were growing in pairs (R?=0.35,
p < 0.001***) or all three species were growing together (R = 0.46, p <
0.001***, Supplementary Table S2). The total monoterpene release on
pine wood was highest when living fungal hyphal biomass (ergosterol
content) was lowest in these fungal paired and tripled cultures (R% =
0.19-0.37, p < 0.001%***),

3.5. The effect of substrate on VOC release

The measured and modelled fluxes of oVOCs, monoterpenoids, and
sesquiterpenes were strongly affected by substrate quality, as the fluxes
together were higher on the pine wood substrate compared to spruce wood
substrate (Fig. 7).
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terpenes (E-F).
4. Discussion
4.1. Fungal species interactions observed in VOC release

Our results show that VOC release from Norway spruce and Scots
pine deadwood increases when wood-decaying fungi grow into the
substrate compared to VOC release from uncolonized wood sawdust,
indicating that fungal metabolic activity and wood decomposition were
the main VOC sources and sinks. Fungal cultures released oVOCs, with
low molecular weights and high volatilities, mainly at the beginning of
the experiment, while less volatile monoterpenoids and sesquiterpenes
with higher molecular weight were emitted during the experimental
cultivation (over a 12-week period). Deadwood and woody litter contain
isoprenoid storage pools, which are released into the lower atmosphere
during natural decomposition in forests (Kainulainen and Holopainen

2002; Maki et al. 2017). Wood substrate sawdust itself likely released
monoterpenoids and sesquiterpenes initially. Later, following fungal
hyphal growth and metabolism, the biological processes were likely the
main source of VOCs from the deadwood substrates. In boreal forest
soils, the highest concentrations of volatile monoterpenes and sesqui-
terpenes were observed in the O- and A-horizons, (Maki et al. 2019¢),
where the amount of organic nitrogen and carbon, and litter (with VOC
storage pools), and roots (with associated microbes) were likely at the
highest levels. VOC release by saprobic microbes is crucial, as mono-
terpenes influence decomposition processes in the boreal soils
(Adamczyk et al. 2018).

We also observed indications of fungal bioconversion or uptake
(metabolized either extracellularly or intracellularly) of VOCs in this
study. White-rot fungi have a remarkable ability to modify aromatic
lignin-like compounds extracellularly by the aid of their versatile
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oxidoreductase enzymes (Floudas et al. 2012; Lundell et al. 2014). This
is a type of “detoxification” ability. VOC uptake in soils by ectomycor-
rhizal fungi is a crucial process in soil VOC exchange and is regulated by
temperature and soil water content (Trowbridge et al. 2020). However,
the observed decrease in monoterpenoid concentrations in the course of
our cultivations does not necessarily indicate fungal uptake of mono-
terpenoids. The white-rot species have strong oxidative redox enzyme
secretion capacities (laccases, manganese peroxidases, lignin peroxi-
dases, hydrogen peroxide-producing enzymes) (Floudas et al. 2012;
Lundell et al. 2014; Kuuskeri et al. 2016; Mali et al. 2017) and may
thereby transform soluble phenolic monoterpenoids into oxidized
products and coupled polymers. Terpenoid compounds are not utilized
by wood-decaying fungi; their main sources for carbon and energy are
the soluble carbohydrates of plant biomass polysaccharides (cellulose,
hemicelluloses, pectins) that are produced during fungal enzymatic and
biochemical decomposition processes.

An earlier study (Back et al. 2010) found fungi of Ascomycota and
Basidiomycota growing within Scots pine roots to emit sesquiterpenes.
In our current study, fungal VOC release was highest for sesquiterpenes,
such as a-curcumene, a-muurolene, and A-cadinene, and for oVOCs,
such as methyl-12-furoate, methyl-3-furoate, 3-octanone, 2-butanone,
a-bisabolol, and 1-hexanol, on pine and spruce substrates. Sesquiter-
penes were also reported as the dominant group of volatile compounds
released during wood-inhabiting fungal interactions on beech wood (El
Ariebi et al. 2016; Gramss, 2020). This observation is interesting as
deciduous deadwood of beech (Fagus sylvatica) and coniferous dead-
wood like pine (P. sylvestris) harbour distinct fungal and prokaryotic
microbial communities. The same fungal sesquiterpenes that we
observed on coniferous wood (A-cadinene, a-muurolene, and a-gurju-
nene) were also observed on beech wood (Gramss, 2020), which further
supports the conclusion that sesquiterpenes were mainly released by
fungal metabolism of wood. Basidiomycota mycelia may produce and
release sesquiterpenes during inter-species interactions (Kramer and
Abraham 2012). Similar to our approach, the brown-rot species F.
pinicola was paired with a white-rot fungus (Kuehneromyces mutabilis)
(Gramss, 2020), and likewise, we found that sesquiterpene release
showed a strong increase in the dual cultures of F. pinicola and a
white-rot species, either P. radiata or T. abietinum.

In a past study, we observed that interactions of the brown-rot spe-
cies F. pinicola with white-rot fungi accelerate VOC release on spruce
wood compared to single-species cultivations (Mali et al. 2019). In our
current study, interactions of F. pinicola with the white-rot species T.
abietinum and P. radiata accelerated sesquiterpene release during fungal
growth and decomposition on both substrates, i.e. Norway spruce and
Scots pine wood sawdust. Sesquiterpene release by species combinations
FpTa and FpTaPr was exceptionally high during the second measure-
ment month on pine substrate. Wood decomposition activity was higher
in fungal co-cultures on spruce substrate compared to single-species
cultures (Mali et al. 2019).

Our previous studies with these fungal species (F. pinicola, P. radiata,
T. abietinum) and the same isolates on agar medium plates and in liquid
media demonstrate their co-existence and success upon hyphal in-
teractions (Mali et al. 2017). However, it is possible that the fungal
hyphal antagonistic contacts and competition during the second culti-
vation month may have led to species replacement or partial replace-
ment in the combinatory cultures. Antagonistic interactions between
wood-decaying fungi and competition for territory may lead to a
deadlock or to full, partial, or mutual replacement, and involve the
release of volatile compounds (Boddy 2016). In our current study,
sesquiterpene and monoterpene release by F. pinicola in individual cul-
tures and in pairs with white-rot species on spruce substrate was low
during the first month but subsequently increased. Surprisingly, El
Ariebi et al. (2016) found that VOC-driven effects on mycelia extension
rates were stronger in intraspecific interactions compared to interspe-
cific interactions. Quantitative and qualitative release of VOCs was
highest in interspecific (involving two species) interactions (El Ariebi
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et al. 2016). However, microbial VOCs occurring in the highest abun-
dance may not demonstrate the highest impact for other microbes
(Romano et al. 2015). Moreover, higher microbial diversity in shared
habitats may not necessarily lead to an increase in VOC emissions.

4.2. Wood substrate influences VOC release by fungi

Our results show that VOC synthesis and release by wood-decaying
fungi depend on their growth substrate (either spruce or pine wood).
Wood substrate influenced the VOC release by the fungi, as the
measured fluxes of oVOCs and sesquiterpenes were clearly higher on
pine sawdust compared to spruce sawdust. Substrate also affects forest
floor VOC fluxes because pine (P. sylvestris) deadwood dominated floor
was found to be a stronger VOC source than spruce (P. abies) deadwood
dominated forest floor in both boreal and hemiboreal climate locations
(Maki et al. 2019b). Monoterpene release from decomposing pine litter
was five to ten times faster than from decomposing spruce litter at an
early stage of decomposition (Isidorov et al., 2010). In addition, fila-
mentous fungi may generate various VOCs as metabolic by-products
under less favourable mycelial growth conditions (Busko et al., 2016).
Taken together, the higher amount of VOCs generated in pine wood
cultures may result from VOCs released from wood and generated by the
fungi.

In our study, monoterpene release was highest during the first month
of growth on pine substrate, whereas the highest emission of mono-
terpenes on spruce wood occurred during the second and third mea-
surement months, which implies that substrate quality affects both
hyphal growth and VOC release and synthesis by wood-decaying fungi.
On the other hand, we observed a decreasing pattern of oVOC emissions
by the brown-rot fungus F. pinicola along with white-rot fungus T.
abietinum on pine substrate. These results indicate either further modi-
fication of the oVOCs or potential uptake of the original compounds by
the fungi, depending on the wood substrate (pine vs. spruce). In line
with our results, VOC composition has been found to depend on both the
fungal species and deadwood substrate (pine vs. spruce) (Isidorov et al.
2016). VOC release may additionally vary due to diversity of microbial
taxa, the life stage of the tested microbes, and substrate type (Misztal
et al. 2018).

4.3. Indicators of fungal metabolism correlate with VOC release

According to our results, interactions between brown-rot and white-
rot fungi may lead to an increase in extracellular chitinase activity,
which in turn correlated with an accelerated release of isoprenoids. The
total sesquiterpene fluxes were highest in the combinatory cultures of
FpTa and FpTaPr on spruce wood substrate, and chitinase activity
peaked at the end of the cultivation period (Mali et al. 2019). Chitinases
are secreted enzymes capable of degrading fungal cell wall chitin
polymers into oligosaccharides and amino sugars (Ekenler and Tabata-
bai 2002; Adamczyk et al. 2015). We found a positive relationship be-
tween sesquiterpene and monoterpene release and chitinase activity
when F. pinicola and white-rot species P. radiata were growing together
on spruce wood. A similar trend was observed on pine wood substrate, as
chitinase activity increased in parallel to sesquiterpene release in the
co-cultures of a brown-rot (Fp) and a white-rot fungus (Pr). These results
indicate that enzymatic attack of opposing fungi against each other’s
mycelium may increase sesquiterpene release by wood-decaying fungi.
Our results are supported by another study indicating that the produc-
tion of chitinase activity increased at the hyphal interaction zone (His-
cox and Boddy 2017).

Our results indicate that interactions of the brown-rot fungus F.
pinicola and the white-rot fungi may either enhance or suppress fungal
extracellular enzyme activities, as observed in our previous study (Mali
et al. 2017). Living fungal biomass (ergosterol content), iron reduction
activity, and p-glucosidase activity increased together with the total
monoterpene and sesquiterpene fluxes in fungal dual cultures of F.
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pinicola and P. radiata on spruce wood. p-glucosidases are enzymes with
versatile functions in fungi, and they are needed in the depolymerization
of cellulose- and hemicellulose-derived oligosaccharides to glucose
(Rytioja et al. 2014). We also observed a negative relationship between
the total oVOC fluxes and p-glucosidase activity and between the total
oVOC fluxes and iron reduction activity in fungal cultures on spruce
substrate, where the brown-rot and white-rot species were combined.

These results indicate that space and resource competition, and
oVOCs may have an antagonistic effect on the enzyme activities or
production by fungal mycelia. Negative impacts of VOCs on microbial
activity have previously been observed. For example, isoprenoids
inhibited microbial-secreted enzyme activities (chitinase and f-gluco-
sidase) in laboratory studies (Adamczyk et al. 2015). Another explana-
tion is that fungi released oVOCs at the beginning of cultivations, when
B-glucosidase activity was still low. This is supported by findings
showing strong oxidative bursts generated by wood-decaying brown-rot
fungi (by Fenton reactions) and white-rot fungi (by secretion of oxido-
reductase enzymes attacking lignin or generating HyO,) at an early
phase of hyphal growth and wood decomposition (Kuuskeri et al. 2016;
Zhang et al. 2016). Chemical and enzymatic oxidation reactions may
also convert the wood-released VOCs.

4.4. Modelling fungal VOC release with fungal metabolism indicators

It is challenging to separate the effect of fungal metabolism in-
dicators on fungal VOC release from the effect of various VOCs on fungal
activities and metabolism. We used linear mixed-effects models to
determine these relationships, and found that fungal metabolism in-
dicators partly explained the fungal VOC release from wood. Iron
reduction activity explained 71% of the release of sesquiterpenes,
whereas the amounts of chelated oxalate anions, iron reduction, and
wood mass loss explained 78% of the release of monoterpenenoids on
spruce wood substrate. Iron reduction capacity indicates Fenton chem-
istry and the brown-rot decay of wood, and is generated in cultures of F.
pinicola (Shah et al. 2018). Together with iron reduction capacity, a
strong secretion of oxalic acid is typical for F. pinicola (Mali et al. 2017;
Shah et al. 2018), and most of the secreted oxalic acid is found as oxalate
anions attached to wood in the later stages of cultivation on solid wood
(Mali et al. 2019; Villavicencio et al. 2020).

Our results are supported by another study with F. pinicola subjecting
the brown-rot fungus in dual cultures with a white-rot species (K.
mutabilis) demonstrating oxalic acid production to support the acidifi-
cation of the substrate (Gramss et al. 2020). As F. pinicola is able to
survive at very low pH (below pH 2) (Mali et al. 2017; Shah et al. 2018),
it is also able to control monoterpene and sesquiterpene concentrations
in the headspace air of the wood substrate cultures (Gramss, 2020).
Fungal oxalate is a strong chelator, which also enables dissolving and
release of bound iron and other cations from decomposing wood (Are-
ntes et al. 2009). Wood substrate appears to influence the relationship of
fungal VOC release and fungal metabolism indicators, especially the
release of sesquiterpenes and monoterpenoids. To conclude, fungal VOC
release was more strongly driven by fungal metabolism indicators on
pine wood substrate compared to spruce wood.

Individual VOCs were well explained by varying the mixture of
fungal metabolic parameters, indicating that production processes of
different VOCs are divergent. Enzyme activities of chitinase, -glucosi-
dase, laccase, and manganese peroxidase were found to explain the VOC
release of individual compounds. In another study, laccase and man-
ganese peroxidase activities and production decreased during fungal
interspecies mycelia deadlock compared to partial replacement during
fungal interactions (O’Leary et al. 2019). Activities of chitinase and
B-glucosidase also decreased slightly during terpene exposure (Adamec-
zyk et al. 2015). These notions imply that VOCs may interfere and
inhibit crucial activities of wood-decomposing enzymes. Competition
between fungal species apparently lead to metabolic changes, along
with variation in wood decomposition rates, which differ depending on
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the interaction partners (Hiscox et al. 2015).

In our study, the limited temporal coverage of the measurements
may have hindered the detection of immediate interaction responses
between the fungal species. On the other hand, our experiment, lasting
three months under controlled conditions, provides indications of
longer-term biological and chemical changes occurring in the decaying
wood. As abiotic factors, such as temperature, may affect the outcome of
fungal interactions (Hiscox and Boddy 2017), the extension of
species-combinatory experiments to forest sites and natural habitats of
the fungi is crucial. In situ measurements, where seasonal effects are
detected in changes in relative humidity, temperature, and soil moisture
conditions, vary in time and space and will provide valuable forest
ecological information.

5. Conclusions

This study shows that deadwood substrate influences VOC released
by wood-decaying fungi, with signature differences caused by the
decomposition trait, either brown-rot or white-rot type, and species-
species interactions. Our results imply that fungal metabolism in-
dicators, such as fungal biomass, wood decomposition activity, iron
reduction, extracellular enzyme activities, oxalate anion content, and
oxalic acid production, may partly explain the VOC release of wood-
decaying Basidiomycota. A warming climate could stimulate these in-
teractions and the growth of certain, dominating fungi, e.g. F. pinicola, in
their natural habitats. Furthermore, the release of more CO, into the
atmosphere as a consequence of accelerated heterotrophic respiration,
or an increase in sesquiterpene emissions from decaying wood will both
influence air chemistry under the canopy and the overall carbon cycle in
forest ecosystems.
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