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Besides their symbiotic association with tree rootlets, ectomycorrhizal (EM) fungi have been
commonly detected in nature in deadwood and plant debris of various tree species. However, their
potential dual roles as symbiotrophs and saprotrophs are still debated. Here, we provide evidence
from a series of experiments on the plasticity of symbiotrophic-saprotrophic lifestyles of the
ectomycorrhizal fungus Piloderma croceum associated with Quercus robur L. Specifically, we find that
P. croceum efficiently colonizes deadwood of oak in an experimental system without living oak.
Results based on the productions of hydrolytic enzymes and corticrocin as well as the "C content in
deadwood and mycelium of P. croceum demonstrate its capability of wood decomposition and
assimilation of C from the decomposing wood. Our results also show that in presence of wood pieces
colonized by saprotrophic mycelium of P. croceum, the roots of oak plants develop true EM symbiosis
with Hartig net formation. Collectively, our results indicate a role for mycelium growing in deadwood as
an underestimated EM fungus propagule bank, suggesting that deadwood and other decomposing
plant material may indirectly influence the productivity of forest ecosystems by contributing to the
recruitment of mycorrhizal fungi, thereby enhancing plant nutrient acquisition.

Ectomycorrhizal fungi (EM fungi) play a central role in providing trees with
important nutrients especially in boreal and temperate but also in some
subtropical and tropical forest ecosystems'. The existence and functioning
of EM fungal mycelia determine plant growth and productivity in the forest
ecosystems and contribute to the large global pool of carbon in soils"*. The
mycelia of EM fungi extend from different individual host tree species and
form common mycorrhizal networks in soils, which influence plant nutrient
and carbon acquisition at ecosystem level’. These mycelia can act as pro-
pagules for EM fungi to colonize seedlings and stimulate forest
regeneration’. In areas where mycorrhizal networks are not available or
poorly formed, EM fungal spores in soils can be considered an important
source of propagules’. EM fungal spores may persist in the soil for decades
before colonizing plant roots’. Extramatrical mycelium and spores in soils
are thus considered as the major propagule banks of EM fungi’, but it is
currently unknown whether EM fungi colonized plant debris could also
serve as propagule banks.

Recent experimental evidence, based on high-throughput sequencing,
has demonstrated that deadwood harbors diverse EM fungal
communities*®. EM fungi colonize deadwood and use this niche, among
others (litter and living roots). EM fungi have evolved on repeated inde-
pendent occasions among clades of initially humus and wood saprotrophic
fungi, so that EM fungal taxa are spread across the classification of Asco- and
Basidiomycota, where they still neighbor some saprotrophic sister taxa
within clades™. EM fungi can compete with saprotrophs in deadwood.
Their competitiveness depends on priority effects (or community assembly
history), depending on their early arrival to the substrate or the wood decay
stage™'". Although EM fungi can also be detected at early wood decay stages
in some temperate and subtropical tree species, they dominate during the
late decomposition stages™*'*. Some EM fungi have been suggested to have
proteolytic activity via the secretion of relevant enzymes that support the
decomposition of dead biomass'*', Several studies have demonstrated the
potential of EM fungi to degrade complex plant polymers, including
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cellulose, hemicellulose, pectin, and lignin'>'°. However, the enzymatic
machinery for the decomposition of these polymers is strongly reduced in
EM fungi'*'"”""*. Some EM fungi can oxidize organic matter, either by Fenton
chemistry, such as Paxillus involutus and Piloderma croceum'’, or by using
peroxidases, such as Cortinarius spp.”. It has been suggested that these
activities serve to obtain nitrogen from organic sources'. The conservation
level of enzymes for plant polymer decomposition is particularly high in P.
croceum, whose genome contains 52, 18, and 38 genes related to cellulose/
hemicellulose, pectin, and lignin decomposition, respectively'”. Such carbon
degrading enzyme activities can serve to release glucose and other small
carbon compounds and molecules from complex organic sources™* which
can be utilized by P. croceum. Therefore, decomposing plant materials may
promote ectomycorrhizal establishment and propagation of P croceum in
temperate forest ecosystems™. It has been hypothesized to be a potential
ectomycorrhizal propagule bank in forest ecosystems*”. Although some
EM fungi might have evolved from either saprotrophic or endophytic fungi,
their evolution via saprotrophic fungi has been more common®. Decom-
posing plant materials including, deadwood and leaf litter are present
together or in the vicinity with fine roots in the detritusphere and topsoil**”’.
Closely related fungi even within the same genera have evolved differently,
by specializing in these substrates'”. While saprotroph fungi have evolved
toward litter and deadwood materials with increasing/maintaining of plant
cell wall degrading enzymes related genes (especially Carbohydrate-Active
EnZymes (CAZymes)), many EM fungi displayed reduction of such genes,
while maintaining and increasing symbiosis related genes such as sugar
transporters, transposable elements (TEs) and small secreted proteins
(SSPs)"”**. However, some EM fungi have retained substantial numbers of
plant cell-wall degrading genes and have been found to have the ability to
decompose plant organic matter'”***’. Thus, deadwood and leaflitter can be
considered as alternative substrates for such EM fungi, in life phases or
compartments where they cannot establish ectomycorrhiza®"'>"". In forest
ecosystem, it is also common that fine root patches of diverse trees colonize
decomposing deadwood and leaf itter, from which they obtain nutrients via
their EM fungal partners. When EM fungi can survive as saprotroph on
decomposing plant materials (especially deadwood), they can increase their
potential to find right host plants and to increase the chance of successful
colonization’.

The plasticity of symbiotroph-saprotroph EM fungal lifestyles has been
hypothesized for more than a decade™. A study also demonstrated that
many saprotrophic fungi are able to colonize fine roots of ectomycorrhizal
trees and form either incomplete or complete ectomycorrhizas, indicating
the potential for such plasticity”. However, thus far there is no substantial
evidence that demonstrates the efficient colonization of deadwood and its
components by EM fungi and whether EM fungi-colonizing deadwood can
change their lifestyles from saprotrophic to ectomycorrhizal programs. The
dual role of EM fungi as a symbiotroph and a saprotroph therefore still
under debate”.

In this study, Piloderma croceum associated with Quercus robur L. was
used to demonstrate the plasticity of symbiotroph-saprotroph lifestyles of
EM fungi. The saprotroph lifestyle can be demonstrated by the ability of
Piloderma croceum to colonize and decompose dead organic matter from
wood. The decomposition products (especially glucose) and nutrients
released from dead organic matter have to be incorporated into the myce-
lium of the fungus. To demonstrate the switch from the saprotroph to the
symbiotroph- lifestyle, P. croceum living in the saprotroph stage on dead
wood, had to be able to colonize the living roots of Q. robur plants and
exhibit a clear symbiotic apposition structure (i.e. Hartig net), as well as a
benefits of EM formation, i.e. tree growth stimulation. Therefore, in this
current work nine experiments were carried out to test whether (1) P.
croceum can colonize a decomposing plant material, deadwood (bark, outer
sapwood, inner sapwood, and the complete deadwood) of Quercus robur in
the absence of living oak plants (experiments 1 to 4) and (2) such colonized
decaying wood can serve as a propagule bank for forming new mycorrhizal
symbiosis when faced with roots of living oaks (experiments 5 to 9). Spe-
cifically, we aimed to answer four questions. First, could P. croceum grow

and persist on bark and wood substrates (experiment 1)? This would
demonstrate the capacity to live or persist when not in symbiosis with roots
(but not yet to establish a saprotrophic lifestyle). Second, what was the fungal
enzymatic activity in wood colonized by P. croceum (experiment 2)? This
would demonstrate that the fungus can release enzymes (as expected) that
are capable of decomposing polymers of wood fibers, i.e., that it is truly
saprotrophic. Third, was any wood carbon or related products, as measured
via all-E-tetradeca-2, 4, 6, 8, 10, 12-hexaene-1,14-dioic acid (corticrocin)
(experiment 3) and carbon isotope (**C) (experiment 4), detectable in
vegetative tissue of the fungus? This would further demonstrate that the
fungus is capable of decomposition and assimilating carbon and glucose
from wood fibers and polymers, i.e., saprotrophic. Fourth, can deadwood be
a source of dispersal for P. croceum to establish ectomycorrhizal roots
(experiments 5 to 9)? This would show that wood can be a source of
inoculants for the fungus, a key tenant of the research.

Based on plasticity of symbiotroph-saprotroph lifestyles of EM fungi,
we hypothesized that P. croceum is able to grow and persist on bark and
wood substrates™ (hypothesis 1). We hypothesized that based on its gene
repertoire, P. croceum can secrete both hydrolytic (B-glucosidase) and
oxidative enzymes (laccase and peroxidases) that are important for cellu-
lose/hemicellulose and lignin degradation during an exclusive saprotrophic
life phase'"* (hypothesis 2). Furthermore, we expected that P. croceum
would produce N-acetyl glucosaminidases and acid phosphatases to acquire
N from chitin and organic P. Because of its ability to produce enzymes for C
acquisition and lignin degradation/modification, we also hypothesized that
the C released from deadwood could be transferred to and assimilated by P.
croceum mycelium (hypothesis 3). We expected that Q. robur plants asso-
ciated with P. croceum originating from deadwood would show the benefit
of EM formation™ and their plasticity to outsource C with higher principal
root, lateral root, and total root biomass, and stimulate plant growth with
higher stem, shoot, and total plant biomass, compared with non-inoculated
plants (hypothesis 4).

Results and discussion

P. croceum efficiently colonized deadwood of oaks in the experimental
system without living oak, however, the rate of colonization after 4 months
of incubation time varied depending on the substrate (100 in bark, 84.6 in
complete wood, 40 in sapwood, and 16.7% in inner sapwood) (Fig. 1a and
Supplementary Data 1, experiment 1). This finding answers our first
question (hypothesis 1) and demonstrates the capacity of P. croceum to live
or persist when not in symbiosis with roots of Q. robur. The earliest colo-
nization of deadwood by P. croceum was observed after 2 weeks to 1 month
in the bark and complete wood samples (Figs. 1 and S1). At this stage, white
mycelium covered parts of the deadwood near the inoculated areas. After
1-2 months, the white mycelium became yellow and extended its devel-
opment on deadwood (Figs. 1 and S1). After 4 months, the bark and
complete wood were covered with massive amounts of P. croceum yellow
mycelium, whereas the colonization on sapwood and inner sapwood was
moderate. The yellow pigment synthesized by the mycelium of P. croceum
has been identified as corticrocin, which is formed during colonization of
mycorrhizal host roots”. We demonstrate here that the production of the
yellow pigment, as indicated by the size of yellow colonies (p < 0.001) and
optical density (OD) 379 (p <0.001), was significantly influenced by the
available glucose and growth of P. croceum in pure culture (Fig. 2a—c and
Supplementary Data 2). Thus, corticrocin production in the mycelium of P.
croceum colonizing deadwood in MMN 1/10 medium without any other
soluble carbohydrate source, but with deadwood substrate, is a good indi-
cator that P. croceum can partly decompose bark and sapwood to acquire
organic carbon and glucose, which is consistent with our hypothesis 3.
Substantial amount of glucose released from deadwood is required for
corticrocin synthesis, thus P. croceurmn had to decompose deadwood over
1-2 months to reach such level, which also depended on the types of the
deadwood materials. Our results show that on fresh bark fastest colonization
rates are displayed by a yellow P. croceurmn mycelium that produces corti-
crocin. A recent study demonstrated that for temperate trees, the non-
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Fig. 1| Saprophytic ability of P. croceum. Saprophytic ability a colonization success
of different woody materials and b increase in A"*C in mycelium (mean + SE) of P.
croceum that assimilated C from the introduced wood (IM = initial mycelium of P.
croceum, M = 4-month mycelium of P. croceum, MW = 4-month mycelium of P.
croceum growing near inner sapwood, and W = inner sapwood). A'*C values of agar
media are provided in Table S1. Different letters indicated significant differences of
A"™C (%o) among mycelial types according to one-way ANOVA with post hoc
Tukey’s HSD test at p < 0.05 (n = 3). Differences of A"*C (%o) between mycelium and
wood were analyzed using a t-test at p <0.05 (n = 3). ***p <0.001, **p < 0.01.

structural carbohydrates (NSC especially sugars and starch) are the most
concentrated, in the outermost stem wood™. In contrast, the concentrations
of NSC is lower, when the mycelium colonization is progressing deeper
toward the pith*. We hypothesize that P. croceum takes advantage from the
higher concentration of NSC at the outermost part of the stem (bark and
vicinity area) to synthesize the corticrocin using the beta-glucosidase pro-
duced. Further studies are needed to confirm what supports P. croceum
growth in the bark, whereby it is documented in literature that the front of
mycelium colonies may recycle resources accumulated in their older part”.

Hydrolytic and oxidative enzyme activities in complete wood colo-
nized by P. croceum were measured using microplate assays™*”’. The results
show that P. croceum produced significant amounts of hydrolytic enzymes
on deadwood (p=0.007-0.009), including B-glucosidase (588.4+
547nmolh™ g dry wood ', mean+SE), N-acetylglucosaminidase
(717.2 £ 157.5, mean + SE), and acid phosphatase (603.7 +95.1, mean +
SE), whereas the activities of oxidative enzymes, including laccase and
peroxidase, were undetectable (Table 1). Thus, the glucose available for
corticrocin formation was apparently related to B-glucosidase activity,
which enables the hydrolysis of cellulose or hemicellulose from Q. robur
bark or sapwood. The found activity of N-acetyl glucosaminidase and acid
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Fig. 2 | Effect of glucose on growth of P. croceum and corticrocin production after
9 weeks of cultivation on MMN1/10 with different available glucose concentra-
tions (0.15, 0.6, 2.5, 10.0 g1°'). a, b Give the diameter of the total and yellow
(mean + SE), respectively. Different letters indicated significant differences of the
diameter of the total and yellow colony among different available glucose con-
centrations according to Kruskal-Wallis test with post hoc Mann-Whitney pairwise
test at p < 0.05 (n =5-7). ¢ Gives the ratio between optical density of corticrocin
extracts (ODj379) and colony dry weight. Different letters indicated significant dif-
ferences of the ratio between OD3;5 and colony dry weight among different available
glucose concentrations according to Kruskal-Wallis test with post hoc
Mann-Whitney pairwise test at p < 0.05 (1 = 4). The test statistic H and p values
from Kruskal-Wallis test are shown in the upper left-hand corner of each figure.

phosphatase demonstrated that P. croceum was also able to recycle N via
chitin degradation from part of its own mycelium, and to acquire phos-
phorus from the wood substrate. The chitinase activity of P. croceum is
directly related to earlier observations of P. involutus. Under C starvation, P.
involutus uses autolysis with the associated chitinase activity to recycle N
and C from its dead fungal mycelium”. The results from enzymatic assays

Communications Biology | (2025)8:1344


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08762-w

Article

Table 1 | Hydrolytic and oxidative enzyme activities (mean x SE, nmol h™' g dry wood ") on complete oak deadwood with and

without (control) P. croceum

Enzyme Degrading substrates Control oak wood Oak wood with P. croceum
Beta-glucosidase Cellulose/hemicellulose 0.0+0.0? 588.4 + 54.7°

N-acetyl glucosaminidase Chitin 1.4+1.42 717.2 £157.5°

Acid phosphatase Organic phosphate 0.0+0.0? 603.7 £95.1°

Laccase Lignin 0.0+0.0 0.0+£0.0

Peroxidase Lignin 0.0+£0.0 0.0+0.0

Different letters indicated significant differences of enzyme activities between the oak deadwood with and without (control) P. croceum according to Mann-Whitney U-test at p < 0.05 (n = 5).

demonstrate that P. croceum can release hydrolytic enzymes that are capable
of decomposing wood fibers, i.e., to adopt a saprotrophic lifestyle in dead-
wood (hypothesis 2). The absence of oxidative enzymes, including laccase
and peroxidase observed in this study, may reflect either a limited potential
of P. croceum to produce lignin degrading/modifying enzymes", or a
potential not to produce these enzymes as long as more readily available
resources are available. Production of oxidative enzymes important for
lignin modification/degradation is more energy intensive than for hydro-
lytic enzymes, and also requires more resources, such as copper and
manganese”’. These metals are limited in our experimental setup, which
contains only deadwood on diluted Modified Melin-Norkrans 1/10
medium.

After we introduced the mycelia on deadwood with higher *C content
than on agar, the mycelium "“C content significantly increased from the agar
value and initial mycelia (p < 0.01), further demonstrating the capability of
wood decomposition and assimilation of C from the wood (hypothesis 3)
(Fig. 1b and Supplementary Data 1). Taking the common definition of
fungal saprotrophs as “fungi that are able to live independently from dead
materials and to degrade organic residues contained therein to obtain
carbon™!, all the evidence from this series of experiments demonstrates the
saprophytic capacity of P. croceum when grown on deadwood as a unique
organic substrate. Deadwood can be considered to be more resistant com-
pared to other forms of plant materials such as leaf and fine root litter, as it
can persist many years in temperate forest ecosystems'”. Obviously, the
colonization success of P. croceum on deadwood warrants its long last-
ing survival apart from symbiotic association. Our finding that bark appears
to be preferentially colonized and decomposed by P. croceum can be
explained by the higher concentration of macronutrients and mineral ele-
ments (especially N, Mg, Fe) in bark of Q. robur as compared to sapwood*.
Furthermore, the concentration of non-structural carbohydrates, including
sugars and starch is also higher in the outermost part of the wood than the
inner part of the wood”. Such non-structural carbohydrates, macro-
nutrients and mineral elements are crucial for microbial enzyme production
and activities"**, Furthermore, bark of Quercus spp. can be considered as an
important source of secondary metabolites which may impact growth of P.
croceum®.

To evaluate the role of deadwood as a propagule bank to form
mycorrhizal symbiosis on the roots of living Q. robur, we introduced
colonized woody material from different types into the soil in the vicinity of
the roots of living oaks under controlled conditions (Figs. 3 and S1 and
Supplementary Data 3). Sterile oak wood without P. croceum was used as the
control. P. croceum was detected in the rhizosphere of oak plants after 14
weeks in most inoculation treatments; however, only in the bark (one out of
five replicates) and complete deadwood (two out of seven replicates)
treatments was yellow mycelium of P. croceum visible on the oak roots
(Supplementary Data 4 and Fig. S1). The oak plants with visible P. croceum
mycelium on the roots had significantly higher dry biomass of principle root
(p =0.008), lateral roots (p = 0.003), total roots (p = 0.001), stem (p < 0.001),
shoot (p < 0.001), and total plant (p < 0.001) compared to other oak plants,
regardless of treatment (hypothesis 4) (Fig. 3a, b and Supplementary
Data 3). We did not detect P. croceum in the control treatment, where the
oak plant did not benefit from EM formation, but we detected P. croceum in
the oak rhizosphere of all inoculation treatments using the Illumina

sequencing approach. However, we detected this fungus frequently (relative
abundance >50%) only in the treatments consisting of sterile soil with
deadwood containing visible yellow mycelium of P. croceum (Supplemen-
tary Data 4). Microscopic observations of root tips surrounded by P. cro-
ceum mycelia showed the formation of a Hartig net (Fig. 3g, h), indicating a
typical ectomycorrhizal symbiotic interaction. These results show that in
presence of wood pieces colonized by saprotrophic mycelium of P. croceum,
the roots of oak plants were not only superficially colonized by yellow
mycelium, but also developed true EM symbiosis with Hartig net formation.
Although noteworthy because P. croceum requires a delay and a certain
carrying capacity of the plant to form fully differentiated EM with a Hartig
net*, this result indicates that the inoculation efficiency provided from the
pre-colonized deadwood can urge full EM differentiation.

Overall, we demonstrated the plasticity of the symbiotroph-saprotroph
lifestyles of ectomycorrhizal P. croceum associated with Q. robur, which is in
line with the hypotheses from the earlier studies”. The past field obser-
vations, based on fruiting bodies, were focused on the mycorrhizal stage and
not on the saprophytic stage. However, molecular tools have allowed the
detection of the dual lifestyle'”'"*. Importantly, we demonstrated the role of
deadwood as a de novo ectomycorrhizal propagule bank. We provided
evidence that P. croceum survives on oak deadwood for at least 2 years
(Fig. S2). Thus, deadwood can influence forest health and productivity
by acting as a substrate for a pool of organisms that can optionally be
symbiotrophs or saprotrophs. Future studies, especially using tran-
scriptomics are needed to gain a better understanding of mechanisms
behind the plasticity of the symbiotroph-saprotroph lifestyles of ectomy-
corrhizal fungi.

Materials and methods

P. croceum as saprotroph on Q. robur deadwood

Experiment I: Could P. croceum grow and persist on bark and deadwood
substrates?—Colonization success experiment (experimental design based
on 74 deadwood materials).

This experiment was used to test the hypothesis 1. P. croceum J. Erikss.
and Hjortst isolate DSMZ 4824; ATCC MYA-4870 was maintained under
dark conditions at 20 °C on Modified Melin-Norkrans C (MMNC) agar
medium with sugar and subsequently transferred to Modified Melin-
Norkrans (MMN) 1/10 medium (no sugar or other carbohydrate sources)
for 1 month in a Petri dish (94 mm)****. After 3.5 months, different woody
substrates (including bark with nine replicates), outer sapwood with 15
replicates, and complete deadwood with 26 replicates) were obtained from
2 cm branches of Q. robur L., obtained from older clonal field trees DF159*
were autoclaved thrice and placed on the top of the growing colony.
Additionally, we included inner sapwood (cutting the tree rings between
1955 and 1963 and autoclaving three times, 24 replicates) for this coloni-
zation success experiment. These inner sapwood samples contained a sig-
nificant amount of “C compared with recently collected normal oak wood.
Colonization of P. croceum was observed over 4 months. Contamination
was not detected in the control group. Percent colonization was calculated
for each woody substrate and used as the indicator for colonization success.

Experiment 2: What was the enzymatic activity of wood colonized by P.
croceum?—Hydrolytic and oxidative enzymes in deadwood. This experi-
ment was used to test the hypothesis 2.
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Fig. 3 | Role of deadwood as a source of propagule to form mycorrhizal symbiosis
on roots of living Quercus robur. a Root dry weight (mean + SE) and b plant growth
parameters (stem, shoot, and total plant dry weight) (mean + SE). C = control,
CW = control with sterile complete oak wood, B = oak bark with P. croceum, W =
oak deadwood with P. croceum, and M = oak and bark with P. croceum which formed
yellow mycelium on oak root tips. Different letters indicated significant differences
of the dry mass of roots and plant growth parameters according to one-way ANOVA
with post-hoc Tukey’s HSD test at p < 0.05. c—h Microscopic analysis of oak roots in

control and deadwood with P. croceum treatments. In contrast with the control,
which did not show any fungal structures (c—e), mycelium of P. croceum was found
to cover the root tips of oak (f) and the Hartig net was detectable in cross sections of
paraffin-embedded root tips and stained with fluorescently labeled wheat germ
agglutinin (g, h). Note the green fluorescence of outer mycelium (arrows) and Hartig
net (arrowheads) in (h). Pictures were taken using a stereomicroscope (c, f), bright
field (d, g), and fluorescence microscopy (e, h). Bars represent 500 um in (c, f) and
50 um in (d, e, g, h).

Sterile complete deadwood obtained from oak branches of DF159 trees
was placed on MMN 1/10 agar with and without P. croceum (control) with
the same setting as experiment one for 4 months (maintained under dark
conditions at 20 °C). The wood samples were homogenized and ground into
powder. Hydrolytic enzyme analyses were performed for -glucosidase (EC
3.2.1.21), N-acetylglucosaminidase (EC 3.1.6.1), and phosphatase (EC
3.1.3.2), using 4-methylumbelliferone (MUB) as a substrate, as described in
previous publications™*”’. Oxidative enzymes (phenol oxidase (EC
1.10.3.2) and general peroxidase (EC 1.11.1.7) were analyzed using 3, 3/, 5,
5'-tetramethylbenzidine (TMB) substrate, as described in our previous
study”. The experiment was conducted with 5 replicates and differences of

each enzyme activity between control wood and wood with P. croceurm were
analyzed using a Mann-Whitney U-test.

Experiment 3: Corticrocin production and its association with available
glucose—We varied the concentration of glucose in the MMN 1/10 media
(0.0, 0.15, 0.6, 2.5, and 10.0 g/L) used to cultivate P. croceum J. Erikss. and
Hjortst isolate DSMZ 4824; ATCC MYA-4870.

The culture plates were incubated at 20 °C for 9 weeks in dark. The dry
weight and diameters of the total and yellow part of the colonies were
determined. Corticrocin production was measured at the optical density OD
379. The experiment consisted of five to seven replicates for dry weight and
diameter and four replicates for destructive OD measurements. Data were
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tested for normality and equality of group variance. Significant differences of
the diameter of the total and yellow colony among different available glucose
concentrations were tested using Kruskal-Wallis test incorporated with
Mann-Whitney pairwise comparisons at p < 0.05. This experiment was used
to test the hypothesis 3 that P. croceum can release enzymes that are capable
of decomposing wood fibers and polymers into different C forms, including
glucose. Thus, glucose is important for corticrocin production and strongly
linked with corticrocin concentration in mycelium of P. croceum.

Experiment 4: Was any wood carbon, as measured via isotopes,
detectable in vegetative tissue of the fungus?—Carbon released from
deadwood, transported, and assimilated to P. croceum mycelium.

To demonstrate the uptake of wood carbon by mycelia, we used wood
with higher ““C content than the MMNC and MMN 1/10 agar media (A“C
values of agar media are provided in Table S1). This experiment was used to
test the hypothesis 3. We observed wood that grew four decades ago from
slices of Q. robur trunks. At this time, the AC in atmospheric CO, was
~150%o higher than that in agar medium®. The high atmospheric A“C
signature is imprinted in the wood produced in those years of the atmo-
sphere. We initially cultured P. croceumn mycelium on MMNC agar medium
(n=3). Then we used the initial mycelium to inoculate cultures on C-poor
MMN 1/10 agar and maintained them under dark conditions at 20 °C, one
set with wood pieces, and the second control set without wood. The samples
were analyzed by the Keck Carbon Cycle AMS facility at the University of
California, Irvine, and in the radiocarbon laboratory in Jena, Germany.
Significant differences of A"C (%o) among mycelial types were analyzed
according to one-way ANOVA at p < 0.05. Differences of A"*C (%o) between
mycelia and wood were analyzed using a t-test. Data were tested for nor-
mality and equality of group variance.

P. croceum colonized oak deadwood changes its lifestyle from
saprotroph to ectomycorrhizal in Q. robur

Experiment 5: Can deadwood be a source of dispersal by P. croceum for
establishing ectomycorrhizal roots?—Deadwood inoculation and evalua-
tion of symbiotic success.

Woody materials from Experiment 1 were used in this experiment.
Because of the lower colonization success of sapwood and inner sapwood,
we did not include them in this experiment. This experiment consisted of
four treatments with five to seven replicates (sterile soil without deadwood
(five replicates), sterile soil with sterile complete deadwood, bark, and sap-
wood (five replicates), sterile soil with bark containing P. croceum (five
replicates), and sterile soil with dead wood containing P. croceum (seven
replicates) (Fig S1). The oak DF159 micro-cuttings*’ were maintained for
14 weeks at 23 °C before evaluation of the symbiosis success. The root
system grew in the Petri dish under dark conditions and the shoot under a
16:8h day: night photoperiod (photosynthetic photon flux density of
180 umol m™>s™"). Symbiosis success was indicated by visible yellow
mycelium on the roots of oak micro-cuttings. Furthermore, we confirmed
the success of symbiosis by Illumina sequencing of the rhizosphere of oak
micro-cuttings with and without yellow mycelium (Experiment 7) and by
microscopic observation (Experiment 8).

Experiment 6: Ectomycorrhizal effects—Determination of ectomy-
corrhizal effects.

This experiment was used to test the hypothesis 4. We evaluated the
ectomycorrhizal effects on all micro-cuttings from Experiment 5. Based on our
previous publication, P. croceum is known to positively impact the dry mass of
roots (principal roots, lateral roots, and total roots) and plant growth para-
meters (dry mass of stem, shoot, and total plant)*. Therefore, these parameters
were evaluated. Plant dry weight was determined by oven-dry at 105 °C for
24 or until constant weight. Significant differences of the dry mass of roots
and plant growth parameters were analyzed using one-way ANOVA at
P <0.05. Data were tested for normality and equality of group variance.

Experiment 7: The existence of P. croceurn—Molecular detection of P.
croceum in the rhizosphere of Q. robur DF159.

The rhizospheres of oak micro-cuttings from the same treatments were
pooled, sterile soil without deadwood, sterile soil with sterile complete

deadwood, sterile soil with bark containing P. croceum (without yellow
mycelium), sterile soil with bark containing P. croceum (with yellow
mycelium), sterile soil with deadwood containing P. croceum (without
yellow mycelium), and sterile soil with deadwood containing P. croceum
(with yellow mycelium). DNA was extracted from 250 mg of the pooled
rhizosphere soil and soil samples using DNeasy PowerSoil Kit (Qiagen,
Hilden, Germany) with aid of a Precellys 24 tissue homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France). Illumina sequencing and
bioinformatics analyses were performed according to our published
protocol™. Briefly, fungal amplicon libraries were constructed using the
fungal primer pair fITS7 (5-GTGARTCATCGAATCTTTG-3') and ITS4
primer (5-TCCTCCGCTTATTGATATGC-3')". Amplifications were
performed using 20-pL reaction volumes with 5x HOT FIRE Pol Blend
Master Mix (Solis BioDyne, Tartu, Estonia). The products from three
technical replicates were then pooled in equimolar concentrations. Paired-
end sequencing (2 x 300 bp) was performed on the pooled PCR products
using a MiSeq Reagent kit v3 on an Illumina MiSeq system (Illumina Inc.,
San Diego, CA, United States) at the Department of Soil Ecology, Helmholtz
Centre for Environmental Research, Germany. Paired-end sequences were
quality-trimmed, filtered for chimeras, and merged using the DADA2
package™. High-quality reads were clustered into amplicon sequence var-
iants (ASVs). Fungal ASVs were classified against the UNITE v7.2
database™. Sequencing was performed carefully by pooling negative control
of all PCR runs and used as sequencing control. Raw sequence data were
deposited in the Sequence Read Archive (SRA) operated by the National
Center for Biotechnology Information (NCBI) under BioProject accession
number: PRINA930471.

Experiment 8: P. croceum ectomycorrhizal structure—Observation of
P. croceum structure in roots of Q. robur.

Tips from oak roots grown without P. croceum (control) and on
deadwood with P. croceum (sample T3E2.2 005) were fixed with 4% (w/v)
paraformaldehyde/ 0.1% (v/v) TritonX-100 in phosphate-buffered saline
(PBS). Micrographs were obtained using a STEMI 2000c stereomicroscope
(Zeiss GmbH, Jena, Germany) equipped with an AxioCam Mrc5 CCD
camera (Zeiss). Then, the root tips were dehydrated using a graded series of
ethanol and embedded in Paraplast (Sigma-Aldrich). Cross-sections of
Paraplast-embedded material (5 um thick) were mounted on poly L-lysine-
coated slides, deparaffinized, and rehydrated. The sections were stained with
25 pgml™" wheat germ agglutinin conjugated with Alexa Fluor488 (Invi-
trogen) in PBS at room temperature for 20 min. After washing in PBS,
micrographs were taken by bright-field and fluorescence (excitation BP 500/
20, emission LP 515) microscopy using an Axiolmager equipped with an
AxioCam Mrc5 CCD camera (Zeiss).

Experiment 9: Can deadwood be a source of dispersal by P. croceum for
establishing ectomycorrhizal roots?—Deadwood as an EM fungal
Propagule Bank.

P. croceum was cultivated on MMN 1/10 medium (no sugar or other
carbohydrate sources) for 1 month in a Petri-dish (94 mm). After
3.5 months, the complete deadwood (three replicates) was obtained from
2 cmbranches of Q. robur L. obtained from clonal trees DF159°", which were
autoclaved thrice and placed on the top of the growing colony. P. croceum
was grown on MMN 1/10 medium and oak deadwood for 1 and 2 years. For
the control treatment, sterile oak wood was placed on an MMN 1/10
medium. The colonies of P. croceum on MMNC agar, colonies of P. croceum
on MMN 1/10 agar, and oak deadwood with and without P. croceum were
placed on MMNC agar medium. Fungal growth and development of yellow
mycelium of P. croceum were recorded after 2 weeks.

Statistics and reproducibility

Differences of enzyme activities between the oak deadwood with and
without (control) P. croceum were analyzed using to Mann-Whitney U-test
at p<0.05 (n="5). Differences of A"C (%o) among mycelial types were
analyzed using one-way ANOVA with post-hoc Tukey’s HSD (Honestly
Significant Difference) test at p <0.05 (n=3). Differences of A"C (%o)
between mycelium and wood were analyzed using a t-test at p < 0.05 (n = 3).
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Differences of the diameter of the total and yellow colony among different
available glucose concentrations were analyzed using Kruskal-Wallis test
with post hoc Mann-Whitney pairwise test at p <0.05 (n = 5-7). Differ-
ences of the ratio between OD379 and colony dry weight among different
available glucose concentrations were analyzed using Kruskal-Wallis test
with post hoc Mann-Whitney pairwise test at p < 0.05 (n = 4). Differences of
the dry mass of roots and plant growth parameters were analyzed using one-
way ANOVA with post hoc Tukey’s HSD test at p < 0.05 (n = 3-5). For all
parametric tests (one-way ANOVA and t-test), all datasets were tested for
normality and equality of group variance. All statistical analyses were per-
formed using the PAST program (version 2.17¢c)™.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Raw sequences were deposited in the Sequence Read Archive (SRA) oper-
ated by the National Center for Biotechnology Information (NCBI) under
BioProject accession number: PRINA930471. Experimental design, evi-
dence shows that P. croceum survives on oak deadwood for at least 2 years
and “C data for the agar media used in this study can be found in Sup-
plementary information. Source data underlying graphs in the study can be
found in Supplementary Data 1-3.
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