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Summary

Fungal succession in rotting wood shows a surprising
abundance of ectomycorrhizal (EM) fungi during the
late decomposition stages. To better understand the
links between EM fungi and saprotrophic fungi, we
investigated the potential capacities of the EM fungus
Paxillus involutus to mobilize nutrients from necro-
mass of Postia placenta, a wood rot fungus, and to
transfer these elements to its host tree. In this aim, we
used pure cultures of P. involutus in the presence of
labelled Postia necromass (‘°N/'3C) as nutrient
source, and a monoxenic mycorrhized pine experi-
ment composed of labelled Postia necromass and
P. involutus culture in interaction with pine seedlings.
The isotopic labelling was measured in both experi-
ments. In pure culture, P. involutus was able to
mobilize N, but C as well, from the Postia necromass.
In the symbiotic interaction experiment, we measured
high '®*N enrichments in all plant and fungal compart-
ments. Interestingly, '3C remains mainly in the
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mycelium and mycorrhizas, demonstrating that the
EM fungus transferred essentially N from the necro-
mass to the tree. These observations reveal that fun-
gal organic matter could represent a significant N
source for EM fungi and trees, but also a C source for
mycorrhizal fungi, including in symbiotic lifestyle.

Introduction

In forest ecosystems, dead wood and soil organic matter
(SOM) represent essential habitats for a wide variety of
organisms (Kruys and Jonsson, 1999; Nordén et al.,
2004) and consequently an energy resource for microbes
and associated ecosystem services, such as soil carbon
sequestration (Clemmensen et al., 2013). Interestingly, if
soil microorganisms are highly involved in organic matter
decomposition and cycling, their own cell degradation
and their residual products are important components of
this SOM (Schmidt et al., 2011). Indeed, plant tissues,
soil fauna and microorganisms are the primary sources
of soil organic carbon in forest soils (Six et al., 2006).

In these ecosystems, saproxylic fungi are highly rele-
vant in the process of the degradation of dead wood to
mobilize carbon (Blanchette, 1995; Rajala et al., 2015)
and recycle the other major nutrients, such as nitrogen
and phosphorus (Watkinson et al., 2006). In addition, this
decomposition of woody debris is a temporally dynamic
process supported by the succession of different fungal
ecological groups (Stockland et al., 2012). Interestingly,
diverse studies reported the recurrent presence and
potential role of ectomycorrhizal (EM) fungi in this decay-
ing process or in the saproxylic food web dynamics
(Tedersoo et al., 2003; Buée et al., 2007; Rajala et al.,
2012, 2015; Walker et al., 2012). EM fungi are well
known to provide soil-derived nutrients in exchange for
carbohydrates produced by photosynthesis from the host
tree. This exchange of commodities between two inter-
acting partners is the most basic element of any biologi-
cal market (Werner et al., 2014). In the EM symbiosis,
this market involves the exchange of different commodi-
ties by both partners. Indeed, EM fungi are highly efficient
at exploring the soil and mobilizing nutrients, particularly
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organic ones that would not be directly available to their
plant hosts (Smith and Read, 2010). Therefore, rotting
wood could constitute a particular niche for EM fungi
involved in a symbiotic interaction with their host-tree roots.
More precisely, it was suggested that certain EM fungi colo-
nized dead wood acting as scavengers by degrading wood
rot fungi (Buée et al., 2007; Rajala et al., 2012; Makipaa
et al., 2017; Maillard et al., 2018). The abilities of EM fungi
to mobilize nutrients from dead organic matter have been
suggested in numerous studies (Buée et al., 2005; Courty
et al., 2007; Lindahl and Finlay, 2006; Talbot et al., 2013;
Vaario et al., 2002). Some authors have even reported that
EM fungi would be able to mobilize carbon from plant
organic matter (e.g., cellulose and hemicellulose) for their
development (Durall et al., 1994); but also, under certain
conditions, to mitigate or offset losses in the host-tree car-
bon budget through a mixotrophic interaction (Cullings and
Courty, 2009; Bréda et al., 2013). Rineau et al. (2012) have
investigated the mechanisms by which Paxillus involutus
could degrade organic matter. The expression profile of
genes potentially involved in organic matter degradation
revealed that only few of them were expected to be
involved in plant cell wall degradation. Additionally, Rineau
et al. (2012) reported in this study that P. involutus induces
chemical changes in plant organic matter similar to
hydroxyl radical attacks of brown-rot fungi, involving Fenton
chemistry. More recently Kohler et al. (2015) demonstrated
strong losses of genes encoding enzymes involved in the
decay of lignin within EM fungal genomes, including class I
peroxidases or glyoxal oxidases, suggesting they have lim-
ited genomic capacity to degrade lignocellulose. Neverthe-
less, a limited presence of class Il peroxidases and glyoxal
oxidases is not an evidence for a limited capacity to
degrade plant cell walls. Indeed, despite observed expan-
sions in peroxidase gene families within white rot fungi,
Talbot et al. (2015) did not find that class Il peroxidase
gene copy number predicted peroxidase activity well within
this fungal guild. Finally, through different strategies, EM
fungi could improve organic matter decomposition and co-
metabolic degradation of recalcitrant organic complexes,
thereby releasing the organic N necessary to their hosts
(Lindahl and Tunlid, 2015).

While numerous studies have focused their attention on
plant organic matter and deciphered microbial lignocellulo-
lytic functions, other articles focused on the decomposition
of microbial organic matter. In particular, fungal residues
provide polymeric substances, such as chitin, glucans,
lipids, melanin and a wide range of proteins, correspond-
ing to diverse sources of nutrients in soils (Bartnicki-Gar-
cia, 1968; Kogel-Knabner, 2002; Godbold et al., 2006;
Lorenz et al., 2007; Nannipieri and Eldor, 2009). As an
example, soil chitin is derived mainly from fungal and
arthropod necromass, and even if chitin is the most abun-
dant aminopolysaccharide in nature (Kumar, 2000), little is

known about the turn-over of this large pool of organic
nitrogen. Different authors have suggested that EM fungi
are capable of degrading fungal necromass and to lyse
associated cell walls. Indeed, Leake and Read (1990)
have reported potential chitinolytic activities from EM fungi
by quantifying the mycelial growth of diverse ericoid and
EM fungi with chitin as the sole source of nitrogen. Com-
plementary to these observations, enzymatic approaches
confirmed the expression of proteolytic and chitinolytic
activities from EM fungal mycelium in presence of sapro-
trophic fungal necromass, or pure chitin (Hodge et al.,
1995; Mucha et al., 2006; Mucha et al., 2007; Maillard
et al., 2018). Moreover, Lindahl and Taylor (2004)
reported the frequent occurrence of N-acetylhexosamini-
dase-encoding genes in ectomycorrhizal fungi. Finally,
although some studies have shown EM chitinase or pro-
teolytic activities in the presence of fungal necromass,
there has been no effective demonstration of nitrogen and
carbon mobilization from fungal cell walls to the EM fun-
gus, with a potential transfer to the plant host.

The use of biomarkers in combination with stable iso-
tope analysis is an efficient approach in microbial ecology
to study carbon or nitrogen transfer. Coupled with analyti-
cal techniques, such as gas chromatography-combustion-
isotope ratio mass spectrometry, stable isotope labelling
(e.g., for "N uptake or '*C mobilization or respiration) pro-
vides the unique opportunity to link biological identity (bio-
marker) and biopolymer decomposition and associated
activities (Boschker and Middelburg, 2002). Using '*C/'°N
stable isotopic tracing, the aims of our study were (i) to
prove the capability of an EM fungus to decompose the
necromass of a ligninolytic fungus and mobilize nutrients
(N and/or C) in a pure culture experiment; (ii) to extend
this demonstration to symbiotic conditions; (iii) to
quantify N, and potentially C, transfers from the fungal
necromass to the EM fungus and its host-plant in a symbi-
ofic lifestyle and (iv) to propose an allocation model of C
and N in this symbiotic association connected to fungal
necromass, as major nutrient resource. Finally, this study
could provide founding results to prove the role of EM
fungi in the decomposition of microbial necromass and to
better understand the C and N elemental cycles closing in
forest ecosystems. For these aims, we traced the flow of
labelled fungal necromass in two controlled systems: pure
culture of the EM fungus P. involutus and tree seedlings
inoculated with this fungus in monoxenic conditions.

Results

3C/"®N isotopic and enzymatic activity measurements in
EM pure culture experiment

First, we measured the direct incorporation of N and
3C in P. involutus mycelium growing in the presence of
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P. placenta labelled necromass. The isotope analyses
were also conducted on dead mycelium of P. involutus to
quantify adsorbed '®C and '°N label to mycelium after
washing. Thus, the transfers of '3C and '°N isotopes
were assessed by calculating both enrichments within
alive and freeze-dried P. involutus mycelium (Table 1).
After 20 days of growth as pure cultures at 20°C in the
dark, we measured significant '*C and '®N enrichment in
P. involutus mycelium growing in the presence of labelled
necromass in comparison with the control and unlabelled
treatments (p-value <0.001). The '3C have shifted from
—12.68%0. (SD=+0.2) in unlabelled necromass conditions
to 123.50%. (+33.6) in labelled necromass conditions,
and 5'°N have shifted from 8.77%. (+£3.9) in unlabelled
necromass conditions to 947.66%. (+91.2) in labelled
necromass conditions. Freeze-dried P. involutus myce-
lium (patches) was slightly enriched in the presence of
labelled necromass (adsorbed material). But this residual
labelling remained very low, approximately 3% of the '3C
and "®N living P. involutus labelling.

From the same pure-culture experiments, soluble pro-
tein contents of washed P. placenta necromass were
quantified as relatively low (1.2% of dry mass). Moreover,
P. placenta necromass was hydrolyzed also to determine
chitin content. Because we found that chitin represented
15.3% of P. placenta dry mass (details in Experimental
Procedures), we measured the N-acetylglucosaminidase
(NAGase) activity of P. involutus in presence of this
necromass. The NAGases measured in the culture
medium of P. involutus were significantly higher (p-value
<0.05) in the presence of unlabelled or labelled sapro-
trophic fungal necromass than in the control treatments,
without necromass (Supporting Information Fig. S1).
Indeed, the constitutive NAGase activity of P. involutus
was close to 400 pmol mI~" min™' in the absence of
necromass. This enzymatic activity was increased by
50% in the presence of P. placenta necromass. These
increases were similar with unlabelled and labelled
necromass. We did not detect N-acetylglucosaminidase
activity from solution containing only the P. placenta
necromass, confirming that the extracellular enzymatic
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activity measured in our experiments was exclusively due
to P. involutus.

"3C/"®N isotopic results for the ectomycorrhized pine
seedlings experiment

In a second experiment, we measured the transfer of
labelled elements in an experimental device consisting of
P. involutus and Scots pine (Pinus sylvestris) in presence
of labelled, or unlabelled, necromass. The '3C and '°N
labelling was assessed by calculating §'3C and §'°N for
each biological compartment of symbiotic partners:
EM mycelium, EM root tip, stem and needle (Table 2).
Furthermore, we separated necromass plugs from the
perlite/mycelium mixture for residual labelling measure-
ments at the end of the experiment. Indeed, 5'°C and
5'°N were quantified from agar patches containing the
ligninolytic fungal necromass before and after consump-
tion by the ectomycorrhizal fungus. On the other hand,
since it was technically difficult to separate the
P. involutus extraradical mycelium from the perlite sub-
strate, they were considered to be a single compartment.
The differences of 5'3C and &'°N between natural abun-
dance and labelled conditions were significant for all
compartments. Moreover, as a control, we quantified C
and N from pure sterile perlite using a continuous flow
CN analyzer (Carlo Erba NA1500, Milano, Italy). We
measured negligible quantities of C and N (0.03% and
0.006% respectively), confirming that the C and N mea-
sured in the mycelium/perlite compartment belonged only
to the fungal material and/or root exudates.

In comparison to the control, the >N enrichment was
highly significant for all tree compartments and for the
EM mycelium colonizing the perlite. The mycorrhized
roots were the most enriched compartments. In addition,
the mycorrhized roots and the ectomycorrhizal mycelium
were highly enriched in '3C (Table 2), but the §'3C
decreased progressively from the EM fungal mycelium to
the stem, with a relatively low labelling in the needles.
Indeed, in the plant aboveground compartments, the

Table 1. Average values of §'3C and 5'°N for living (n = 6) or freeze-dried (n = 4) Paxillus involutus mycelium in pure culture experiment in the
absence or presence of labelled and unlabelled saprotrophic fungal necromass.

No necromass

Unlabelled necromass

Labelled necromass

5 13C (%o) 5 "°N (%o)

5 13C (%o)

5 "°N (%o) 5 13C (%o) 5 "°N (%o)

EM mycelium
Freeze-dried EM
mycelium

—-13.41 (0.5) b ns
-12.21 (0.1) b

7.34(2.0)cns
3.28 (0.6) b

-12.68 (0.2) b ns
—-12.38 (0.1) ¢

8.77 (3.9) b**
2.62 (0.5) ¢

123.50 (33.6) a***
-3.65(1.1) a

947.66 (91.2) a ***
29.49 (5.7) a

The freeze-dried P. involutus mycelium condition allows controlling potential ®N or '3C labelling contamination resulting from passive
adsorption from the labelled material. The values in the brackets correspond to the standard deviation. Differences in 5'C and §'°N signatures
were statistically analyzed using Kruskal-Wallis test by ranks (the different letters indicate a significant difference with p-value <0.05) for
necromass type treatments and Wilcoxon signed-rank test (p-value <0.05 *, p-value <0.01 **, p-value <0.001 ***) for P. involutus mycelium type
treatments.
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Table 2. Average values of §'C and 5'°N for monoxenic P. involutus / Pinus experiment.

Unlabelled necromass (P. placenta)

Labelled necromass (P. placenta)

8 13C (%o) 8 "°N (%o) 5 13C (%o) & "°N (%o)
Patch (before the experiment) -17.34 (0.12) b 7.93 (0.27) a 434.34 (19.14) a * 5074.52 (34) a *
Patch (end of the experiment) —16.79 (0.02) ab 4.31 (1.26) bc 289.21 (46.72) ab ns 3162.41 (579.5) ans
Perlite + EM mycelium -12.31 (0.6) a 2.29 (0.3)d 212 (71)b** 79.37 (39.7) c **
Mycorrhized roots -2271(14)c 4.60 (0.8) b -9.52 (4.3) ¢ *** 341.67 (47.7) b ***
Stem -24.33 (1.8)d 2.09 (0.4)d -19.85 (1.6) d ** 310.68 (60.4) b **
Needle -24.26 (1.3)d 3.63(0.9)c -17.20 (3.6) d ** 311.39 (122.1) b **

Values were obtained from all biological compartments studied (mycelium/perlite, EM roots, stem and needles) and from ‘necromass plugs’ in
enriched (n = 5) and natural abundance (n = 5) conditions. The values in the brackets correspond to the standard deviation. Differences in §'°C
and 8'°N signatures were statistically analyzed using Kruskal-Wallis test by ranks (the different letters indicate a significant difference with
p-value <0.05) for compartment treatments and Wilcoxon signed-rank test (p-value <0.05 *, p-value <0.01 **, p-value <0.001 ***) for necromass

type treatments.

§'3C in the needles changed from —24.26%. (+£1.3) for
the control to —17.2%. (£3.6) for the labelled treatment,
and, in the belowground area, the &'3C shift from
—12.3%o (£0.6) to +2.1%0 (+7.1) in the EM mycelium/per-
lite compartment.

With the goal to demonstrate the absence of '*C
enrichment in the plants by gas exchanges, resulting
from EM fungal respiration, two Magenta boxes were
connected with a gas-tight flexible tube (Supporting
Information Fig. S2). In this experiment, in the non-
mycorrhizal control plants were not enriched in '®N and
3C by the neighbouring mycorrhizal plant in the pres-
ence of labelled necromass. Indeed, the needle label-
ling in the non-mycorrhizal control plants was not
significantly different to the needle labelling of control
plants growing with unlabelled necromass (Fig. 1):
§'%C = —27.65%0 (+1.01) and 8'°N = —7.99%. (+1.4).
These results confirmed the absence of '3CO, atmo-
spheric transfer.

Allocation model of the enrichment by biological
compartment in the symbiotic association

The quantities (mg) of "®°N and 'C were calculated from
each compartment for each tree from the compartment
biomass and the value measured in '*C/"*N atomic per-
cent. Nevertheless, it was not possible to separate the
P. involutus mycelium from perlite, and therefore to quan-
tify the biomass corresponding to this extramatricial
mycelium. In this case only, we used §%. values because
the very low biomass of P. involutus was negligible com-
pared with the pine biomass: roots, stems and needles.
The quantities of carbon and nitrogen by compartment
were compared between the two treatments: labelled and
unlabelled necromass patches. The proportions of '°N
and '3C and their distribution in the different biological
compartments were estimated from the labelled fraction
that had been mobilized from the necromass patches in
comparison to initial labelling, as illustrated in Fig. 2.
About 10.9% of '*C and 52.5% of '®N was mobilized

200 Fig. 1. Measurements of '°N and '°C
(expressed as 8'3C %o or 8'°N %o)
transfers in pine needles, in presence

350
of labelled or unlabelled P. placenta

necromass. Black square: mycor-

300 rhized pines with labelled necromass
(n = 5); white square: mycorrhized

250 pines with unlabelled necromass
(n = 5); black circle: control#1 (non-
200 mycorrhized pines with labelled

necromass; n = 2); white circle: con-
trol#2 (non-mycorrhized pines for

15N (%o)

3CO, trapping — experimental device
is illustrated in Supporting Information

100 Fig. S2; n = 2). See all details in
Experimental Procedures section. Dif-
50 ferences in §'°C and '°N signatures

were statistically analyzed using
Kruskal-Wallis test by ranks (the dif-

ferent letters indicate a significant dif-
ference with p-value <0.05).

13¢ (%o)
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Fig. 2. Repartition model of the initial
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15N 13¢

SN (a) and '3C (b) within the different
compartments of the tree — EM fungus
symbiotic interaction from the inocu-
lum patches of freeze-dried P. pla-
centa (n = 5). At the end of the
experiment, the labelled patches were
carefully separated from the other
underground compartments (EM roots
and perlite — EM mycelium). The com-
partment ‘Perlite—EM mycelium’ corre-
sponds to the non-plant material
present in the plastic Magenta boxes.
The ‘mycorrhized roots’ compartment
consisted of the entire root system.
The allocation percentages were com-
puted as atom percentage '°C and
SN and weighted by biomass of bio-
logical material in each compartment.
Relative abundance (8%..) values
were used for EM mycelium only, 100~

because the mycelium biomass could Perlite
not be quantified and it was negligible 75~ and EcM
compared with plant biomass. [Color mycelium
figure can  be viewed at 50- 3.65%

wileyonlinelibrary.com]

2. oo

Needles Needles
27.95% 2.74%

) &

— Stem —— Stem
2.20% 0.24%

> ‘Mycorrhized|
P roots
18.67%

Plugs 47.53%

from labelled necromass patches. Over 90% of this mobi-
lized "N was transferred to the tree compartments: EM
roots, stem and needles. In contrast, less than 3% of the
3C (about 27% of mobilized 'C) was located in the
aboveground part of the tree. Interestingly, in this '3C/'*N
balance model, more than 72.5% of mobilized '°C was
located in roots mycorrhized by P. involutus and in its
extramatricial mycelium.

Discussion

The communities of ectomycorrhizal fungi play a major role
in plant nutrition and, in recent studies, this fungal ecologi-
cal group has been described to contribute significantly to
the input of carbon into forest carbon pools (Read and
Perez-Moreno, 2003; Fernandez et al., 2016). Because EM
fungi are part of this important carbon pool in the soil
(Clemmensen et al., 2013), the majority of studies have
investigated the role of bacteria, or saprotrophic fungi, in
the decomposition of the EM fungal necromass (Drigo
et al., 2012; Fernandez and Koide, 2012; Russell, 2014;
Fernandez et al., 2016). However, there is little evidence on
the potential involvement of EM fungi in the degradation of
soil necromass compounds, especially fungal or insect cell
walls (Klironomos and Hart, 2001; Mucha et al., 2006). In
our experiments, we used fungal necromass of P. placenta
as the sole form of organic nutrients (Di Mario et al., 2008;
Hartl et al., 2012; Fernandez and Koide, 2012).

Arising from labelled fungal necromass decomposition,
our results demonstrated that P. involutus is able to

partially decompose the necromass of a ligninolytic fun-
gus and to mobilize N and C from this organic matter.
Because the necromass was rinsed several times in
demineralized water before freeze-drying, we assume
that the cells of the brown rot fungus were largely emp-
tied of their cytoplasmic contents and soluble amino
acids, disaccharides and monosaccharides. In the pre-
sent study, the chitin content in P. placenta necromass
was slightly above the amounts given in the literature for
Basidiomycota species, which comprise between 3% and
11% (Plassard et al., 1982, Fernandez and Koide, 2012).
This chitin can be degraded by two main enzyme groups,
designated chitinases and NAGases. If glycoside hydro-
lase (GH) family 18 endochitinases/exochitinases
cleave the chitin chains at random positions to produce
chitooligomeres or on either end of the polymer, the p-N-
acetylglucosaminidase activites (GH20, NAGase),
measured in our study, break the released chitobiose into
two N-acetylglucosamine monomers (Gaderer et al.,
2017). Nevertheless, the enzymatic specificity of 4-
Methylumbelliferyl N-acetyl-p-D-glucosaminide is not full,
because it could be broken by other enzymes belonging
to other glycoside hydrolase or cellulose binding module
(CBM) families (Talbot et al., 2015). All together, these
results suggest that P. involutus could decompose chitin
polymers and contribute to the release of associated
macromolecules, such as melanin of the cell wall of
P. placenta, although we cannot rule out that a significant
portion of labelled C/N was mobilized from lipids, nucleic
acids or residual proteins. Subsequent studies, coupling
Gas Chromatography or Liquid Chromatography with

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 21, 197-208
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Isotope-ratio mass spectrometry (IRMS) could be con-
ducted to identify the different classes of molecules mobi-
lized by the EM fungus from fungal necromass. In a
previous study, Leake and Read (1990) compared the
capacity of ericoid and ectomycorrhizal species to
degrade crystalline a-chitin, suggesting the ability of
P. involutus to use this crustacean’s chitin as a source of
nitrogen. Nevertheless, P. involutus was much less effec-
tive at degrading chitin than ericoid mycorrhizal fungi
(Leake and Read, 1990), or than EM Agaricales species
(Maillard et al., 2018). Nevertheless, a great variation of
chitinases related to nutritional chitin acquisition, competi-
tive interaction, autolysis or cell wall remodelling can be
expressed in natural conditions (Kellner and Vandenbol,
2010; Langner and Gohre, 2016). For this reason, only
future transcriptomic or proteomic approaches could pro-
vide a holistic view of mechanisms involved in fungal
necromass degradation, as reported for plant cell walls
(Shah et al., 2016). Moreover, P. involutus and other EM
fungi can also depolymerize proteins and assimilate the
released N from various organic matter sources (Shah
et al., 2013). Consequently, the use of labelled pure chitin
in future studies would allow to prove the degradation of
fungal chitin polymers by P. involutus and quantify the
proportions of C and N potentially mobilized from this
polymer. This potential capacity should be checked also
for other EM fungi, since some mycorrhizal groups proba-
bly have limited capacity to transform organic matter in
comparison to certain lineages (Lindahl and Tunlid, 2015;
Maillard et al., 2018).

Interestingly, when the EM fungus is in interaction with
the host plant, it is still capable of mobilizing nitrogen but
also carbon from the Postia necromass. Indeed, the
strong accumulation of "°N, especially in the aerial com-
partments, demonstrated significant transfer of N from
fungal necromass to the plant through the EM fungus. In
addition, the '°N labelling distribution in the plant
revealed that the needles were a more relevant N sink
than the roots. Although the EM fungus mainly mines N
from P. placenta necromass, it is also able to mobilize
C. In contrast, the enrichment in 'C in the host tree was
relatively weak, even though the labelling was significant
in the needles. Because we have experimentally con-
trolled that this C labelling was not the result of
P. involutus respiration (CO, production), these low
amounts of fungal C could come from amino acids or
amino sugars, such as glutamine. Indeed, Finlay et al.
(1988) reported that several EM fungi were able to assim-
ilate '°N-labelled glutamate/glutamine, with a relatively
low supply to the host plant. In pure culture, the signifi-
cant proportion of '3C measured in the P. involutus
mycelium revealed for the first time that the EM fungus
could mobilize carbon from the P. placenta necromass
and accumulate it in its mycelium. This original result was

supported in the monoxenic symbiotic experiment, by the
5'SC measurements in the perlite/EM extramatricial
mycelium mixture and in pine mycorrhizas that were sig-
nificantly higher in the samples collected in the labelled
condition compared with the ‘natural abundance’ condi-
tion. This experiment reveals that P. involutus is able to
assimilate C from fungal necromass and integrate it pref-
erentially in its own metabolism with low transfer to the
host tree. As suggested by Fellbaum et al. (2014), our
study demonstrates how the EM fungus is able to control
the interaction, despite being dependent on its host.
When the EM fungus is interacting with its host, photo-
synthetic carbon availability must trigger the decomposi-
tion of the fungal organic matter enriched in N and its
assimilation by the symbiotic fungus. However, although
the EM fungus mainly mobilizes N from this organic mat-
ter, it also exploits some of the C available in the necro-
mass. Finally, while this mutualistic symbiosis is based
on the reciprocal exchange of tree photosynthetic carbon
for fungal-acquired nutrients from organic matter, the fun-
gal partner could compensate for the energetic ‘cost’
resulting from the degradation of proteins and polymers
enriched in N, due to the C mobilization that results from
this decomposition.

A previous study showed that P. involutus induced
chemical changes in organic compounds from plant mate-
rial but it would not be able to assimilate released carbon
in the presence of polysaccharides and complex cellulo-
Iytic compounds (Rineau et al., 2012). In our study, we
demonstrated that P. involutus was able to assimilate not
only N but also C from the fungal necromass of a brown
rot fungus (P. placenta). Moreover, our experiment
highlighted a relevant mobilization of nitrogen and an
important transfer toward the trees in symbiotic conditions.
These results were obtained in absence of carbon starva-
tion, since the plant host had active photosynthesis.
Indeed, it has recently been reported that the C availability
directly drives the nitrogen mobilization of P. involutus as
well as its activities of litter degradation, but in C-limiting
conditions (Rineau et al., 2013). Carbon starvation could
induce transcription of the genes encoding laccases, chiti-
nase, peptidases and the transcripts of N-transporters.
Moreover, in similar conditions, carbon starvation could
induce cell wall material (chitin) release into the medium
by P. involutus, suggesting that some of the released com-
pounds were re-assimilated by the mycelium (Ellstrém
et al., 2015). This last study provided molecular markers,
encoding extracellular enzymes and transporters, that
could be used in future experiments to separate both EM
functions involved in fungal autolysis and degradation of
other fungal necromass in forest soils.

In natural conditions, plant phenology, seasonal carbon
reserve dynamics and photosynthetic cycles (winter/sum-
mer) regulate the dynamics of soil organic matter
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decomposition by EM fungi and the associated mobiliza-
tion of N and possibly C under certain conditions (Buée
et al., 2005; Talbot et al., 2008; Zifcakova et al., 2016).
Interestingly, the role of EM fungi in fungal necromass
degradation could explain the relative abundance of cer-
tain EM fungal species in decayed wood, where they can
represent up to 80% of the fungal community identified
during the final phase of the decay process (Rajala et al.,
2012, 2015; Angst et al., 2018). Furthermore, these
hypotheses are in line with the high chitinase activities
measured from the EM root tips sampled in dead woody
debris colonized by lignolytic fungi (Buée et al., 2007).
These ‘scavengers’ would act at the end of the degrada-
tion process of organic matter in the forest. Finally, the
hypothetical fluxes of C and N between soil organic mat-
ter and plant and fungal components of forest ecosys-
tems should be revisited including non-plant organic
matter (Lindahl and Tunlid, 2015). Indeed, EM fungi
mobilize N from the soil organic matter pool, thanks to
hydrolytic mechanisms (e.g., proteases, chitinases) and
oxidative mechanisms, such as Mn-peroxidases or Fen-
ton reactions, and even if the metabolic C demand of
these symbiotic fungi is not met by organic matter
decomposition, some of them could still mobilize C from
microbe and soil fauna necromass. Additionally, it is well
known that the wood N content increases during the
decay process (Watkinson et al., 2006; Rajala et al.,
2012; Rinne et al., 2017). This accumulation rate of N at
the end of wood degradation would promote the develop-
ment of EM fungi, but also the establishment of competi-
tion with saprotrophic fungi. An increase in the relative
abundance of EM fungi in these late stages of decay
could decrease decomposition of wood by limiting nitro-
gen access for saprotrophs — as a ‘Gadgil effect’ (Gadgil
and Gadgil, 1971). Coupled with recent observations
(Méakipaa et al., 2017; Maillard et al., 2018), our results
illustrate the complexity of trophic networks in forest soil
and microbial competitions for nutrient mobilization. The
coupling of controlled studies, targeting other EM fungi,
with field observations may be helpful in future investiga-
tions. It will be necessary to demonstrate the fungal
necromass degradation ability and the ecological role of
specific wood-inhabiting EM fungi, particularly the domi-
nant genera in late stages of degradation, such as Tylos-
pora, Piloderma, Lactarius, Russula or Tomentella (Buée
et al., 2007; Rajala et al., 2012; Méakipaa et al., 2017).
The goal of these future studies will be to bridge the cur-
rent gap between genetic studies in the laboratory, in par-
ticular on genes and molecular processes involved in
microbial cell wall degradation and mechanisms of speci-
ation for these specific EM species, and field studies on
interactions between organisms in their natural environ-
ment. Taking the role of EM fungi in microbial necromass
degradation into consideration, we should improve our
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understanding of the role of EM fungi in forest C and N
cycles, and modulate the paradigm of mycorrhizal symbi-
osis by revisiting the C organic market in this plant—
fungus interaction.

Experimental procedures
Experimental design

Nutrient transfers were traced by >N and '*C enrichment
of saprotrophic fungal necromass. Two separate experi-
ments were carried out. In the first experiment, Paxillus
involutus (strain Pi 01) was grown in sterilized pure liquid
culture enriched with or without the necromass of a
saprotrophic fungus (P. placenta, strain PP978/9). We
measured the '®N and '3C enrichment in P. involutus
and the extracellular chitinolytic activities (N-acetylgluco-
saminidase) of this EM fungal model. In the second
experiment, we used a monoxenic system with Pinus syl-
vestris seedlings inoculated with P. involutus in the pres-
ence or absence of P. placenta necromass. The
transfers of ®°N and '3C from the saprotroph necromass
were measured in above- and belowground mycorrhized
plant compartments including root tips and extramatricial
mycelium in the mineral substrate (perlite). This monoxe-
nic dual culture was maintained in plastic Magenta
boxes, previously autoclave sterilized. A control was
added to measure the potential exchange of '*CO, within
the Magenta box atmosphere (Supporting Information
Fig. S2). Both experimental ways are explained in detail
in the following sections.

Biological resources and P. placenta necromass
production

Pure cultures of fungal material: Paxillus involutus and
Postia placenta. In sterile conditions, the EM fungus Paxillus
involutus was cultured in Petri dishes at 20°C in the dark on
modified Melin—Norkrans (MMN) medium (Marx, 1969), with-
out malt extract: 10 mg I=' KHoPO,4, (NH,),HPO,, CaCl,
(H20),, NaCl, MgSO, (H.0)s, thiamine (100 mg I~"), FeCl,-6
(H20) (100 pg I7"), glucose (2.5 g I'), agar (15 g.I™"),
pH 5.5. The brown-rot fungus P. placenta was cultured in lig-
uid medium comprised of 7 g I”" glucose, 3 g I=' (NH,)2S0s4,
2 g 17" of KH,PO,, 0.4 g 17" of MgSO, - 7(H-0), 1 mg I~ Thi-
amine HCI and 1 ml of microelement solution adjusted to
pH 5, then autoclaved. The microelement solution contained:
MnCl, (H20), (6 mg I7"), HsBOs (1.5 mg I”"), ZnSO, - 7
(H20) (2.65 g I"), KCI (0.75 g 1), Na;MoO, - 2(H;0)
(0.0024 mg I”"), CuSOy, - 5(H0) (0.13 mg I7).

For the labelled/unlabelled biomass production of
P. placenta, the fungus was grown in sterile conditions dur-
ing 3 months in Erlenmeyer flasks (500 ml), providing about
1 g I”" of dry weight after filtration. P. placenta was selected
because the EM fungus P. involutus expressed higher N-
acetylglucosaminidase activity in the presence of the
P. placenta necromass during a previous screening
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comparing 12 different lignolytic fungal strains: six brown rot
fungi and six white rot fungi (data not shown). Moreover, as
result of a pilot enrichment study focusing on a >N and '°C
labelling range of P. placenta, the fungus was cultivated in
the presence of ammonium sulfate enriched with >N and
'3C glucose (the first carbon of the glucose was labelled) to
obtain a final isotopic abundance close to 2 atom % of '°N
and 15 atom % for '3C. After 3 months of culturing, the
labelled biomass of P. placenta was thoroughly rinsed with
sterile distilled water (10 washes), freeze-dried and ground.
The mycelium powder was directly used as substrate for the
P. involutus pure cultures for enzymatic tests or incorporated
into agar plugs (0.5 g for 100 ml) for the controlled mycorrhi-
zation experiments in plastic Magenta boxes. The unlabelled
P. placenta necromass (control) was produced under the
same conditions using unlabelled glucose and NH, sulfate.
Finally, the mean enrichment in the labelled P. placenta
mycelium was §13C = 434.34%. and 515N = 5074.52%.; and
the natural abundance for unlabelled mycelium was
813C = —17.34%0 and 815N = 7.93%.. This mycelium powder
was produced under sterile conditions through the whole
process.

Proteins and chitin quantification from P. placenta necro-
mass. Soluble proteins were extracted from lyophilized
P. placenta necromass. Briefly, 20 mg were mixed with
400 pl of the extraction buffer [Tris HCI 62.5 mM pH 6.8,
SDS2% (v/v), Glycerol 10% and DTT 28 mM] with a vortex
every 15 min for 1 h. Samples were centrifuged twice at
14 000 rpm for 15 min (at room temperature). The protein
concentration was determined according to RC-DC Protein
Assay (RC DC Protein Assay 500-0121, Biorad, Hercules,
CA, USA) and expressed as mg of protein per g of dry
P. placenta necromass. Chitin content of the P. placenta
mycelium was assayed colorimetrically using methods devel-
oped by Chen and Johnson (1983). In short, 8 mg of necro-
mass was hydrolyzed for 4 h at 100°C with 6 M hydrochloric
acid. The hydrolysate was then filtrated, evaporated and
redissolved in distilled water. Colorimetric assay was con-
ducted exactly as detailed in Chen and Johnson (1983). Chi-
tin content was expressed in % of dry P. placenta
necromass, with an adjustment of 9% for loss due to hydro-
lysis (calculated in this study).

Plant growth conditions and fungal inoculation. First, plastic
Magenta boxes were sterilized, hermetically closed and filled
with 170 ml of sterilized perlite, an inert mineral substrate
poor in carbon (0.03%) and nitrogen (0.006%). In each box,
the perlite substrate was then inoculated with 4 agar plugs
colonized by P. involutus. During this transfer, 70 ml modi-
fied MMN liquid medium (without malt extract) was added to
improve the growth of the fungus. In parallel, Scots pine
seeds were surface-sterilized with 50% hydrogen peroxide
(H2O5) for 30 min, rinsed in distilled water and pre-
germinated aseptically on water agar Petri plates (agar 10 g
I=') at 20 °C under a 16-h photoperiod (Heller et al., 2008).
After 7 days, the Scots pine seedlings were transferred into
Magenta boxes in which the sterile perlite substrate had
been previously colonized by P. involutus. After 4 months of
incubation in growth chamber at 24°C with a 16-h photope-
tiod providing approximately 275 pmol m=2 s~", we observed

an abundant development of lateral roots on the pines inocu-
lated with P. involutus and the formation of the first mycorrhi-
zae (Supporting Information Fig. S3). Fungal necromass
was then introduced into Magenta boxes under sterile condi-
tions (mycelium powder incorporated into agar plugs). In
each box, four patches were positioned on the surface of the
perlite layer, providing approximately 30 mg dry organic mat-
ter per box. Two treatments were initiated: a ‘labelled’ condi-
tion with patches containing labelled °C and >N necromass
and a control condition with unlabelled patches. In addition,
to control for a potential *CO; flux (EM fungus respiration),
a third condition (gas control) was introduced in this experi-
ment (Supporting Information Fig. S2). One plastic Magenta
box containing a non-mycorrhized seedling, without necro-
mass patch was connected to another Magenta box contain-
ing a mycorrhized seedling in presence of labelled
necromass (n = 3).

All the treatments were maintained for 6 months at 24 °C
with a 16-h photoperiod providing approximately 275 pmol
m=2 s~ (four lights — 4 x 58 W per shelf), and the sterile
conditions were regularly inspected. At the end of the experi-
ment, plants were harvested, and the ectomycorrhizal root
tips were sampled under a stereomicroscope, excluding the
biological material in direct contact with the labelled patches.
Moreover, needles, stems and the perlite colonized with
P. involutus mycelium were carefully collected.

Extracellular N-acetylglucosaminidase activity of
P. involutus in the response of P. placenta necromass in
pure culture

Extracellular exo-chitinolytic activity of P. involutus was
measured in pure culture in the presence or absence of
labelled and unlabelled saprotrophic fungal necromass.
For this experiment, P. involutus was grown in autoclaved
liquid medium comprising: 1 g I" glucose, 0.1 g I™! of
(NH4)2C4H406, 1 g I”" of KH,PO,, 0.5 g I7" of MgSO, - 7
(H20) and 1 ml of microelement solution (see above). This
medium was adjusted to pH 5 and autoclaved. P. placenta
necromass (20 mg of powder) was added to 40 ml of the
sterile medium to give a final concentration of 500 mg of
necromass per litre of liquid medium. A total of 2.4 ml of
liquid medium with unlabelled necromass and liquid
medium with labelled necromass was dispensed in a
6-well cell culture plate. From Petri dishes culture (MMN
medium), fungal disks (5 mm) of P. involutus were cut
close to the growth hyphal front and placed in each well
(n = 6 wells per treatment). The EM fungus was grown in
these wells on a layer of autoclaved glass beads
immersed in liquid medium complemented with
P. placenta necromass. After 20 days of growth at 20°C in
the dark, the liquid medium of the living P. involutus treat-
ments was collected for N-acetylglucosaminidase assay,
and the fungal material was sampled separately for isoto-
pic analyses (see below). Moreover, to check potential >N
and '°C labelling contamination resulting from passive
adsorption of the labelled material (P. placenta powder)
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on the EM fungus mycelium, in another treatment
P. involutus mycelium patches were also freeze-dried and
introduced in cell culture plates (n = 4 wells per treatment).
In the same way as for living P. involutus mycelia, after
20 days, the dead P. involutus disks were collected for iso-
topic analyses (see below).

N-acetylglucosaminidase activities were measured with
enzymatic fluorescence microplate assays adapted from
Pritsch et al., (2004). Briefly, 200 pl of P. involutus liquid
culture was centrifuged (4500g) for 5 min. One hundred
microlitres of the supernatant was transferred to a 96-well
plate and incubated with 100 pl acetate buffer (pH = 5,
28.82 ml 1 M acetic acid, 273.3 ml 0.3 M sodium acetate
and 1 | distilled water) and 50 pl exo-chitinase substrate,
MU-N-acetyl-p-D-glucosaminide, diluted in acetate buffer
(pH = 5). After 40 min incubation at 23°C, 100 pl stopping
buffer (Tris 2.5 M, pH 10-11) was added with 100 pl of
the incubation solutions. Finally, 100 pl of this solution
was transferred to reading plates. Measurements were
performed with a microplate reader Victor3 (Wallac
Perkin—Elmer Life  Sciences, Villebon-Sur-Yvette,
France). The measured fluorescence was expressed in
pmol of 4-methylumbelliferone formed by ml of culture
medium per min. Since the fungal necromass could con-
serve residual extracellular enzymatic activities, we also
measured the N-acetylglucosaminidase basal activity of
the fungal necromass (Brabcova et al., 2016).

Isotopic measurement

Isotopic analysis. The analyses of "N and '3C isotopes
were processed using an online continuous flow CN ana-
lyzer (Carlo Erba NA1500, Italy) coupled with an isotope
ratio mass spectrometer (Finnigan delta S, Bremen,
Germany). Values were reported in the standard notation
(8"3C %o and 8'°N %.) relative to Pee-Dee Belemnite for C,
using and polyethylene foil (IAEA-CH-7) provided by the
International Atomic Energy Agency as a standard, and rela-
tive to atmospheric N for N, using (NH4)>SO,4 (IAEA-N-1) as
a standard. 6X = (Rsample/Rstandard) — 1) x 1000, where R is
the molar ratio hea"yX/"gﬁtX (Zeller et al., 2008).

Incorporation of the brown-rot fungal necromass by EM fun-
gus in pure culture. The living mycelium of P. involutus and
the freeze-dried mycelium patches used for the N-
acetylglucosaminidase assay were collected and placed in a
6-well culture plate with distilled water and agitated during
1 h to remove any necromass fragments. This washing step
was repeated five times. Then, dead (patches) and living
mycelia were freeze-dried, weighed and used for the isotope
analyses. The isotope analyses were conducted on dead
and living mycelia of P. involutus from the pure culture
experiment to measure the direct incorporation of >N and
'3C in the EM fungus from the P. placenta necromass.

Estimation of nutrient transfer from necromass to EM plant in
monoxenic conditions. In the mycorrhized pine experiment
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containing labelled '®C and N necromass, the isotopic
enrichment was measured in the four biological compart-
ments: needles, stems, mycorrhized roots and the perlite col-
onized by the mycelium of P. involutus. The isotopic
enrichment was also quantified in the agar patches contain-
ing the lignolytic fungal necromass before and after con-
sumption by the ectomycorrhizal fungus to provide the
proportion of N and C mobilized during the experiment. Data
were collected as atom percentage '°C and >N and as per-
centage C and N (relative abundance — 8%.). The excess
mass of '3C and '®N was calculated separately using mean
biomass of roots, stems and needles. Biomass P. involutus
mycelium within the perlite could not be measured. Because
this value was extremely low in comparison to plant bio-
mass, the proportions of C and N mobilization were esti-
mated by the difference in relative abundance (8%.) between
labelled and unlabelled perlite/mycelium mixture.

Statistics

Statistical analyses were conducted with the R software
(R Core Team, 2016). Variables expressed as §'3C (%o)
and 8'°N (%.) were analyzed using Kruskal-Wallis test
by ranks and Wilcoxon signed-rank test. The threshold of
significance was fixed for p-value<0.05, with three levels
of significance (p-value <0.05 *, p-value <0.01 **, p-value
<0.001 ***). Similarly, enzymatic activities were statisti-
cally analyzed using Kruskal-Wallis test by ranks.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Figure S1. Chitinase (N-acetylglucosaminidase) activities
of Paxillus involutus cultivated in the presence or

absence of labelled and unlabelled saprotrophic fungal
necromass from P. placenta (n = 6 in each condition).
Differences in N-acetylglucosamindase activities were
statistically analyzed using Kruskal-Wallis test by ranks.
The different letters indicate a significant difference (P-
value <0.05). The error bars represent standard
deviation.

Figure S2. Experimental design to measure the potential
EM fungal respiration and '3CO, transfer in a control
Magenta box. A. Magenta box with a non-mycorrhized
seedling (Scots pine), without P. placenta necromass.
B. Magenta box with a mycorrhized seedling, with
P. placenta labelled necromass. Boxes were connected
with a flexible and hermetic tube.

Figure S3. A. Image of the mycorrhizal association
between Pinus sylvestris and Paxillus involutus in the
Magenta boxes. B. Detail of an ectomycorrhizal root tip.
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