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Abstract
Recent studies have highlighted that dead fungal mycelium represents an important
fraction of soil carbon (C) and nitrogen (N) inputs and stocks. Consequently, identifying the microbial communities and the ecological factors that govern the decomposition of fungal necromass will provide critical insight into how fungal organic matter
(OM) affects forest soil C and nutrient cycles. Here, we examined the microbial communities colonising fungal necromass during a multiyear decomposition experiment in
a boreal forest, which included incubation bags with different mesh sizes to manipulate both plant root and microbial decomposer group access. Necromass-associated
bacterial and fungal communities were taxonomically and functionally rich throughout the 30 months of incubation, with increasing abundances of oligotrophic bacteria
and root-associated fungi (i.e., ectomycorrhizal, ericoid mycorrhizal and endophytic
fungi) in the late stages of decomposition in the mesh bags to which they had access.
Necromass-associated β-glucosidase activity was highest at 6 months, while leucine
aminopeptidase peptidase was highest at 18 months. Based on an asymptotic decomposition model, root presence was associated with an initial faster rate of fungal
necromass decomposition, but resulted in higher amounts of fungal necromass retained at later sampling times. Collectively, these results indicate that microbial community composition and enzyme activities on decomposing fungal necromass remain
dynamic years after initial input, and that roots and their associated fungal symbionts
result in the slowing of microbial necromass turnover with time.
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I NTRO D U C TI O N

it forms a significant C stock (Lehmann & Kleber, 2015). Soil organic
matter (SOM) accumulation depends on the rate of decomposi-

Boreal ecosystems represent one of Earth's largest carbon (C) sinks

tion of above-and belowground litters, for which microbes play a

(Crowther et al., 2016; Pan et al., 2015). In boreal forests, organic

central role (Kyaschenko et al., 2017; Kyaschenko et al., 2017; Sun

matter is mainly accumulated in the upper layers of the soil, where

et al., 2018). Although the decomposition dynamics of aboveground
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plant-derived OM have received decades of attention, Clemmensen

necromass decomposition were notably consistent between those

et al. (2013) demonstrated that belowground litters, such as roots

studies, being dominated by copiotrophic bacteria belonging to phyla

and root-associated fungi, contributed up to 70% of the SOM pool

Proteobacteria and Bacteroidetes (Beidler et al., 2020; Brabcová

in boreal forest soils. Dead fungal mycelium in particular, hereafter

et al., 2016, 2018; Fernandez & Kennedy, 2018). The fungal commu-

referred to as fungal necromass, has been estimated to represent

nities associated with fungal necromass were mostly composed ei-

more than 25% of the soil organic C (Liang et al., 2019) and up to 40%

ther by Ascomycota or Mucoromycota saprotrophic fungi (Brabcová

of stabilised nitrogen (N) in forest soils (Wang et al., 2020). While

et al., 2016, 2018; Maillard et al., 2020), although Basidiomycota

the initial decomposition of fungal necromass is typically fast (days

ectomycorrhizal fungi (ECM) were also present to varying degrees.

to weeks; Brabcová et al., 2016; Fernandez et al., 2019; Ryan et al.,

The presence of this latter fungal guild is somewhat surprising, given

2020), Fernandez et al. (2019) found that in boreal peatland forest

that ECM fungi generally tend to be abundant in later stages of

soils decomposition quickly reached a stable plateau that persisted

OM decomposition (Rajala et al., 2012, 2015; Voříšková & Baldrian,

for multiple years. That empirical result is consistent with other

2013). Ecological and physiological results, however, support the

studies (e.g., Clemmensen et al., 2013, Liang et al., 2019) showing

hypothesis that some ECM fungi are able to mine organic N from

that microbial necromass can be a significant component of the

plant-derived OM (Bödeker et al., 2014; Nicolás et al., 2019; Rineau

soil stable C pool. In addition, due to its substantial amounts of the

et al., 2012; and for a synthesis see Kuyper, 2017) and transfer

amino-sugar chitin, fungal biomass is relatively rich in N (Wallander

protein-derived N to host plant (Akroume et al., 2019; Heinonsalo

et al., 2003) compared to plant-derived OM (Cools et al., 2014). For

et al., 2015). Additionally, other studies using enzymatic approaches

this reason, fungal necromass decomposition also probably plays a

have also suggested that ECM fungi might be able to degrade fungal-

significant role in the N cycle in boreal soils, which often have low N

derived OM (Buée et al., 2007; Hodge et al., 1995; Maillard et al.,

accessibility (Högberg et al., 2017; Näsholm et al., 2009).

2018; Mucha et al., 2006).

At both local and regional scales, the decomposition rate of

Despite significant recent progress in the study of fungal nec-

the fungal necromass has been shown to be strongly affected by

romass decomposition, most studies to date have focused only on

its biochemical quality (Beidler et al., 2020; Brabcová et al., 2018;

short-term mass loss (weeks) and the early-colonising microbial com-

Maillard et al., 2020). In particular, fungal necromass decompo-

munities associated with decaying necromass. Given the long-term

sition rate is known to be positively correlated with initial N con-

persistence of the more recalcitrant fractions of fungal necromass,

centration (Brabcová et al., 2018; Fernandez & Koide, 2012, 2014;

it is unclear to what extent those fractions remain actively colonised

Koide & Malcolm, 2009). In contrast, increases in melanin content,

by microbial decomposers. Additionally, very few studies have mea-

a pigment found in ∼2/3 of soil fungal species (Siletti et al., 2017),

sured the enzymes associated with the decomposition on fungal

have been shown to consistently decelerate fungal necromass de-

necromass, which, together with sequence-based identification, can

composition (Ekblad et al., 2013; Fernandez & Kennedy, 2018;

help determine the resources targeted by different groups of micro-

Fernandez & Koide, 2014; Fernandez et al., 2019). To explain the

bial decomposers. Finally, there is increasing recognition that roots

initially high decomposition rates of fungal necromass followed by

play a major role in determining the trajectory of soil OM decompo-

a plateau phase, Fernandez et al. (2019) suggested that fungal nec-

sition (Adamczyk, Sietiö, Straková, et al., 2019). Specifically, roots

romass consists of two primary pools; a fast nutrient pool consti-

can hasten rates of OM decay through C inputs (i.e., rhizosphere

tuted of easily degradable compounds and a slow pool composed of

priming; Kuzyakov, 2010) or retard OM decomposition through the

recalcitrant compounds (i.e., melanin). This biphasic decomposition

release of inhibitory compounds such as tannins (Adamczyk, Sietiö,

pattern has been validated with experimental data in other studies

Biasi, et al., 2019). Finally, limitations on root presence may signifi-

(Adamczyk et al. 2019; Brabcová et al., 2016, 2018; Drigo et al.,

cantly impact the abundance of various root-associated microbes,

2012; Schweigert et al., 2015). Additional biotic and abiotic factors

including ECM fungi, which may themselves slow OM decomposi-

that have been found to significantly influence the turnover rates

tion rates via selective resource utilisation (Frey, 2019).

of fungal necromass in soils include mycelium morphology (Certano

Here, we studied the multiyear dynamics of fungal necromass

et al., 2018; Koide et al., 2014), soil temperature and site microto-

decomposition in a Finnish Scots pine boreal forest. Specifically,

pography (Fernandez et al., 2019), and the presence of plant-derived

we examined the same mesh bags containing fungal necromass as

tannins (Adamczyk, Sietiö, Biasi, et al., 2019).

Adamczyk, Sietiö, Biasi, et al. (2019), but conducted three novel

Whereas identifying the factors determining rates of fungal

analyses. First, we used high-throughput sequencing to identify the

necromass decomposition is increasingly well characterised, de-

bacterial and fungal communities associated with fungal necromass

tailed description of the microbial communities associated with

decomposition after 6, 18, and 30 months of soil incubation. Second,

necromass decomposition have been more limited. Bacterial and

we quantified activities of three enzymes (β-glucosidase, leucine

fungal communities colonising fungal necromass during the first

aminopeptidase and N-acetylglucosaminidase) targeting distinct C

stages (up to 5 months) of incubation were recently described in

and N components of fungal necromass at the same sampling times.

both North American (Beidler et al., 2020; Fernandez & Kennedy,

Third, we reanalysed the fungal necromass mass loss rates to assess

2018; Maillard et al., 2020) and European forests (Brabcová

the potentially different impacts of root presence at earlier versus

et al., 2016, 2018). The bacterial communities associated with fungal

later sampling times. We hypothesised that both the bacterial and

|
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fungal community composition would shift over the course of the

50 µm mesh allowing both saprotrophic bacterial and fungal as well

incubation, favouring oligotrophic bacteria and mycorrhizal fungi

as ectomycorrhizal fungal decomposition, and 1000 µm mesh allow-

at later sampling times. We also predicted higher enzyme activities

ing all microbial saprotrophic decomposition as well as plant-root as-

earlier in the incubation, with a more gradual decrease in the en-

sociated microbes and plant roots. Mesh bags (hereafter referred

zymes involved in chitin and peptide than polysaccharide degrada-

to as mycobags) were buried between organic and topmost mineral

tion. Finally, we anticipated that the presence of roots may initially

soil horizons in May 2013 and harvested after 6 months, 18 months,

stimulate fungal necromass decomposition due to rhizosphere prim-

and 30 months. Within each sub-plot, the different mesh sizes were

ing effects, but that over time, root-associated microbes, particularly

placed close to each other, composing “a set” of bags. These sets of

mycorrhizal fungi, may retard mass loss through selective resource

bags were separated by 5 m. Locations were randomised but not

utilisation.

placed closer than 1 m to a tree. After removal, soil from external
parts of the mycobags were cleaned. Plant roots were removed, and

2
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M ATE R I A L S A N D M E TH O DS

2.1 | Study site

we controlled for soil contamination (see Adamczyk, Sietiö, Biasi,
et al., 2019 for further details). The fresh and dry weight of mycobag
content were measured and mass loss determined. Here, we randomly chose 12 of the 24 initial replicates for the subsequent analyses for each of the 9 different treatments.

The study was performed at Hyytiälä Forestry field station (61°51′N,
24°17′E) of the University of Helsinki and SMEAR II (Station to
Measure Ecosystem-Atmosphere Relation: Hari & Kulmala, 2005),

2.3 | Molecular analyses

which is a Class I Ecosystem and Atmospheric station of ICOS
Finland. The forest is dominated by ∼60-year-old Scots pine (Pinus

We extracted total nucleic acids from 40 mg of dry fungal necromass

sylvestris L.) with an understory of Norway spruce (Picea abies L.)

(n = 108 samples) using the DNeasy PowerSoil Kit (Qiagen) follow-

and scattered Silver birch (Betula pendula L.) (Ilvesniemi et al., 2000).

ing the manufacturer's instructions. To identify the bacterial com-

Vaccinium vitis-idaea L. and V. myrtillus L. are dominant shrubs and

munity, we amplified the V4 region of the 16S SSU rRNA with the

Hylocomium splendens Hedw. and Pleurozium schreberi Brid. domi-

forward 515F (5′-GTGCCAGCMGCCGCGGTAA) and reverse 806R

nant mosses in the ground vegetation (Ilvesniemi et al., 2000). The

(5′-GGACTACHVHHHTWTCTAAT) primers (Caporaso et al., 2012).

soil has podzol horizons, typical to boreal coniferous forests. Within

We carried out amplification on 1 µl of template DNA in a volume

this stand, three subplots having a radius of 10 m and separated by

of 25 µl using Taq PCR Master Mix Kit (Qiagen). The program was

a minimum distance of ∼50 m were established for the fungal nec-

as follow: 3 min at 94°C, 35 cycles of 1 min at 95°C, 1 min 50°C

romass incubations.

and 1 min at 72°C, and a final step 10 min at 72°C. We made the
PCR reactions for each sample in triplicate, and PCR products were

2.2 | Fungal necromass preparation, incubation and
final quantification

confirmed using gel electrophoresis and pooled. We amplified fungal
ITS2 region, recognised as DNA barcode for fungal identification,
with the forward gITS7 (5′-GTGARTCATCGARTCTTTG) and reverse
ITS4 (5′-TCCTCCGCTTATTGATATGC) primers (Ihrmark et al., 2012).

The decomposition of fungal hyphal biomass was determined using

We carried out amplification on 1 µl of template DNA in a volume

mesh bags filled with 3 g dry weight (DW) of dead fungal biomass.

of 25 µl using Taq PCR Master Mix Kit (Qiagen). The program was

The biomass originated from a basidiomycete Chondrostereum pur-

as follow: 3 min at 94°C, 35 cycles of 1 min at 95°C, 1 min 52°C and

pureum, cultivated in a large-scale (150 L) fermentor at 25°C, pH 5.5

1 min at 72°C, and a final step 10 min at 72°C. We did the PCR reac-

in malt extract (25–35 g/L) and yeast extract (10 g/L). Chondrostereum

tions for each sample in triplicate and PCR products were confirmed

purpureum was chosen because of its fast growth rate allowing for

using gel electrophoresis and pooled. Bacterial and Fungal libraries

rapid production of fungal necromass. Biomass was first washed

were sequenced using MiSeq 2 × 250 bp V2 Illumina chemistry by

with excess distilled water, then dried in +80°C for 72 h to kill the

the GeT-PlaGe platform (INRAE).

mycelium, and then coarsely ground into pieces larger than 1 mm.

For both the bacterial and fungal communities, paired se-

The necromass was placed into three different kinds of nylon mesh

quences were demultiplexed according to their tags, primers

bags (10 × 10 cm) constructed with mesh sizes of 1, 50 and 1000 µm.

were removed, and filtered (Quality score 30). Shorter sequences

The smallest mesh size was meant to allow bacterial colonisation but

(<200 bp), as well as chimeric sequences and singletons were re-

preclude external fungal hyphal penetration, whereas 50 µm mesh

moved based on prediction by Uchime,

size was meant to allow external fungal hyphal penetration, and the

ware (Edgar, 2013). Dereplication and clustering were performed

1000 µm mesh size was meant to allow both external fungal hyphal

with

and root penetration. As such, these differing mesh sizes created

generated at 97% similarity threshold for both bacteria and fungi.

three levels of potential plant and microbial influence on decomposi-

ITS2 sequences lacking a fungal kingdom classification were re-

tion: 1 µm mesh allowing only saprotrophic bacterial decomposition,

moved, and plant sequences proportion were calculated. Given

usearch

usearch

v8.0.1616 soft-

software. Operational taxonomic units (OTUs) were

4
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the limited exclusion of the plant sequences by the gITS7-ITS4

and substrates only were used as background and subtracted from

primer pair (Li et al., 2020), we assessed the root exclusion ef-

samples values.

ficiency of the different mesh size treatments by comparing the
proportion of ITS2 sequences belonging to plant. Bacterial and
fungal data sets were rarefied to 7820 and 8097 sequences per

2.5 | Decay rate modelling

sample, respectively (Figure S1). Three bacterial and two fungal
samples that presented a low number of total sequences were

Due to the well-recognised nonlinear nature of OM decomposition

removed prior to the rarefaction step. The number of replicates

(Berg, 2014), we assessed fungal necromass mass loss rates using

for each treatment is summarised in Table S1. For bacteria, a rep-

multiple nonlinear exponential decay models. We compared expo-

resentative sequence of each OTU was taxonomically assigned

nential decay fits for necromass in each treatment with and without

using SILVA release 132 (Pruesse et al., 2007) at a confidence

an asymptote. The best fitting models, which included a decay con-

threshold of 97%. Taxonomic assignation of representative se-

stant (k), a scaling factor (1 − A) and an asymptote (A), were selected

quences for each fungal OTU was done using the Basic Local

based on a lower Bayesian Information criterion (BIC) score and

Alignment Search Tool ( blast) algorithm v2.2.23 (Altschul et al.,

higher r2 value, as detailed in Fernandez et al. (2019). This modelling

1990) against the

was done using JMP 14 Pro.

unite

unite

database Version 7.2 (Kõljalg et al., 2013;

Community, 2017). Control samples of nonincubated necro-

mass were included to identify the OTU corresponding to C. purpureum. DNA was extracted, and libraries were prepared exactly

2.6 | Statistical analysis

as described previously. ITS2 of the initial fungal necromass corresponded to OTU 10 and was detected at an extremely low rela-

Statistical and graphical analyses were performed using

tive abundance and frequency at all sampling times, depending on

(R Core Team, 2016) on bacterial and fungal rarefied counts. OTU

the mesh size (Figure S2). Because of this very low presence we

richness was calculated with the vegan package (Oksanen et al.,

decided not to exclude these sequences.

2013). We evaluated time and mesh size effect on mass remaining

r

software

Bacterial OTUs were assigned to copiotrophic and oligotro-

and enzyme activities using two-way analyses of variance (ANOVA).

phic modes based on Trivedi et al. (2018). Specifically, all bacterial

Variance homoscedasticity was tested using Cochran's test, and data

OTUs belonging to the phylum Bacteroidetes and classes alpha-

were log-transformed if necessary. We evaluated time and mesh

Proteobacteria, beta-
Proteobacteria and gamma-
Proteobacteria

size effect on OTU richness using two-way ANOVA. Differences

were defined as copiotrophs, while bacterial OTUs belonging to

in soil bacterial and fungal OTUs composition were visualised with

phylum Acidobacteria and class delta-Proteobacteria were defined

nonmetric multidimensional scaling (NMDS) plots based on Bray-

as oligotrophs. Trophic mode assignments for fungi were made

Curtis dissimilarity matrix using the metaMDS function in vegan.

with FUNGuild (Nguyen et al., 2016). Symbiotrophic assigned OTUs

Permutational multivariate analysis of variance (PERMANOVA)

were separated into endophyte, ericoid mycorrhizal fungi and ECM

based on Bray-Curtis dissimilarity was applied to determine time

fungi. Remaining fungal OTUs belonging to Eurotiales, Hypocreales,

and mesh size treatment effect on bacterial and fungal OTU com-

Morteriellales, Saccharomycetales, Tremellales and Sporidiales as

position. We evaluated time and mesh size effect on bacterial and

well as fungal OTUs defined by FUNGuild as microfungi, yeasts, and

fungal guilds relative abundance and OTU richness using two-way

facultative yeasts were classified as moulds and yeasts, following

ANOVAs. Similarly, for the most abundant bacterial and fungal gen-

Sterkenburg et al. (2015). OTUs presenting multiple lifestyles were

era (those representing a cumulative sum of 80% of mean relative

regrouped as “other”.

abundance for both bacterial and fungal communities), we also used
two-way ANOVAs to measure the effect of time and mesh size for

2.4 | Enzymatic analyses

each bacterial and fungal genus. Pearson's correlations were used
between the most abundant bacterial and fungal genera and the
necromass mass remaining at the different time points (6, 18 and

The extracellular enzymes present in mesh bags were collected using

30 months).

the filter centrifugation method described in Heinonsalo et al. (2012).
Activities of N-acetylglucosaminidase (EC 3.2.1.14), β-glucosidase
(EC 3.2.1.21), and leucine aminopeptidase (EC 3.4.11.1) were measured using a fluorometric substrate assay as in Courty et al. (2005).
The reactions were carried out at 22°C at pH 4.5, except for leucine
aminopeptidase where pH 6.5 was used. The fluorescence signals

3
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3.1 | Bacterial communities associated with fungal
necromass

were detected with a Victor3 plate reader (Perkin Elmer) using excitation at 355 nm and emission at 460 nm. Fluorescence standard

Following quality filtering and rarefaction, we retained 105 sam-

curves were prepared from 4-methylumbelliferone, or aminomethyl-

ples representing a total of 821,100 sequences belonging to 1322

coumarin in case of leucine aminopeptidase. Readings from buffers

bacterial OTUs. Bacterial OTU richness was relatively stable

|
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F I G U R E 1 Bacterial and fungal OTU
richness (mean ± SE) depending on
incubation time (6, 18 and 30 months)
or mesh size (1000, 50 and 1 μm); bars
that do not share similar letters denote
statistical significance (p ≤ .05)

across all three harvests (Figure 1; Table S2). Bacterial community

increasing (F2,96 = 29.021, p < .001) and oligotrophic OTU richness

OTU richness was significantly higher in the 1000 μm mycobags

decreasing (F2,96 = 14.231, p < .001) over incubation time (Figure

by 18% and 25% by comparison with respectively the 50 and 1 μm

S3a,b, Table S4).

mycobags (F2,96 = 8.523, p < .001). No significant time × mesh size

Most of the abundant bacterial genera colonising fungal

interaction effects were measured for bacterial OTU richness

necromass were significantly impacted by the incubation time

(Table S2).

(Figure 4). Chitinophaga, Dokdonella, Ferruginibacter, Mucilaginibacter,

NMDS analysis revealed that the bacterial community colonis-

and Pedobacter were among the most abundant bacterial genera

ing 50 μm and 1 μm mycobags were more similar in terms of OTU

after 6 months of incubation and then declined throughout the

composition by comparison with the 1000 μm mycobags at the 6

experiment. Conversely, some bacterial genera were not abun-

and 18 month sampling times, but that the 50 μm mesh size treat-

dant at the 6 month harvest, but significantly increased at the 18

ment tended to converge with the 1000 μm mycobags bacterial

and 30 month harvests, including Bacillus, Cohnella, Granulicella,

community after 30 months (Figure 2a). Time of incubation was the

Mycobacterium

main factor governing the bacterial community structure, explain-

Bradyrhizobium, Burkholderia, Cohnella, and Mycobacterium were

ing 20.3% of variation in OTU composition (F2,96 = 13.499, p < .001)

significantly enriched in 1000 μm mesh size treatment by com-

(Figure 2b, Table S3). When mesh size treatments were analysed

parison with the 50 and 1 μm mesh size treatments. Other genera

and

Paenibacillus.

Furthermore,

Acidothermus,

separately, the effect of time remained the main factor explaining

such as Achromobacter, Dokdonella, Dyella and Orchrobactrum were

the bacterial community composition. The effect of mesh size was

significantly more abundant in 50 and 1 μm mycobags by compari-

also significant (F2,96 = 2.853, p < .001), but explained only 4.3% of

son with 1000 μm mycobags. Cohnella, Labilithrix, Paenibacillus and

the variation in the bacterial community composition. When time

Rhodococcus relative abundances were significantly negatively cor-

treatments were analysed separately, the mesh size treatment had a

related with the amount of fungal necromass remaining. Conversely,

significant effect on bacterial OTU composition at 18 and 30 months

Acidipila, Dyella, Flavobacterium, Streptacidiphilus and Streptomyces

but not at 6 months.

relative abundances were significantly positively correlated with the

The bacterial community consisted primarily of Acidobacteria,
Actinobacteria,

alpha-
, gamma-and

amount of fungal necromass remaining.

delta-
Proteobacteria,

Bacilli, Bacteroidia, and Verrucomicrobiae (Figure 2c). Alpha-
Proteobacteria, gamma-Proteobacteria and Bacteroidia represented
the most abundant classes colonising the fungal necromass after

3.2 | Fungal communities associated with
fungal necromass

6 months of incubation, with Acidobacteriia, Actinobacteria, Bacilli
and Verrucomicrobiae increasing gradually to become the most

Following quality filtering and rarefaction, we retained 106 samples

dominant classes after 30 months of incubation. No effect of mesh

representing a total of 858,282 sequences belonging to 655 fungal

size was found on the bacterial classes relative abundance.

OTUs. Fungal community OTU richness (F2,97 = 6.173, p < .01) in-

The overall composition of the bacterial guilds colonising fun-

creased over time, being significantly lower at the 6 month harvest

gal necromass was dominated by copiotrophic bacteria at all three

than the 30 month harvest (Figure 1, Table S2). In contrast, fungal

sampling times (Figure 3a). However, time of incubation significantly

community OTU richness decreased depending on the mesh size,

affected both copiotrophic (F2,96 = 69.519, p < .001) and oligotrophic

with significantly lower richness (F2,97 = 10.593, p < .001) in both the

bacteria relative abundances (F2,96 = 10.952, p < .001) (Table S4), with

50 and 1 μm mycobags compared to the 1000 μm mycobags.

the former decreasing from 60% to 20% over time and the latter

NMDS analysis revealed that fungal communities colonising fun-

increasing from 2.5% at 6 months to 8% at 30 months. In addition,

gal necromass in 50 and 1 μm mycobags had similar OTU composi-

copiotrophic bacteria were significantly more abundant in 1 μm my-

tion and clustered separately compared with the 1000 μm mycobags

cobags than in 1000 μm mycobags (Figure 3a, F2,96 = 3.195, p < .05).

fungal communities (Figure 2d). Both incubation time (F2,97 = 3.248,

Similar analyses conducted on OTU richness mirrored the relative

p < .001) and mesh size (F2,97 = 2.549, p < .01) significantly affected

abundance patterns, with copiotrophic OTU richness significantly

fungal community composition, respectively, explaining 5.7% and

6
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F I G U R E 2 Nonmetric multidimensional scaling (NMDS) analysis of the (a) bacterial and (d) fungal communities based on OTU composition
depending on incubation time (6, 18 and 30 months) and mesh size (1000, 50 and 1 μm). Variance explained in (b) bacterial and (e) fungal
OTU composition based on Permutational multivariate analysis of variance (PERMANOVA) depending on incubation time (6, 18 and
30 months) and mesh size (1000, 50 and 1 μm), and for incubation time and mesh size treatments alone. The relative abundances of (c)
bacterial and (f) fungal classes colonising the fungal necromass depending on incubation time (6, 18 and 30 months) and mesh size (1000, 50
and 1 μm)

MAILLARD et al.
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F I G U R E 3 Relative abundances of (a)
bacterial and (b) fungal functional guilds
(mean ± SE) depending on incubation
time (6, 18 and 30 months) or mesh size
(1000, 50 and 1 μm); bars that do not
share similar letters denote statistical
significance (p ≤ .05)

4.5% of variation in OTU composition (Table S3). A separate anal-

Saprotrophs represented the dominant fungal guild col-

ysis of incubation time revealed that the time effect was lower for

onising the fungal necromass across all harvests (Figure 3b).

fungal community in the 1 μm mycobags by comparison with the 50

Saprotrophic fungal abundance decreased depending on harvest

and 1000 μm mycobags (Figure 2e). Differences in mesh size did not

time (F2,97 = 12.641, p < .001) (Table S4). In contrast, the relative

significantly affect fungal OTU composition at 6 months, but did at

abundances of ECM fungi (F2,97 = 4.433, p < .05) and ericoid my-

18 and 30 months (Figure 2b).

corrhizal (ERM) fungi (F2,97 = 9.121, p < .001) significantly increased

Throughout all sampling time points, the fungal community

over time. In addition, ECM fungi (F2,97 = 6.331, p < .01), ERM fungi

was strongly dominated by the class Mucoromycetes (up to 75%

(F2,97 = 5.936, p < .01) and endophytic fungi (F2,97 = 5.739, p < .01)

relative abundance depending on the mesh size) followed by the

were more all abundant in 1000 μm mesh size treatment than in

Agaricomycetes, Eurotiomycetes, Leotiomycetes, Sordariomycetes

50 and 1 μm treatments mycobags, whereas an opposite trend was

and Tremellomycetes (Figure 2f). Mucoromycetes relative abun-

present for both saprotrophic (F2,97 = 9.033, p < .001) and patho-

dance decreased depending on time mostly in the 1000 μm my-

trophic fungi (F2,97 = 5.755, p < .01). OTU richness of ECM fungi

cobags, whereas this class remained dominant in the 50 and 1 μm

(F2,97 = 10.291, p < .001), ERM fungi (F2,97 = 25.782, p < .001) and

mycobags throughout the experiment. Conversely, there was a sharp

endophytic fungi (F2,97 = 3.891, p < .05) significantly increased over

increase in the classes Agaricomycetes and Umbelopsidomycetes at

time (Figure S3a,b, Table S4). In 1000 μm mesh size, OTU richness

the 18 and 30 month sampling times in the 1000 μm mycobags.

of ECM fungi (F2,97 = 3.207, p < .05), ERM fungi (F2,97 = 13.707,

8
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F I G U R E 4 Bacterial genera relative abundance depending on incubation time (6, 18 and 30 months) and mesh size (1000, 50 and 1 μm).
The more abundant bacterial genera contributing to 80% of the total relative abundance are represented. The size of the circles is related to
the relative abundance of each bacterial genus. The influence of incubation time (6, 18 and 30 months) and mesh size (1000, 50 and 1 μm)
on the relative abundances of each bacterial genus was evaluated using two-way ANOVA and p-value are summarised in red (T = Time,
M = Mesh size, I = Time × Mesh size); ns refers to nonsignificant results. Pearson's correlations between bacterial genera relative abundance
and fungal necromass mass remaining at different sampling times (6, 18 and 30 months). Only significant correlations are shown (p ≤ .05)

p < .01), and endophytic fungi (F2,97 = 20.917, p < .001) was sig-

Mucor was the most abundant fungal genus throughout the experi-

nificantly higher than than in 50 and 1 μm mycobags (Figure S3a,b,

ment, but significantly decreased in later harvests (Figure 5). Mucor rel-

Table S4).

ative abundance was also significantly lower in 1000 μm mycobags at

|
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F I G U R E 5 Fungal genera relative abundance depending on incubation time (6, 18 and 30 months) and mesh size (1000, 50 and 1 μm).
The more abundant fungal genera contributing to 80% of the total relative abundance are represented. The size of the circles is related to
the relative abundance of each fungal genus. The influence of incubation time (6, 18 and 30 months) and mesh size (1000, 50 and 1 μm) on
the relative abundances of each fungal genus was evaluated using two-way ANOVA and p-value are summarised in red (T = Time, M = Mesh
size, I = Time × Mesh size); ns refers to nonsignificant results. Pearson's correlations between fungal genera relative abundance and mass
remaining at different sampling times (6, 18 and 30 months). Only significant correlations are shown (p ≤ .05)

the 18 and 30 month sampling times compared to with the 50 and 1 μm

increased significantly with time, and the 1000 μm mycobags were

mycobags. Additionally, Mucor relative abundance was significantly

significantly enriched in Cortinarius, Oidiodendron and Umbelopsis. In

negatively correlated with the amount of fungal necromass remaining.

addition, Geomyces, Inocybe, Meliniomyces and Penicillium were signifi-

In contrast, the second most abundant fungal genus, Penicillium, was

cantly positively correlated with the fungal necromass mass remaining

significantly more abundant in the 50 µm mycobags than either the

at the 6 month sampling time, while Amanita, Mortierella, Piloderma

1000 or 1 µm mycobags. The fungal genera Apiotrichum, Cortinarius,

and Umbelopsis were positively correlated with the amount of fungal

Lecanicillium, Oidiodendron, Piloderma, Tylospora and Umbelopsis

necromass remaining at later sampling times.

10
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3.3 | Enzymatic activities associated with
fungal necromass
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3.4 | Mass loss from fungal necromass
Asymptotic decay modelling revealed that the mass loss from fungal

β-glucosidase activity was significantly impacted by the time of

necromass depended on both mesh size and time. The decay con-

incubation (F2,96 = 10.674, p < .001) (Table S5), being higher at

stants, which are characteristic earlier mass loss, were an order of

6 months than at either 18 or 30 months (Figure 6). Leucine ami-

magnitude lower for both the 50 and 1 μm mycobags (k = −0.43 and

nopeptidase activity was also significantly influenced by the time

k = −0.50, respectively) than for the 1000 μm mycobags (k = −5.65;

of incubation (F2,96 = 12.268, p < .001), reaching a maximum after

Figure 7). By contrast, the asymptote values, which are associated

18 months. In contrast, N-acetylglucosaminidase activity was not

with later mass loss, was 1.5 times higher for the 1000 μm mycobags

significantly impacted by incubation time and none of the three en-

than for either the 50 μm or the 1 μm mycobags. The mass remaining

zymatic activities were significantly affected by the mesh size treat-

in the 1000 μm mycobags was stable at ~12% in all three harvests,

ment (Figure 6).

while the mass remaining in both the 50 μm and 1 μm mycobags
was significantly lower (~7%) in both the second and third harvests
(Figure S4, Table S6).

4
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DISCUSSION

Similar to previous studies demonstrating rapid decomposition of
dead fungal mycelia, we found that 85% of the initial fungal necromass was decomposed after 6 months of incubation in forest
soil (Brabcová et al., 2016, 2018; Certano et al., 2018; Drigo et al.,
2012; Fernandez & Kennedy, 2018; Fernandez & Koide, 2012, 2014).
However, we also found that 7%–13% of the initial fungal necromass
was still present after 30 months of decomposition. Despite the fungal necromass we used having a relatively low C/N ratio (C/N = 13)
and no apparent melanisation, a very stable fraction was retained,
which aligns with long-term necromass incubations conducted by
Fernandez et al. (2019). The continual change in microbial community
composition on fungal necromass over the 30 months of sampling
matched with similar changes in microbial decomposer composition
that have been observed during the initial stages (i.e., 0–5 months) of
fungal necromass degradation (Beidler et al., 2020; Brabcová et al.,
2016, 2018; Fernandez & Kennedy, 2018). This suggests that fungal

F I G U R E 6 Enzyme activities (pmol/min/g dry weight = EA)
(mean ± SE) depending on incubation time (6, 18 and 30 months) or
mesh size (1000, 50 and 1 μm); bars that do not share similar letters
denote statistical significance (p ≤ .05)

F I G U R E 7 Asymptotic nonlinear exponential decay model fits
for each mesh size treatment

|
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necromass remains an active “hotspot” (sensu Brabcová et al., 2016)

necromass decomposition are dominated by copiotrophic bacteria

of microbial colonisation well past its early stages of rapid mass loss.

degrading the labile compound pool in dead mycelia. In contrast, the

In terms of resource utilisation, we did observe an overall decline in

later stages of fungal necromass decomposition are composed of

enzyme activity associated with C acquisition from necromass dur-

bacterial communities with higher OM degradation capacities that

ing the course of the incubation, but we did not see more gradual de-

are well equipped to utilise the remaining recalcitrant fractions of

clines in enzymes associated with N acquisition. Instead, the two N

fungal necromass.

acquisition enzymes showed contrasting patterns, which may reflect

For the fungal communities present on decomposing necro-

differential retention times of different compounds in degrading

mass, members of the Mucorales, particularly the genus Mucor,

fungal necromass (Certano et al., 2018; Fernandez & Koide, 2012;

were extremely dominant at all three sampling times. Those re-

Fernandez, et al., 2019; Ryan et al., 2020). Consistent with our pre-

sults contrast with other studies in which the fungal communities

diction, we found that root presence had contrasting effects on the

on dead fungal mycelia are mostly dominated by saprotrophs from

initial versus later stages of fungal necromass mass loss. Specifically,

the phylum Ascomycota (Beidler et al., 2020; Brabcová et al., 2016,

we found root presence hastened the initial loss of mass from fungal

2018; Maillard et al., 2020) or members of the genus Mortierella and

necromass, but that the mass remaining at later time points was sig-

Basidiomycota ECM fungi (Fernandez & Kennedy, 2018). Most of

nificantly higher in the treatment in which roots and their associated

these studies were conducted for short or medium incubation peri-

mycorrhizal fungal symbionts were most abundant.

ods and in temperate ecosystems. Collectively, these results suggest

The initial dominance of the bacterial communities on de-

that the genus Mucor is principally associated with the late stage of

composing fungal necromass by the classes Bacteroidetes and

necromass decomposition in boreal forest soils where it is commonly

Proteobacteria at 6 months of incubation aligned well with previous

found but its abundance is generally low (Santalahti et al., 2016).

studies (Beidler et al., 2020; Brabcová et al., 2016, 2018; Fernandez

Consistent with that possibility, a recent meta-analysis of Vivelo and

& Kennedy, 2018). However, both of these classes declined after

Bhatnagar (2019) described Mucor as a middle-and late-stage lit-

18 months of incubation and were replaced by classes Bacilli and

ter decomposer genus, although Osono (2019) found that members

Acidobacteria. This higher level taxonomic shift mirrored in a func-

of the Mucoromycota generated insignificant changes of leaf litter

tional shift in bacterial community composition over the course of

chemistry during decomposition. Taken together, these results sug-

the incubation, with bacteria classified as copiotrophic consistently

gest that in forest ecosystems Mucor might act more prominently

decreasing and those classified as oligotrophic steadily increasing.

as decomposers of fungal necromass than real plant OM degraders.

These changes correspond well with the increasing limitation of C

This possibility is supported by the significant negative correlation

and N accessibility during the late stages of fungal necromass de-

we found between the amount of fungal mass remaining in the rel-

composition (Hu et al., 1999). The genera Chitinophaga, Devosia,

ative abundance of Mucor. Moreover, the ability of Mucor species to

Mucilaginibacter, Pedobacter, Pseudomonas and Variovorax have been

degrade fungal cell walls, and chitin in particular, has been described

previously shown to be the most abundant bacteria colonising fun-

extensively (Krishna & Mohan, 2017; Rast et al., 1991).

gal necromass during the first five months of degradation (Brabcová

At the same study site using the same mesh bag treatments as

et al., 2016, 2018; Fernandez & Kennedy, 2018). Similarly, we found

this study, but instead filled with organic soil, Sietïo et al. (2019)

those same bacterial genera to be highly abundant after 6 months

found Mortierella to be among the most abundant fungal saprotroph

of decomposition. Both Chitinophaga and Pedobacter have been de-

coloniser along with ECM fungi in the genera Lactarius, Piloderma

scribed as efficient chitin degraders, which suggests they play an

and Tylospora. By contrast, in our study, Mucor and Penicillium were

active role in the decomposition of this N-containing polymer in fun-

the most abundant saprotrophic fungi colonising the mycobags.

gal necromass (Gordon et al., 2009; Janssen, 2006; Larsbrink et al.,

Among ECM fungal species, Cortinarius was the dominant ECM

2017; McKee et al., 2019). Consistent with the higher lability of chi-

species colonising the fungal necromass, but Lactarius, the domi-

tin relative to other cell wall components (Fernandez & Koide, 2012),

nant ECM fungal genus in soils at this site (Santalahti et al. 2016),

these two bacterial genera were strongly associated with only the

was absent from mycobags. Sietïo et al. (2019) also revealed that

first sampling time in our study and then mainly replaced by Bacillus

Acidobacteria, Actinobacteria and Alpha-proteobacteria dominated

and Paenibacillus. Bacillus and Paenibacillus are also relatively com-

the bacterial communities of organic soil-filled mesh bags whereas

mon bacterial genera in forest soils, where they have a major role in

we found that the Bacteroidetes, Gamma-
proteobacteria and

OM decomposition (López-Mondéjar et al., 2019). Numerous studies

Firmicutes were most commonly associated with fungal necromass.

using both genomics and enzymatic approaches have revealed that

Collectively, these results suggest that the microbial communities

Bacillus and Paenibacillus have very efficient lignocellulosic degrada-

associated with fungal necromass differ from those present on other

tion mechanisms (Orencio-Trejo et al., 2016; Shin et al., 2012; Song

SOM types, further confirming the environmental filter of fungal

et al., 2014; Woo et al., 2014; Yuki at al., 2014). The significant neg-

necromass for decomposer community structure that has been pre-

ative correlations we found between fungal necromass remaining

viously described in the literature (Beidler et al., 2020; Brabcová

and the relative abundance of Paenibacillus provide further support

et al., 2016, 2018; Fernandez & Kennedy, 2018).

for a key role of this bacterial genus in fungal necromass decom-

Analysing the ITS2 sequences for those belonging to plants con-

position. Collectively, our results suggest that early stage of fungal

firmed that 50 μm and 1 μm mycobags almost entirely eliminated
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root presence by comparison with the 1000 μm bags (Figure S5,

longer incubation periods, which is consistent its targeting of more

Table S6). Interestingly, during the initial stage of decomposition,

labile forms of C. In interesting opposition to our hypothesis, the ac-

fungal necromass degradation rates were higher in the 1000 μm

tivity of leucine-aminopeptidase spiked after 18 months of decom-

mycobags compared with the 50 μm mycobags. In the context of

position. This suggests that proteins and peptides associated with

a rhizosphere priming hypothesis, these results might be explained

fungal necromass may have an initially low accessibility relative to

by the asynchronicity between the colonisation of the roots and the

other cellular components. Consistent with this possibility, activity

root-associated fungi in the mycobags. Indeed, root presence was

of leucine-aminopeptidase during the initial stages of necromass de-

reported at 6 months in the 1000 μm mycobags; however, in parallel,

composition was lower than other enzymes measured by Brabcová

the presence of the root-associated fungi was extremely low at this

et al., (2016). The lack of change in N-acetylglucosaminidase activity

time point (i.e., ECM, ERM and endophytic fungi). Contrary to our

over time may reflect the fact that chitin decomposes quickly relative

expectations, however, we found that 50 μm mycobags were also

to other fungal cellular components (Fernandez & Koide, 2012), so

significantly depleted in all the fungal guilds associated with roots,

our later sampling may have missed the peak activity of this enzyme.

notably both ECM and ERM fungi. The limitation of these mycor-

Alternatively, the even activity of N-acetylglucosaminidase through-

rhizal fungi appeared to be functionally significant, as the relative

out incubation time may reflect the continual degradation of decom-

abundances of Amanita, Inocybe, Piloderma, and Meliniomyces were

poser fungi that are themselves being decomposed post necromass

all positively correlated with the amount of fungal necromass re-

colonisation and senescence. We did not observe higher enzymatic

maining. This finding is consistent with a larger literature indicating

activities in the treatment which included roots, which confirms the

that ECM fungi slow OM decomposition by competing with free-

lack of a rhizosphere priming effect in the later stages of the decom-

living saprotrophic microorganisms, a phenomenon known as the

position of fungal necromass. However, we suspect this phenome-

“Gadgil effect”. (Fernandez & Kennedy, 2016; Fernandez, See, et al.,

non was probably present in the early stages of fungal necromass

2019). Previous experimental work in this system has also shown

decomposition, as the presence of roots has been consistently shown

that the presence of root-produced tannins inhibits fungal necro-

to stimulate microbial OM decomposition in both empirical (Brzostek

mass decomposition (Adamczyk, Sietiö, Biasi, et al., 2019). Because

et al., 2015) and modelling studies (Moore et al., 2015).

both roots and their symbiotic fungi were dramatically reduced

Finally, we acknowledge that the use of different mesh sizes to

in the 50 µm mycobags yet abundant in the 1000 µm mycobags,

control the access of plant roots and microbial guilds has some im-

distinguishing the effects of the root-associated fungi and the root

portant caveats. It has been reported that microparameters might

tannins on the fungal necromass decomposition rates in our study

vary within the mesh bags depending on their mesh size, potentially

was not possible. Moving forward, experiments are needed to deci-

having consequences on the OM decomposition dynamics (Beidler

pher the proportional contribution of these two important ecolog-

& Pritchard, 2017). Additionally, soil fauna, potentially important

ical mechanisms to slowing necromass decomposition, potentially

for fungal necromass decomposition, has limited access to the 50

using tree species with contrasting tannin production in their root

μm and 1 μm mycobags by comparison with the 1000 μm mesh size

systems (Hättenschwiler et al., 2019). Also contrary to our expec-

(Frouz et al., 2015; González & Seastedt, 2001). New experiments are

tations, we observed equally high fungal richness in 1 μm mycobags

necessary to further our knowledge about the role of the root and

as in the 50 μm mycobags, indicating that fungi were able to colo-

root-associated microbes in fungal necromass decomposition. For ex-

nise the 1 μm mesh size treatment. This result, although inconsis-

ample, trenching experiments, which eliminate roots but allow the di-

tent with other studies showing that fungi are typically excluded by

rect movement of fauna as well as soil water fluxes may help in better

1 μm mesh sizes (Teste et al., 2006), was supported by the strikingly

understanding necromass decomposition dynamics (Fernandez et al.,

similar decomposition dynamics and enzymatic profiles between the

2019). Complementarily, microbial isolations directly from necromass

50 μm and 1 μm mycobags. Fungal colonisation in the 1 μm mesh

and their reconstruction in simplified axenic mesocosms represent

treatment might be linked to the extensive incubations in this study,

another promising alternative (Durán et al., 2018).

allowing time for fungi to enter the bags via hyphae. Additionally,
because fungal necromass represents a very high-quality OM type,
we suspect that the fungi may have invested strongly in penetrat-
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ing the 1 μm mesh to access this resource. Given this colonisation
pattern, our conclusions about the specific role of bacteria in fungal

This study provides the first in-depth characterisation of the structure

necromass degradation are limited.

of microbial communities associated with decomposing fungal necro-

The enzymatic activities we measured on decomposing fungal

mass at time scales beyond five months of incubation. Understanding

necromass suggest that this substrate remains of active site of mi-

the taxonomic and functional composition of these communities is es-

crobial activity even when mass loss is negligible. In the only other

sential for better understanding how the more recalcitrant fractions

study to measure enzymes associated with decomposing fungal

of fungal necromass, which disproportionately contribute to stable

necromass, Brabcová et al. (2016) documented that ß-glucosidase

soil OM (Fernandez et al., 2019; Ryan et al., 2020), decompose and

activity was similarly high at nine and 23 weeks after soil incuba-

cycle in forest soils. In addition to identifying long-term shifts in mi-

tion. Here, we found that the activity of this enzyme declines over

crobial community composition, we also demonstrate that the activity

|
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of enzymes involved in C and N acquisition from necromass continue
to change at multiyear time scales. This suggests that both the C and
N resources in fungal necromass remain active targets of microbial
degradation well beyond the period of rapid initial mass loss. Finally,
our reanalysis of fungal necromass mass loss rates indicates that plant
roots in boreal forests have a more complex role in fungal necromass
decomposition than previously recognised. Specifically, our results
suggest that the presence of roots initially augment but then later retard rates of fungal necromass decomposition.
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