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Fungal necromass is increasingly recognized as a major component of soil organic matter, and identifying the
factors that govern its formation is critical for understanding and predicting the global carbon cycle. Among
these factors, the biochemical composition of mycelial residues at senescence, particularly melanin content, has
been consistently identified as a key determinant of the fraction of fungal necromass that persists in soils.
However, even non-melanized mycelial residues exhibit a recalcitrant fraction that resists microbial decompo-
sition, and the reasons for this persistence are not well understood. To address this gap, we asked whether the
growth stage at which a single non-melanized fungal species dies governs the decay of its necromass in soil. Using
Neurospora crassa, we produced seven necromass types that ranged from early exponential growth to prolonged
starvation and decomposed them in forest soil. Necromass derived from biomass experiencing net growth at the
time of harvest decomposed up to ten times faster than necromass from starved cultures, which were undergoing
biomass loss. By the end of decomposition, only about 10 % of necromass from early-growth-stage biomass
remained, while nearly 65 % of necromass from starved biomass persisted. Differences in mycelial biochemical
traits, particularly C:N ratio and the degree of branching of glucans, which varied with fungal growth stage at
death, explained variation in both decay rates and the size of the persistent fractions. Our findings suggest that
the growth stage of fungi at death is a key factor driving fungal necromass decay profiles, with potentially large
consequences for the contribution of fungal necromass to soil organic matter stocks.

1. Introduction

Soil organic matter (SOM) represents one of the largest active
terrestrial carbon (C) reservoirs, and its formation and long-term stabi-
lization are pivotal for climate-change mitigation (Amelung et al., 2020;
Cotrufo and Lavallee, 2021). Far from being solely plant-derived, SOM
also contains a sizeable fraction of microbial remains, referred to as
“microbial necromass,” originating from both bacteria and, in partic-
ular, fungi (Liang et al., 2019; Angst et al., 2021). Massive quantities of C
enter soil mycelial networks, either via direct plant C transfer to fungal
symbionts in plant-fungal mutualisms (i.e., mycorrhizal fungi), in which
the amount of plant C transferred to mycorrhizal fungi each year (con-
verted to COy) is equivalent to roughly one-third of annual CO
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emissions from fossil fuels, or indirectly via saprotrophic fungi decom-
posing plant residues (Hawkins et al., 2023). However, it was previously
thought that this C input to fungi was mostly transient and returned to
the atmosphere through fungal respiration or the mineralization of
necromass following fungal senescence. Yet, the quantification of fungal
necromass-derived C stocks, through measurements of specific amino
sugars as fungal necromass proxies, consistently points toward a sub-
stantial fraction of fungal biomass C being converted into, and retained
as, SOM (Liang et al., 2019; Wang et al., 2021).

A recent paradigm shift proposes that microbial necromass persists
because microbial compounds adsorb onto soil minerals, leading to the
formation of mineral-associated organic matter (MAOM; Cotrufo et al.,
2013; Buckeridge et al., 2020, 2022; Beidler et al., 2025), rather than
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owing to the intrinsic recalcitrance of particulate organic matter (POM).
The stabilization of fungal necromass C via adsorption has been exper-
imentally confirmed by fractionating SOM into POM and MAOM and
quantifying the fungal necromass contribution within these fractions
(Angst et al., 2024; Xuan et al., 2024). However, Angst et al. (2024) also
demonstrated that a substantial fraction of POM is composed of fungal
necromass. This finding is somewhat surprising, as unprotected necro-
mass is considered relatively easy to decompose, making its persistence
as POM unexpected. Still, recent mesh-bag studies, in which fungal
biomass is produced in vitro, killed, and then decomposed in soil, show
that after a very rapid initial decay phase, a significant portion of fungal
necromass stabilizes over extended periods, reaching a decay rate close
to zero (Fernandez et al., 2019; Maillard et al., 2021; Moravcova et al.,
2025).

Why non-melanized necromass can persist as POM remains unclear.
For plant-derived residues, long-term persistence over decades is often
attributed to lignin, a polymer that is intrinsically resistant to microbial
breakdown (Johnson et al., 2014; Gill et al., 2021; Thirunavukkarasu
et al., 2024). By contrast, the main fungal cell wall polymers, glucans
and, to a lesser extent, chitin (Ruiz-Herrera and Ortiz-Castellanos,
2019), are generally considered more labile, because both bacteria
and fungi possess enzymes specialized to degrade them (Beier and
Bertilsson, 2013; Langner and Gohre, 2016; McKee et al., 2019). It is
estimated that around two-thirds of soil fungi are melanized (Siletti
et al., 2017). Melanin, an aromatic pigment present in fungal cell walls,
may inhibit the decomposition of senescent melanized mycelial residues
by resisting microbial breakdown and by protecting the more labile
components of the fungal cell wall (Maillard et al., 2023a), much like
lignin protects a fraction of cellulose from microbial degradation (i.e.,
lignified cellulose) (Cofiteaux et al., 1995). Mesh-bag experiments
comparing the decomposition of laboratory-grown fungi with varying
degrees of melanization consistently indicate that melanin content at
senescence is the most robust predictor of the stable fungal necromass
pool (Fernandez and Koide, 2014; Fernandez et al., 2019; Maillard et al.,
2023a). Yet, even in fungi without documented melanin in their cell
walls, a substantial fraction of necromass reaches a mass loss plateau,
indicating resistance to further microbial degradation in the absence of
melanin (Beidler et al., 2020; Maillard et al., 2021; Moravcova et al.,
2025). Thus, although melanin likely underpins much of the persistence
of fungal necromass as POM, additional mechanisms almost certainly
contribute. These may involve extrinsic factors, for example complexa-
tion of necromass with plant-derived tannins that inhibit microbial
decomposition (Adamczyk et al., 2019), as well as potential unidentified
intrinsic traits.

Among such intrinsic factors, one notable aspect is the pronounced
plasticity of mycelial networks in both elemental (C, nitrogen (N), and
phosphorus (P)) and biochemical composition at the species or strain
level (Camenzind et al., 2021; Fernando et al., 2023). Fungi can remodel
their cell walls, recycle and reallocate cytoplasmic contents, and alter
the ratio of cell wall to cytoplasm in response to stresses as well as
varying nutrient availability (White et al., 2002; Nitsche et al., 2012;
Fernando et al., 2023; Latgé, 2023). For instance, in vitro studies by
Gomez-Miranda et al. (1984) showed that, as fungal biomass aged, the
relative contribution of the cell wall to total biomass increased pro-
gressively. This indicates that a single fungal taxon, depending on
environmental conditions, exhibits contrasting biochemical composi-
tions that may, in turn, affect the decay of its mycelial residues.
Furthermore, in soil microenvironments, a single fungal species, such as
one colonizing a newly available patch of organic matter, can die via
multiple “death pathways™ not solely from C starvation after fully
exploiting the patch, but also at any growth stage or physiological state
(ranging from non-energy-limited phases to the end stage of autolysis
before senescence). Such mortality can be triggered by viral lysis, con-
sumption by microbial predators (e.g., protists and nematodes), chem-
ical killing or parasitism by bacteria or other fungi, or abrupt shifts in
soil moisture or temperature (e.g., during drought or a sudden decrease
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in soil temperatures) (Sokol et al., 2022; Camenzind et al., 2023). For
these reasons, understanding how phenotypic variations linked to fungal
growth stage affect the decomposition trajectories of mycelial necro-
mass is of particular importance.

Here, we designed an experiment to address two connected knowl-
edge gaps. First, we asked what controls the persistence of non-
melanized fungal necromass in soils. Second, we examined how the
fungal growth stage at death shapes subsequent decomposition. By
intersecting these questions, we aimed to test whether growth stage at
death, rather than melanin or species identity, dictates the decay and
stabilization of non-melanized fungal necromass. We grew Neurospora
crassa in vitro, a species whose vegetative mycelium is non-melanized
(Ao et al., 2019; Verdin et al., 2019; Lan et al., 2021), and harvested
biomass at different growth stages, ranging from rapidly growing phases
to a stationary phase with no net growth, and finally to a stage where the
fungus began recycling its tissues, associated with biomass loss. We then
decomposed these various necromass types, defined by biomass har-
vested on specific incubation days, in mesh bags within forest topsoil to
assess how the fungal growth stage at death affects necromass decom-
position dynamics. Additionally, we characterized the biochemical
composition of each necromass type prior to decomposition using
Fourier Transform Infrared (FTIR) and Nuclear Magnetic Resonance
(NMR) spectroscopy, linking these data with the observed decomposi-
tion parameters to determine how potential differences in biochemical
properties at death might drive decomposition patterns. Because
C-starved fungi recycle cytoplasm for energy, thereby depleting labile
compounds that would otherwise decompose quickly (Maillard et al.,
2023b), and because N. crassa vegetative mycelium lacks melanin, the
pigment most strongly linked to long-term necromass persistence
(Fernandez and Kennedy, 2018; Fernandez et al., 2019; See et al., 2021),
we hypothesized that fungal growth stage at death would primarily
affect the initial decay rate, and only secondarily and more weakly in-
fluence the size of the persistent necromass fraction. Specifically, we
expected necromass derived from biomass experiencing net growth at
harvest to decay faster due to a higher content of labile compounds,
whereas necromass from starving mycelium, partially depleted of
cytoplasmic contents, would decay more slowly. Additionally, because
we anticipated that the relative contribution of the cell wall, the
potentially most persistent part of fungal cells, to total biomass would
increase as fungal biomass ages (Gomez-Miranda et al., 1984), we ex-
pected the necromass persistent fraction to increase with N. crassa
growth stage at death.

2. Materials and methods
2.1. Fungal necromass preparation

To investigate how the growth stage of fungal mycelial tissues at
death (i.e., positive, stationary, or negative growth rates) influences
subsequent decomposition, we employed N. crassa (strain FGSC4200) as
our necromass source. We selected N. crassa because its biochemical
properties have been extensively documented, and its vegetative
mycelium is not reported to contain melanin (outside of specific struc-
tures such as spore cell walls) (Ao et al., 2019; Patel and Free, 2019; Lan
et al., 2021). Additionally, N. crassa exhibits fast growth and high
biomass production, making it suitable for generating large quantities of
fungal necromass at different growth stages, from early exponential
growth to late starvation phases. Although N. crassa is not a common soil
fungus, it belongs to the Sordariomycetes (Ascomycota). This class is
highly abundant in many soil communities across ecosystems (Dang
etal., 2018; Bai et al., 2019). We therefore expect N. crassa necromass to
serve as a reasonable proxy for the mycelial residues produced when soil
fungi die.

Following established protocols for fungal necromass production
(Maillard et al., 2023b), N. crassa was grown in 250 mL flasks containing
150 mL of liquid potato-dextrose medium (Scharlab, Spain) at
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half-strength (12 g/L) and adjusted to pH 5. Cultures were kept under
agitation at 100 rpm on an orbital shaker at 20 °C in the dark. We
harvested fungal biomass at seven incubation times: 2, 4, 8, 15, 29, 46,
and 67 days of growth in liquid culture. The collected mycelium was
thoroughly rinsed three times on a sieve with distilled water to remove
all traces of culture medium. It was then homogenized, frozen at —80 °C
to ensure cell death, and freeze-dried, yielding seven necromass types,
each defined by its harvest day. To prepare the necromass for the
decomposition experiment, 50 mg of each necromass type (dry mass)
were placed into mesh “mycobags,” which measured 5 x 10 cm and
were composed of a 43 pm polyester mesh (Sintab Produkt AB, Sweden).
This mesh size excludes plant roots and soil particles, allowing for ac-
curate quantification of mass remaining over time.

2.2. Fungal necromass composition

We analyzed the elemental and molecular composition of the nec-
romass types prior to decomposition. Total C and nitrogen (N) contents
(used to calculate C:N ratios) were quantified by the SilvaTech platform
(INRAE, France) using a CHN analyzer (Carlo Erba NA1500, Italy) (n = 3
analyses per necromass type). To further assess biochemical composi-
tion, we employed FTIR spectroscopy in Diffuse Reflectance Infrared
Fourier Transform Spectroscopy mode (DRIFTS), which captures both
structural and non-structural components of fungal necromass. Necro-
mass samples were mixed with KBr (1 % sample to 99 % KBr) and ho-
mogenized with an acid-washed mortar and pestle (n = 3 per necromass
type). Spectra were collected on a Bruker Vertex 80 v FTIR spectrometer
(Bruker, Ettlingen, Germany) at 21 °C, averaging 64 scans across the
4000-400 cm ™! range at a 4 cm ™ resolution. We performed background
subtraction using pure KBr, applied baseline corrections using OPUS
software (Bruker, Ettlingen, Germany), and normalized the spectra
using the z-score method. Spectra were averaged by necromass type, and
after visually inspecting the spectra, we retained 38 peaks along with
their corresponding wavenumbers (Fig. S1, Table S1). Based on litera-
ture assignments, we classified FTIR peaks at 2859 cm ™! and 2926 cm™?
as lipids, 1535 cm™! and 1660 cm™! as proteins, and 1076 cm™! and
1039 cm ! as polysaccharides (Certano et al., 2018; Fernandez et al.,
2019; Ryan et al., 2020).

In parallel, we used both solid-state and liquid-state NMR to further
resolve the fungal necromass biochemical composition. For the struc-
tural, solid/ordered fraction, we performed !3C cross-polarization
magic-angle spinning (CP MAS) NMR on a Bruker 500 MHz Avance III
spectrometer (n = 1 per necromass type). Freeze-dried necromass was
packed into 4 mm zirconia rotors; 1H-13¢ cross-polarization contact
times (1.5 ms), spinlock (*3C 60 kHz and 'H ramp 43-86 kHz), and
spinning speeds (10 kHz) were optimized to ensure uniform polarization
transfer and minimize spinning sidebands. The CP MAS spectra were
recorded with 4000 scans, 81 kHz SPINAL64 decoupling during 14 ms
acquisition, and a relaxation delay of 2 s. Processed spectra were zero-
order baseline corrected and referenced externally to the adamantane
CH, signal at 38.48 ppm. We then integrated the spectra into seven
regions corresponding to alkyl C (0-50 ppm), methoxy/N-alkyl C
(50-60 ppm), O-alkyl C (60-93 ppm), di-O-alkyl C (93-112 ppm), aro-
matic C (112-140 ppm), O-aromatic C (140-165 ppm), and carbonyl C
(165-190 ppm). Integrals were reported both as normalized (sum of
regions = 100 %) and on a global scale referenced to one representative
sample (15-day necromass type).

To characterize N. crassa necromass cell walls, especially the struc-
tural composition of glucans, we employed two-dimensional 'H-13C
heteronuclear single quantum coherence (HSQC) NMR on aqueous ex-
tracts of ball-milled necromass (samples milled 5 times for 10 min each
at 500 rpm in a Fritsch Pulverisette 7 Premium Line planetary ball mill,
using a 25 mL ZrO grinding jar with 10 x 10 mm ZrO, grinding balls).
Each sample was dissolved or swollen in DMSO-dg (n = 1 per necromass
type) and analyzed on a Bruker 600 MHz Avance III HD spectrometer
equipped with a 5 mm cryo-BBO probe. Twenty scans were recorded for
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each tl increment. 1024 x 256 data points were collected using sweep
widths of 8.13 and 140 ppm in the 'H and '3C dimensions, respectively.
HSQC spectra were recorded at 300 K, and peak integrals and processing
were performed in Topspin 3.6 (Bruker Biospin, Germany) using zero-
filling and 90° shifted squared sine apodization in both dimensions. In
addition, 2D HSQC-TOCSY spectra were recorded on the fungal biomass
sample harvested after 67 days at 348 K on a Bruker 850 MHz Neo
spectrometer equipped with a cryo-TCI probe to further validate peak
assignments. The HSQC-TOCSY was recorded using 32 scans and a
mixing time of 60 ms, with other parameters matching those of the
HSQC experiments. All spectra were calibrated using the residual DMSO
signal (5 'H/13C 2.48/39.5 ppm). A significant amount of precipitation
was observed in the NMR tubes; this undissolved fraction of the cell wall
was not fully represented in the HSQC spectra. Three of the anomeric
peaks—located at 5.09/100.3 ppm, 4.51/103.3 ppm, and 4.20/102.9
ppm—were assigned to a-(1—4)-glucan, backbone glucose units of
B-(1—3)-glucan, and B-D-Glcp-(1—6) units attached to C6 of the
B-(1—3)-glucan backbone, respectively, based on literature values on
isolated cell wall components (Choma et al., 2013; Kono et al., 2017;
Storseth et al., 2006) and supported by reference spectra and
HSQC-TOCSY data. We calculated a p-(1—3)-glucan branching degree
by comparing peak integrals of anomeric peaks from side-chain and
backbone glucose units, as an index of fungal cell wall complexity. NMR
spectroscopy data were analyzed and integrated using TopSpin software
(Bruker, Sweden).

2.3. Raman spectroscopy for melanin detection

Given that Patel and Free (2019) noted in a literature review that
N. crassa vegetative mycelium can produce melanin under certain stress
conditions, we specifically assessed our necromass samples for melanin.
Previous studies have shown that Raman spectroscopy can detect
melanin, most notably in fungal samples, via a characteristic melanin
peak around 1600 em ! (Pacelli et al., 2021; Volkov et al., 2023). In
addition to the mycelium of N. crassa, we included Hyaloscypha bicolor, a
well-characterized fungal species that can experimentally produce
either melanized or non-melanized phenotypes. We produced H. bicolor
necromass of both phenotypes following Maillard et al. (2023b) and
used them as internal controls for melanin presence and absence
alongside N. crassa necromass. Dry powdered necromass samples were
placed on a microscope slide, covered with a coverslip, and positioned
on the sample stage of a Horiba LabRAM HR Evolution Raman spec-
trometer (HORIBA, Longjumeau, France). Raman spectra were acquired
using a 532 nm green laser and a 600 gr/mm grating. Data collection
and instrument control were performed using LabSpec software
(HORIBA, Longjumeau, France). Wavenumber calibration was per-
formed using a silicon reference sample. Each measurement was recor-
ded with an acquisition time of 10 s and 10 accumulations to improve
the signal-to-noise ratio. An integrated optical microscope was used to
focus precisely on the fungal necromass at the level of the dead hyphae,
and spectra were collected within the 1400-1800 cm ™! range (n = 5 per
fungal species and phenotype). Output spectra were baseline corrected
using Quasar software (Toplak et al., 2021).

2.4. Decomposition experiment

The mesh-bag (“mycobag”) method was used to assess N. crassa
necromass decomposition under field conditions, following a standard
leaf litter decomposition approach in which mycelial residues were
placed in mesh bags. We selected a 60-year-old spruce (Picea abies)
forest near the Stensoffa field station (55.6928° N, 13.4540° E), where
the topsoil pH was ~4.5 and the soil had a sandy texture and was
classified as an Arenosol (Piikki and Soderstrom, 2019; WRB, 2022). We
chose a forest site because mycelial turnover plays a relatively large role
in forest soils compared to other ecosystems where fungal abundance is
generally lower (Odriozola et al., 2021). Moreover, prior research on
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fungal necromass using mesh bags has commonly been conducted in
forest ecosystems, allowing comparability with existing studies
(Maillard et al., 2024).

Within an approximately 100 x 100 m area, five plots were estab-
lished with a minimum distance of 20 m between them, and each was
situated at least 10 m from the forest edge. At each plot, mycobags
containing each of the seven necromass types (days of incubation at
death: 2, 4, 8, 15, 29, 46, and 67) were buried at 5 cm depth in a grid
layout, with 50 cm spacing between burial locations to minimize sample
interaction. Each necromass type was buried five times per plot to ac-
count for five sampling time points over the decomposition period,
giving a total of 175 mycobags (5 plots x 7 necromass types x 5 time
points). Mycobags were collected at 10, 20, 40, 76, and 117 days of
decomposition, spanning July 7 to November 1, 2023. Collected
mycobags were returned to the laboratory, opened, and the decomposed
necromass was carefully transferred to 1.5 mL tubes, frozen at —80 °C,
and then freeze-dried for mass remaining determination. Handling los-
ses were assumed to be negligible based on previous studies (Beidler
et al., 2020). During the experiment, 12 samples were found missing or
unburied, likely due to human disturbance, as marker flags were also
removed. These were excluded from the analyses (Table S2).

2.5. Data analysis

All data analysis was conducted in R (R Core Team, 2020) with a =
0.05. Fungal necromass decomposition data were fitted to an exponen-
tial asymptotic decay model of the form: X = A + (1 — A) e"(—kt), where
k is the decay rate and A is the long-term asymptote of the fraction of
mass remaining. We selected the exponential asymptotic decay model
because previous long-term fungal necromass decomposition studies
have demonstrated that it best captures decay dynamics, effectively
accounting for both an initially labile fraction that decays rapidly and a
more recalcitrant fraction that persists (Fernandez et al., 2019; Maillard
et al., 2021; See et al., 2021). To fit the model, we employed non-linear
least squares (NLS) regression via the built-in nls function in R, using the
“port” algorithm. This approach allowed us to constrain both k and A to
be > 0. We selected informed starting values for each regression subset,
setting A to the minimum observed mass remaining for that subset and k
to a small positive value (e.g., 0.01), promoting stable model conver-
gence. Data subsets with fewer than three measurements were excluded
to avoid spurious estimates, resulting in 34 successful model fits out of
35 possible combinations; one model was excluded due to insufficient
sampling points at a specific plot. After fitting the asymptotic decay
models, we extracted the decay rate (k) and the asymptotic parameter
(A) for each necromass type and plot. These parameters were compared
across necromass types using linear mixed-effects models (Ime4 pack-
age; Bates et al., 2015), where necromass type was included as a fixed
factor and forest plot was treated as a random factor. We validated
model assumptions by inspecting residuals, Q—Q plots, and performing
Levene’s test (car package; Fox et al., 2012) for homoscedasticity, as
well as the Shapiro-Wilk test for normality. We used the lmerTest
package (Kuznetsova et al., 2017) to perform ANOVA on fixed effects,
followed by post hoc Tukey’s HSD tests (emmeans package; Lenth,
2021) to identify differences among necromass types. Pairwise com-
parisons were summarized using compact letter groupings (multcomp-
View package; Graves et al., 2015). Additionally, we tested for linear
and second-order polynomial relationships between necromass growth
stage in days (as a continuous variable) and the fitted decay parameters
(k and A), using ordinary least squares regression. The significance of
polynomial terms was evaluated via t-tests on the regression co-
efficients. For univariate analyses of necromass characteristics prior to
decomposition, such as C:N ratio and FTIR-based biochemical metrics,
we used one-way ANOVA followed by Tukey’s HSD post hoc tests,
treating necromass type as a categorical variable. We also conducted
permutational multivariate analysis of variance (PERMANOVA) on a
Euclidean distance matrix derived from FTIR peak heights (vegan
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package; Oksanen et al., 2013) to assess overall biochemical differences
among necromass types, with visualization via Principal Coordinates
Analysis (PCoA). Finally, to examine how fungal necromass biochemical
properties might influence decomposition, we performed Pearson’s
correlations, adjusted for multiple testing using the Bonferroni method,
between decay parameters (k and A) and selected biochemical pre-
dictors. These included FTIR peak intensities for lipids (2859, 2926
cm’l), proteins (1535, 1660 cm’l), and polysaccharides (1076, 1039
cm’l), elemental C:N ratio, solid-state NMR aromatic fraction (given
FTIR aromatic peak ambiguity), and glucan branching metrics from
liquid-state NMR.

3. Results
3.1. Fungal necromass composition before decay

N. crassa biomass increased from day 2 to day 15, reaching 3.40 g/L,
then declined to 2.03 g/L by day 29 and 1.74 g/L at day 67, thus
experiencing a positive growth phase with net biomass gain (days 2-8),
an approximately stationary phase (day 15), and a negative growth or
starvation phase with net biomass loss (days 29-67) over the course of
the production period (Fig. 1a). The freeze-dried mycelium harvested at
these time points (the seven necromass types) displayed strong variation
in elemental and molecular composition. The C:N ratio increased
strongly with growth stage, rising from about 6 at day 2 to about 20 at
day 67 (Fig. 1b). FTIR spectroscopy revealed clear biochemical differ-
ences among necromass types, reflected in a principal coordinates
analysis that clustered samples by growth stage (Fig. 2a; see Table S3 for
peaks significantly negatively or positively associated with necromass
growth stage at death). The relative contribution of peaks associated
with proteins (1535, 1660 cm 1) decreased between day 2 and day 15
and remained lower thereafter (Fig. 2b). Peaks associated with poly-
saccharides (1076, 1039 cm’l) increased until day 29, plateaued up to
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Fig. 1. Biomass production and C:N ratio of N. crassa across necromass types.
(a) The biomass production of N. crassa is depicted as grams dry mass (DM) per
liter of growth medium over time (days), with necromass types corresponding
to the day of growth at harvest (day 2, 4, 8, 15, 29, 46, 67) (n = 1). (b) The C:N
ratio of N. crassa necromass prior to decomposition is shown across different
growth stages at harvest. The C:N ratios were compared using a one-way
ANOVA followed by Tukey’s HSD post hoc test, treating growth stage as a
categorical variable. Different letters indicate significant differences (n = 3 per
necromass type). Asterisks denote significance: *p < 0.05, **p < 0.01, ***p <
0.001. Data are expressed as the mean + standard error. In most cases, error
bars are smaller than symbols and are therefore invisible.
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Fig. 2. Biochemical composition of N. crassa necromass prior to decomposition analyzed by FTIR spectroscopy. (a) Principal Coordinates Analysis (PCoA) illustrates
the biochemical composition of N. crassa necromass based on Euclidean dissimilarity derived from 38 FTIR peak heights (see Fig. S1 for averaged FTIR spectra and
Table S1 for selected peak wavenumbers). Each point represents an independent sample, and each circle represents the centroid for each necromass type (n = 3 per
necromass type). (b) The relative contribution of proteins, (c) polysaccharides, and (d) lipids of N. crassa necromass based on FTIR functional group annotation and
peak height (see Table S1 for selected peak functional assignments). For panels (b)-(d), the biochemical components were compared using a one-way ANOVA
followed by Tukey’s HSD post hoc test, with growth stage treated as a categorical variable. Data are expressed as the mean + standard error. Different letters denote
significant differences (n = 3 per necromass type). Asterisks denote significance: *p < 0.05, **p < 0.01, ***p < 0.001.

day 46, and declined at day 67. Peaks associated with lipids (2859, 2926
em™Y) rose rapidly until day 15, declined sharply by day 29, and
changed little thereafter (Fig. 2d).

Solid-state 13C CP MAS NMR, focusing on the structural components
of fungal necromass prior to decomposition, showed a gradual decrease
in the relative contributions of carbonyl C and methoxy/N-alkyl C—both
associated with proteins. Aromatic compounds followed a similar trend,
likely reflecting aromatic groups in proteinaceous materials (Fig. 3). The
di-O-alkyl C and O-alkyl C regions, primarily indicative of poly-
saccharides, were the most abundant group of compounds and increased
with the growth stage of N. crassa, reaching a maximum at day 46 before
slightly decreasing at day 67 (Fig. 3). Liquid-state NMR (HSQC) pro-
vided further insights into the glucan composition of N. crassa necro-
mass, distinguishing between a-(1—4)-glucan, a-(1—3)-glucan, and
B-(1-3)-glucan—and, within the B-(1—3)-glucans, their degree of
branching (Fig. 4a). The p-(1—3)-glucan content gradually increased
until day 15 before slowly declining (Fig. 4b). The relative contributions
of o-(1-4)-glucan and a-(1—3)-glucan evolved inversely during
N. crassa growth, with a-(1—4)-glucans dominating the early growth
phase, while a-(1—3)-glucans became more predominant in later stages
(Fig. 4b). The branching degree of p-(1—3)-glucans increased steadily
until day 46, followed by a slight decrease at day 67 (Fig. 4c).

Raman spectroscopy, used to detect melanin, showed a distinct peak
at the expected region (1608 cm™') in the melanized phenotype of
H. bicolor but not in the non-melanized phenotype. These served as
positive and negative controls for melanin presence. N. crassa necro-
mass, regardless of type, showed no detectable melanin peak prior to
decomposition (Fig. S2).

3.2. Fungal necromass decay dynamics

The mass remaining of N. crassa necromass after decomposition in
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Fig. 3. Biochemical composition of N. crassa necromass prior to decomposition
analyzed by NMR spectroscopy. The relative contribution of molecular func-
tional groups was quantified using solid-state NMR (*3C CP MAS) for N. crassa
necromass across necromass types, each defined by its harvest day (n = 1 per
necromass type).

forest topsoil varied significantly by necromass type and decomposition
time (Fig. S3). Exponential asymptotic models (Fig. 5) showed that
decay rates (k) varied markedly among the seven necromass types. Rates
ranged from 0.22 day ™~ for the necromass type harvested after 4 days of
growth to 0.02 day ™! for the necromass type harvested after 67 days of
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Fig. 5. Asymptotic exponential decay models of N. crassa necromass decom-
position by necromass type (growth stage in days at harvest). Fitted asymptotic
exponential decay models representing the decomposition of N. crassa necro-
mass averaged across forest plots, with each necromass type corresponding to a
specific growth stage of N. crassa at harvest in days (harvest day 2-67, n = 5 per
necromass type). Note that some decay models are excluded as detailed in
Table S4. Empirical fungal necromass mass loss patterns are shown in Fig. S3.

growth, with higher values for necromass types harvested early in the
growth curve (harvest days 2 and 4) and lower values for necromass
types harvested later in the growth curve (harvest days 29, 46, and 67;
Fig. 6a). In this analysis, one model for the necromass type harvested
after 46 days of growth and two models for the necromass type har-
vested after 67 days of growth were excluded because these late-stage
necromass types decayed much more slowly than anticipated, prevent-
ing a clear plateau from forming within the experimental timeframe
(Table S4). A second-degree polynomial relationship between k and
harvest day (necromass type treated as a continuous variable) explained
~70 % of the variance in initial decomposition rates, while a linear fit
explained ~59 % (Fig. S4a). The asymptotic parameter (A) ranged from
9.5 % mass remaining for the necromass type harvested after 2 days of
growth to 64.4 % for the necromass type harvested after 46 days of
growth, and also varied significantly among necromass types. A second-
degree polynomial linking A to harvest day explained ~80 % of the
variance (Fig. 6d), while a linear model accounted for ~61 % (Fig. S4b).

3.3. Biochemical predictors of fungal necromass decay dynamics

Pearson’s correlations showed that the initial rate of necromass
decomposition (k) was positively correlated with protein-associated
FTIR peaks (1535, 1660 c¢cm ™) and the aromatic fraction from solid-
state NMR, and negatively correlated with polysaccharide-associated
FTIR peaks (1076, 1039 em™ 1), C:N ratio, and the degree of branching
of B-(1—-3)-glucans (Fig. 7a). The strongest relationships for k were with
C:N (Fig. 7b) and B-(1—3)-glucan branching (Fig. 7c). The asymptotic
parameter (A) showed significant positive correlations with poly-
saccharide FTIR peaks, C:N, and p-(1—3)-glucan branching, and nega-
tive correlations with protein FTIR peaks and aromatic signals (Fig. 7a).
The strongest relationships for A were with p-(1—3)-glucan branching
(Fig. 7d) and the FTIR 1076 cm ' peak (Fig. 7e).

4. Discussion

Regardless of necromass type, defined by the day of biomass harvest
(i.e., the growth stage at death), the overall decay patterns we observed
are consistent with those previously described for in vitro-killed fungal
necromass (Fernandez and Kennedy, 2018; Beidler et al., 2020; Ryan
et al., 2020; Mancinelli et al., 2023), as well as fungal fruiting bodies
used as necromass sources (Brabcova et al., 2016; See et al., 2021),
typically showing an initially rapid decay phase followed by a phase of
near-zero decay rates. Such asymptotic exponential decay is well
documented in long-term necromass decomposition studies, indicating
that a portion of fungal residues persists in soils as POM (Fernandez
et al., 2019; Maillard et al., 2021, 2023b).

In line with our hypothesis that fungal biomass harvested while still
experiencing net biomass gain would be more labile and thus decompose
more rapidly than C-starved biomass, we observed a strong effect of the
fungal growth stage at death on decomposition rates. Necromass derived
from biomass undergoing net growth at the time of harvest decomposed
nearly ten times faster than necromass harvested from starving myce-
lium undergoing biomass loss due to autolysis. Although large variations
in fungal necromass decay rates have been noted across species (e.g.,
0.04-0.26 day ! across 28 species in See et al., 2021), the range in decay
rates observed here, driven solely by differences in growth stage at death
within a single species, matched that broader interspecific range.

We hypothesized that non-melanized necromass at later growth
stages would harbor a moderately larger recalcitrant fraction than early-
stage biomass, because of a greater relative contribution of cell wall
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compounds that are potentially more resistant to microbial decompo-
sition (Gomez-Miranda et al., 1984). Our results were only in partial
agreement with this prediction: although later-stage necromass did
retain larger recalcitrant fractions, the effect was much stronger than
expected, with the proportion of necromass decaying at near-zero rates
differing by almost a factor of seven between the treatments showing the
lowest and highest persistent fractions. Previous necromass decay ex-
periments that explicitly modulated melanin content in Hyaloscypha
bicolor have shown asymptote differences of ~10-15 % for low-melanin
necromass versus ~20-30 % for high-melanin necromass (Fernandez
and Kennedy, 2018; Fernandez et al., 2019; Maillard et al., 2023a,
2023b). Similarly, Certano et al. (2018) manipulated Armillaria mellea to
produce either diffuse mycelium, as in our study, or rhizomorphic
structures, with persistent fractions of ~8 % and ~45 %, respectively.
However, in our experiment, the growth stage effect in N. crassa nec-
romass (ranging from 9.5 % to 64.4 % stabilized) surpassed both studies
in terms of intraspecific variability. Moreover, this range also exceeded
that reported in interspecific comparisons: ~16-23 % for two species
(Beidler et al., 2020), ~9-28 % for four species (Fernandez et al., 2019),
~8-35 % for four species (Ryan et al., 2020), and ~7-35 % for 28
species (See et al., 2021). Surprisingly, every necromass type harvested
during N. crassa autolysis retained a recalcitrant fraction exceeding the
upper values reported for heavily melanized fungi such as Cenococcum
geophilum (~35 % mass remaining; Fernandez and Koide, 2014; Ryan
et al.,, 2020; Fernandez et al., 2019). This finding indicates that
non-melanized necromass, depending on growth stage, can exhibit a
persistent fraction even higher than that described for melanized fungi.

Although extrinsic factors (vegetation type, root exclusion, experi-
mental warming, etc.) have been found to influence necromass decom-
position, their reported effects were substantially smaller than what we
observed for fungal growth stage differences here (Fernandez et al.,
2019; Beidler et al., 2020; Maillard et al., 2020, 2021). Altogether, our
findings demonstrate that the fungus’s growth stage at the time of death
is a crucial determinant not only of decay rates but also of the proportion
of necromass that can ultimately be stabilized in soils. Specifically,
mycelial structures that die at the peak of biomass production or during
starvation exhibit biochemical traits that favor the persistence of their
residues as POM. Taken together, this suggests that the growth stage and
associated physiological state of fungi at death can be a stronger driver
of how much fungal necromass contributes to soil organic C than either
interspecific biochemical differences or extrinsic environmental factors.

We used FTIR and NMR spectroscopy to link the biochemical
composition of fungal biomass at death with subsequent necromass
decomposition dynamics. Both approaches consistently revealed three
phases in N. crassa growth and associated biochemical traits. First,
during positive growth, the fungus accumulated lipids and generated
structural carbohydrates, primarily p-glucans, the major fungal cell wall
polymer, along with chitin. This rapid growth phase was followed by a
sharp transition into negative growth, during which the fungus recycled
internal resources via autolysis, marked by a steep decline in lipid
content. Finally, under prolonged C starvation, further autolysis of
structural components occurred, as reflected by a slight decrease in
polysaccharide content at the end of the growth profile. These shifts in
growth rates and associated biochemical composition were consistent
with previous observations in filamentous fungi (Gomez-Miranda et al.,
1984; White et al., 2002; Emri et al., 2004) and were strongly predictive
of necromass decomposition dynamics. For decay rates, the best pre-
dictor was the C:N ratio at death; lower C:N correlated with faster decay,
mirroring prior findings that higher N content accelerates fungal nec-
romass decomposition (Brabcova et al., 2018; Fernandez et al., 2019;
See et al., 2021). These results likely reflect the stoichiometric balance
between decomposers and their substrate. Under our experimental
conditions, N. crassa necromass with a low C:N ratio likely contained
sufficient N to support microbial enzyme synthesis without extensive
“N-mining,” thereby promoting rapid initial mass loss (Manzoni et al.,
2010). In contrast, starving fungal biomass used as necromass source,
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following the autolytic depletion of N-rich cytoplasmic compounds such
as proteins, as observed here, may have imposed stronger N limitation
on decomposing microbial communities, requiring them to synthesize
extracellular N-acquisition enzymes or immobilize N from the sur-
rounding soil, as previously documented during fungal necromass decay
(See et al., 2021), thus slowing overall decay rates.

Regarding the necromass recalcitrant fraction, melanin has often
been cited as the major factor linked with residue persistence
(Fernandez and Koide, 2014; Fernandez and Kennedy, 2018), but our
results also point to other structural compounds. Specifically, we iden-
tified glucan composition, and more precisely the degree of branching in
B-(1—3)-glucans, and the 1076 cm ™! FTIR peak (associated with poly-
saccharides, including C-O-C bonds) as highly predictive of necromass
persistence. We speculate that more branched fungal cell walls exhibit
strong, previously unrecognized resistance to microbial decomposition,
even in the absence of melanin. Interestingly, while the most starved
necromass (day 67) decomposed slowly, the highest
decomposition-resistant fraction occurred at day 46, suggesting that
once fungi begin breaking down their own cell walls during autolysis,
the resulting necromass may become less resistant to microbial decay.
Moreover, p-(1—3)-glucan branching was also strongly predictive of
decay rate, suggesting that more complex fungal cell walls may shield
labile compounds from microbial decomposers during early decay
stages. Altogether, our findings highlight the fungal cell wall as a key
biochemical determinant of both decay rate and persistence, with
pre-mortem cell wall modifications having cascading effects on
post-mortem necromass decomposition trajectories. Ecologically, our
results may suggest that when fungal mortality during growth is low,
because stressors, viral lysis, or predators are scarce, mycelia can fully
exploit organic matter patches, develop more complex cell walls, and
ultimately contribute more necromass to POM stocks than when young
hyphae exhibit early mortality.

Several limitations should be acknowledged. For instance, we only
decomposed necromass for four months, anticipating that all necromass
types would reach a mass loss plateau during this period based on pre-
vious studies (Ryan et al., 2020; Maillard et al., 2023a). However, for
starving biomass at death, decomposition was unexpectedly slow,
leading us to exclude three exponential decay models due to a lack of
plateau formation. Longer decomposition times will be necessary to fully
capture late-stage dynamics of highly persistent mycelial residues.
Furthermore, while our results highlight -(1—3)-glucan branching as a
key predictor of decay and persistence, we did not measure cell wall
thickness, which may vary with physiological state (Fernando et al.,
2023), nor did we conduct finer structural analyses that could reveal
additional branching patterns. Still, because HSQC experiments are
inherently non-quantitative and influenced by molecular mobility and
coupling constants, peak integrals can overestimate p-(1—3)-glucan
side-chain abundance. This is evidenced by some values exceeding the
theoretical maximum of 1, which limits the precision of substitution
degree estimates. While these limitations do not affect the observed
trends, approaches such as solid-state NMR on 3C-enriched necromass
(Kang et al., 2018; Chakraborty et al., 2021) could offer more accurate
insight into the relationship between mycelial necromass biochemical
properties and decomposition trajectories.

It is also important to acknowledge the limits in the ecological
relevance of our study. First, we examined only a single fungal species,
N. crassa, grown in submerged liquid culture, a setting that differs
substantially from the heterogeneous soil matrix in which mycelial
networks typically develop (Nitsche et al., 2012). Second, we evaluated
decomposition using mesh bags, an approach that focuses on the par-
ticulate phase of fungal necromass decomposition but does not resolve
how necromass-derived compounds ultimately become stabilized on
secondary minerals, an aspect that will be important to explore further
in relation to fungal growth stage at death (Beidler et al., 2025). Third,
fungal necromass was decomposed at a single forest site, so we did not
explicitly test how soil type modulates the patterns we observed, even
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though studies that decomposed fungal necromass across contrasting
soil types or habitats (soil vs wood) reported relatively small context
effects compared with the influence of intrinsic necromass properties on
decay dynamics (Beidler et al., 2020; Maillard et al., 2020). However,
given that the biomass production patterns we observed for N. crassa,
characterized by rapid initial growth, a stationary phase, and eventual
decline, are common among filamentous fungi (Meletiadis et al., 2001;
Vrabl et al., 2019), it is likely that the associated biochemical changes in
mycelial biomass are shared across fungal taxa. This suggests that our
findings may be transferable beyond N. crassa and that their effects on
fungal necromass decay may generalize across soil types. Future work
should therefore test how physiological stage-induced biochemical
changes in fungi affect necromass decay patterns across abundant soil
fungi spanning a broad taxonomic and functional spectrum, to confirm
or refine our results. To further increase ecological relevance, a prom-
ising approach would be to use in situ-grown rather than in vitro-grown
fungal biomass, for instance biomass produced in sand-filled bags
readily colonized by mycorrhizal fungi; the resulting mycelia can then
be recovered by flotation, biochemically characterized, and subse-
quently decomposed (Cheeke et al., 2021). Finally, microfluidic systems,
especially “soil chips”, offer a particularly promising route for visual-
izing fungal growth, senescence, and necromass formation and stabili-
zation at the microscale within soil-like pore networks, thereby
addressing several limitations of the present work (Aleklett et al., 2021;
Hammer et al., 2024).

5. Conclusions

We show that the growth stage of fungal mycelium at the time of
death affects both the initial rate of necromass decomposition and the
size of the recalcitrant necromass fraction. For a single non-melanized
fungal species, we found that differences in growth stage at death led
to variation in decomposition dynamics that exceeded all previously
documented drivers of fungal necromass decay, including melanization
and interspecific biochemical differences. These growth stage-driven
effects were primarily associated with the biomass C:N ratio and cell
wall complexity prior to senescence, with a low C:N ratio linked to faster
decay rates and p-(1—3)-glucan branching emerging as a potentially
major predictor of necromass persistence in soils. Consequently, we
propose that the physiological state of fungal biomass at death, rather
than taxonomic identity or melanization alone, is a critical determinant
of fungal contributions to stable SOM. Finally, while the specific mor-
tality agents (“death pathways”) affecting fungi remain important for
understanding necromass formation, our findings demonstrate that it is
equally essential to consider the physiological state or growth stage at
which fungi die, and how death pathways intersect with that growth
stage, when modeling and predicting the fate of fungal-derived C in
terrestrial ecosystems.
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