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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fungal necromass accumulates large 
quantities of Mercury (Hg) in soil. 

• Hg biosorption depends on the chemical 
properties of fungal residues. 

• Lipid acyl chains are positively related 
to Hg adsorption on fungal necromass.  
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A B S T R A C T   

Past industrial activities have generated many contaminated lands from which Mercury (Hg) escapes, primarily 
by volatilization. Current phytomanagement techniques aim to limit Hg dispersion by increasing its stabilization 
in soil. Although soil fungi represent a source of Hg emission associated with biovolatilization mechanisms, there 
is limited knowledge about how dead fungal residues (i.e., fungal necromass) interact with soil Hg. This study 
determined the Hg biosorption potential of fungal necromass and the chemical drivers of passive Hg binding with 
dead mycelia. Fungal necromass was incubated under field conditions with contrasting chemical properties at a 
well-characterized Hg phytomanagement experimental site in France. After four months of incubation in soil, 
fungal residues passively accumulated substantial quantities of Hg in their recalcitrant fractions ranging from 
400 to 4500 μg Hg/kg. In addition, infrared spectroscopy revealed that lipid compounds explained the amount of 
Hg biosorption to fungal necromass. Based on these findings, we propose that fungal necromass is likely an 
important factor in Hg immobilization in soil.   
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1. Introduction 

Hg is a trace metal that accumulates within food chains and presents 
high toxicity for fauna and humans (Renzoni et al., 1998; Rice et al., 
2014). As anthropogenic activities have drastically increased global Hg 
emissions, remediating the pollution associated with this trace metal has 
become an important challenge (Sundseth et al., 2017). Industrial ac-
tivities have generated many contaminated soils from which Hg escapes 
through water runoff and volatilization, making Hg particularly difficult 
to contain compared with non-volatile trace metals (Kocman et al., 
2013, 2017). Bioremediation has emerged as a viable alternative for 
managing polluted soils and, notably, phytoextraction, which consists of 
removing metals using hyperaccumulating plants (Marrugo-Negrete 
et al., 2015). Nevertheless, the restricted number of high biomass 
Hg-hyperaccumulating plants reduces the phytoextraction capacity for 
Hg (Rodriguez et al., 2005). As such, stabilizing Hg in soil has become 
the dominant research hypothesis for treating polluted sites by 
restricting Hg movement in the biosphere (Zgorelec et al., 2020). 
However, exactly how Hg is immobilized in soils remains poorly un-
derstood, mostly because of the complex biotic and abiotic interactions 
of Hg with soil organic matter and microorganisms (Barkay and 
Wagner-Dobler, 2005; Durand et al., 2020). 

Soil fungi can accumulate large quantities of trace metals by bio-
sorption when they are either alive or dead (Ayele et al., 2021). While 
Hg bioaccumulation in fungal fruit bodies (i.e. mushrooms) has received 
much attention, how the fungal mycelial structure that represents most 
of the fungal biomass in terrestrial ecosystems accumulates Hg has 
drawn very little study (Durand et al., 2020). Biosorption of Hg on 
fungal mycelial residues (i.e., fungal necromass) has been primarily 
described under laboratory conditions (Amin et al., 2016). Notably, 
fungal necromass passively and rapidly binds Hg from aqueous solutions 
(Martinez-Juarez et al., 2012). In parallel, recent studies have high-
lighted that residues originating from soil fungi contribute to a large 
proportion of soil organic matter by representing up to 50% of the sta-
bilized soil carbon (Angst et al., 2021; Wang et al., 2021a, 2021b). It has 
consistently been found that fungal necromass decomposes extremely 

fast until it reaches a plateau phase, generally corresponding to 10–20% 
of mass remaining, which strongly correlates with initial necromass 
melanin content, a pigment found in ~2/3 of soil fungi (Siletti et al., 
2017; Fernandez and Kennedy, 2018; Fernandez et al., 2019; See et al., 
2021). Also, the recalcitrant fraction of fungal residues can persist for 
years in soils without apparent signs of decomposition (Maillard et al., 
2021). Taken together, the Hg biosorption of fungal necromass and its 
high recalcitrance suggest that fungal necromass might be capable of 
significant Hg sequestration in polluted soils. However, the biosorption 
of Hg on fungal necromass has been mostly investigated to produce 
filters to remove Hg from aqueous solutions (Martinez-Juarez et al., 
2012; Amin et al., 2016). Consequently, we lack studies demonstrating 
Hg biosorption in mycelial residues in soil as well as identifying the 
intrinsic chemical properties of fungal necromass that facilitate passive 
Hg binding. 

We aimed to test whether fungal necromass sequestrated Hg in its 
recalcitrant fraction (i.e., the portion of mass remaining following a 
period of incubation in soil). Thus, we incubated fungal necromass 
presenting contrasted chemical composition (i.e., differences in melanin 
content) in the soil of a well-characterized Hg-contaminated site. Given 
that Hg adsorbance on fungal necromass has been described in aqueous 
solutions in-vitro, we speculated that fungal residues would also accu-
mulate Hg when incubated in soil. Additionally, we hypothesized that 
highly melanized necromass would accumulate more Hg because of 
melanin’s trace metal scavenging properties (Rizzo et al., 1992; Man-
irethan et al., 2018). 

2. Materials and methods 

We produced fungal necromass from Meliniomyces bicolor (Melinio-
myces PMI_1271; see https://mycocosm.jgi.doe.gov/MelPMI 
1271_1/MelPMI1271_1.home.html for more information about the 
strain used in the present study), a widely distributed soil fungus 
establishing mutualistic interactions with tree species, with contrasting 
chemical morphologies based on the protocol described in Fernandez 
and Kennedy (2018). The melanization levels in M. bicolor were 

Fig. 1. (a) Fungal necromass remaining (% of initial dry mass) depending on necromass type (i.e., low and high melanin). (b) Hg concentration (μg/kg dry mass) for 
fungal necromass (i.e., low and high melanin necromasses) and silica sand. (b) For low and high melanin necromass types, Hg biosorption capacity (μg Hg/g of initial 
necromass). Fungal necromass remaining and Hg biosorption capacity were compared using Student’s T-test. Differences in Hg concentrations in fungal necromass 
and silica sand were assessed using one-way ANOVA followed by Tukey’s HSD test. Different letters denote significant differences (P ⩽ 0.05). 
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modified by growing mycelial plugs in 125 ml flasks with different levels 
of submersion (i.e., respectively 40 or 120 ml for lowly or highly 
melanized biomass) in half-strength potato dextrose broth (PDB, Difco, 
BD Products, Franklin Lakes, New Jersey, USA). After 30 days of incu-
bation on orbital shakers at 150 RPM at room temperature, the two 
forms of M. bicolor residues differing primarily in melanin content, 
hereafter referred to as low and high melanin M. bicolor necromass , 
were harvested, rinsed with autoclaved deionized water, and 
freeze-dried. Mesh bags (with 53-μm pores) containing 140 mg of low or 
high melanin necromass (i.e., mycobags) were buried in the top 10 cm of 
soil at a Hg-contaminated phytomanagement site in France planted with 
Populus trees (n = 10 mycobags for each necromass type) and having a 
soil Hg concentration around 6000 μg Hg/kg (Maillard et al., 2016; 
Yung et al., 2019). For reference 60 μg Hg/kg was the average back-
ground concentration of Hg in non-contaminated soils (Wang et al., 
2012; Amos et al., 2013). An additional set of bags were made with silica 
sand to control for potential contamination by soil particles (i.e., 
sandbag, n = 10) and buried within 50 cm of the mycobags. After four 
months of incubation from May to September 2021, mesh bags were 
harvested, and fungal necromasses and sands were air dried. We then 
measured the decomposition rates of the two necromass types. Total Hg 
for fungal necromass and sand was analyzed using an AMA254 Mercury 
Analyzer, as described in Maillard et al. (2016). Fourier-transform 
infrared spectroscopy (FTIR) was applied to characterize the chemical 
properties of the initial and remaining fungal necromass, as outlined in 
Fernandez et al. (2019). Based on the literature, the observed FTIR peaks 
were assigned to functional chemical groups (Fernandez et al., 2019; 
Dzurendova et al., 2020; Langseter et al., 2021). Finally, using Pearson’s 
correlations, we tested the relationships between fungal necromass Hg 
concentration and FTIR profile of both necromass types to identify the 
main compounds responsible for Hg adsorption onto dead fungal 
hyphae. 

3. Results and discussion 

After four months of incubation in soil, the mesh bags were harvested 
and checked for integrity. Two sandbags with clear root penetration 
were excluded from the analyses. We found a significant effect of nec-
romass type on the decomposition rates, with approximately twice the 
mass remaining for the high melanin fungal necromass by comparison 
with the low melanin type (P ⩽ 0.001) (Fig. 1a). Based on FTIR profiling, 
remaining necromass of both types was significantly depleted (P ⩽ 0.05) 
in aliphatic compounds and polysaccharides and tended to be enriched 
in aromatic molecules by comparison with initial fungal residues 
(Table 1). These results paralleled those of Fernandez and Kennedy 
(2018) and Ryan et al. (2020), who both described similar differences in 
decomposition trajectories and chemical evolution for low and high 
melanized Meliniomyces necromass. More generally, our results align 
with the fact that a large fraction of fungal residues is resistant to 
decomposition and might persist in a particulate form for long time 
periods in soils (Fernandez et al., 2019; Maillard et al., 2021). Before 
incubation, we measured 15 and 11 μg Hg/kg of dry mass for the low 
and high melanin necromass types, respectively, indicating no initial Hg 
enrichment of the fungal residues during the necromass production 
process (Durand et al., 2020). In addition, we quantified 15 μg Hg/kg of 
dry mass for the silica sand incubated in parallel to the mycobags, 
confirming that no substantial soil contamination of the mesh bags 
occurred throughout the experiment. The Hg concentrations detected in 
fungal necromass ranged from 400 to 4500 μg Hg/kg (Fig. 1b) and were 
high regarding the soil Hg concentration at our experimental site, 
around 6000 μg Hg/kg (Yung et al., 2019). However, it has been shown 
that fungal residues might accumulate up to 20,000 more Hg in labo-
ratory experiments (e.g., 30–70 mg Hg/g of fungal necromass) than what 
we observed in our field study (Say et al., 2003; Amin et al., 2016). As 
such, soil Hg concentration and bioavailability, not necromass total 
adsorption capacity, were likely to be the limiting factors of Hg Ta
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sequestration in our experimental conditions. Longer incubations would 
be essential to assess if fungal necromass keeps accumulating Hg with 
time as well as if Hg desorption from necromass might also occur. 

Hg concentrations varied by necromass type, with the low melanin 
type being significantly more than twice as enriched in Hg compared to 
high melanin necromass (P ⩽ 0.001) (Fig. 1b). These results contradicted 
our hypothesis about the role of melanin in Hg biosorption and revealed 
that other fungal necromass compounds were responsible for passive Hg 
binding. However, given that the low melanin necromass had a faster 
decomposition rate but accumulated more Hg than high melanin nec-
romass, Hg biosorption potential was not significantly different between 
the two necromass types (Fig. 1c). Post-incubation FTIR profiling also 
displayed very similar chemical profiles for the remaining fractions of 
the low and high melanin necromasses (Fig. 2a, Table 1). This indicates 
that after the labile portion of necromass decomposed, the chemical 
composition of the remaining recalcitrant fractions was very similar 
between the two studied necromass types. It was not surprising given 
that the same fungal species was used to produce the two types of nec-
romass residues. Hg concentration in fungal necromass was significantly 
positively correlated with peak 13 (715 cm−1), explaining up to 80% of 
Hg adsorption for the two necromass types together and 44% and 52%, 
respectively, for the high and low melanin necromass types when 
analyzed separately (Fig. 2b). Infrared peaks at an absorbance of 
715–720 cm−1 have already been described for soil fungi and are 
associated with lipid acyl chains (Kosa et al., 2017; Langseter et al., 
2021). Consequently, our results suggest that lipid acyl chains might 
play a key role in passive Hg binding to fungal necromass. Further 
necromass chemical characterization is needed to confirm the roles of 
fungal lipids in Hg adsorption by necromass, notably by fractionating 
fungal molecules and testing for their respective Hg sorption under 
laboratory conditions. 

Our study demonstrates that dead mycelial residues present in soil 
can passively adsorb substantial quantities of Hg under field conditions. 
Given the large production of soil fungal biomass in combination with 
the rapid turnover of fungal hyphae (See et al., 2022), fungal necromass 
is likely the primary source of soil organic matter in newly restored and 
replanted contaminated soils. Thus, fungal necromass production might 
explain why vegetated polluted areas emit less gaseous Hg than 
non-vegetated soils (Stamenkovic et al., 2008; Fantozzi et al., 2013). Our 
results also confirm the role of soil organic matter in limiting Hg 
mobility in soil (Yin et al., 1996, 1997; Liu et al., 2018; Johs et al., 2019). 
In contrast to remediation techniques based on the addition of chemical 
sorbents, fungal necromass production is a naturally occurring process 
in the soil that might be enhanced to improve Hg immobilization 
(Ahmad et al., 2014; Wang et al., 2021b). For example, polluted sites 
could be restored with plants harboring fungal consortia producing high 
biomass and having high chemical-Hg-binding properties. Regardless, 
while our study is among the first to assess the roles of fungal necromass 
in Hg cycling, we still have limited knowledge about the roles of fungi in 
Hg cycling and speciation while they are alive. For example, it has been 
depicted that fungi can internalized Hg (Durand et al., 2020) and 
generate Hg-based volatiles (Urík et al., 2014; Kodre et al., 2017). Thus, 
promoting fungal biomass production might increase Hg bio-
volatilization. Additionally, fungal residues also represent a food source 
for soil fauna, and as a potential consequence, increasing fungal nec-
romass formation could intensify the Hg bioaccumulation phenomenon 
observed within terrestrial food chains (Yung et al., 2019). 

4. Conclusions 

In conclusion, we show that fungal residues present in soil passively 
adsorbed substantial quantities of Hg. Furthermore, Hg accumulation in 

Fig. 2. (a) Averaged FTIR profiles for low and high melanin necromass types post incubation. The numbers in circles represent the identified peaks (Table 1). Insert 
on the left side of the figure displays Pearson’s correlations between necromass FTIR data (cm−1) and Hg concentration (μg/kg dry mass). (b) Pearson’s correlations 
between peak 15 (715 cm−1) and Hg concentration (μg/kg dry mass) for the two necromass types together and separately. 
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fungal necromass varied depending on the chemical properties of nec-
romass and was strongly associated with lipid compounds. We propose 
that fungal necromass might play a central role in the Hg global cycle. 
More holistic studies, including the impact on Hg cycling of both living 
and dead fungal components, are necessary to measure the net effect of 
these ubiquitous microorganisms on Hg emission from soil. 
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