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a b s t r a c t 

Fungal mycelium is a major component of the soil microbiome. The soil hyphosphere represents a 

complex and dynamic niche for specific microorganisms, where multitrophic interactions occur, 

affecting ecosystem processes. However, extracting fungal mycelium from the soil to enable its 

taxonomical, chemical, and structural characterisation is challenging in the absence of a fast, 

efficient, and low-cost procedure. In this study, an old method (Bingle and Paul 1985), based 

on successive soil wet filtrations and density gradient centrifugation, was improved and tested 

in three different soil types (silty clay, silty clay loam, and loamy sand). The improved method 

reduced the number of filtrations by about five times and the centrifugation time from 40 min to 

1 min. It avoided using any chemical substance which may impair further chemical analyses or 

DNA isolation and amplification. The method efficiency was about 50 % in the clay and 23 % in the 

sandy soils. However, a pre-step consisting of removing the fine-root fragments and other debris 

under the stereomicroscope may increase the method efficiency to more than 65 %, independent 

of the soil type. 

• A simple, efficient, and low-cost method suitable for extracting soil mycelium from a large 

number of samples. 

• The protocol includes successive soil wet filtrations and sucrose gradient centrifugation. 

• The method efficiency increases if the fine-root fragments and other debris are previously 

removed from the soil. 
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Method details 

Background 

Soil filamentous fungi are crucial in carbon (C) and nutrient cycling in terrestrial ecosystems [1] . They decompose organic material

to obtain C and other nutrients [2] , channel the plant-fixed C to the soil (mycorrhizal fungi), and contribute to soil C storage through

their residues and conversion of C-containing biomolecules into decay-resistant supramolecular complexes [ 3 , 4 ]. Soil fungi move C

and nitrogen (N) within the forest soil profile [5] and nutrients from the soil to plants [6] , improving plant productivity. Fungal

mycelia represent 45–60 % of soil microbial biomass [7] . In temperate and boreal forests, they account for more than 3500 kg ha − 1 

with a turnover rate of 25 days to 1 year [8–10] . The hyphosphere, consisting of the hyphal surface and the hyphae-adjacent soil,

which is influenced by hyphal exudates, is a very complex and dynamic zone of multitrophic interactions [11] . It forms a niche for

specific microorganisms (e.g., bacteria) that can solubilise organic or inorganic nutrients having a large influence on the soil nutrient

economy [12–15] . 

In the last decades, an unprecedented amount of fungal taxon-specific molecular sequences from environmental samples has 

become available through the employment of high-throughput DNA sequencing [16] . However, the fungal sequence assignment to 

taxon functional identity is minimal [17] as currently less than 5 % of soil fungi have been isolated, cultivated and functionally

described [18] . Molecular DNA metabarcoding data, combined with functional analyses, may enable functional characterisation at 

the level of fungal metacommunities, bringing no or only minimal information on the functions of specific community components

[ 16 , 19 ]. A more precise sampling, consisting of soil mycelium rather than bulk soil, may refine DNA metabarcoding, further allowing

the estimation of more accurate links between soil fungal biodiversity and ecosystem processes whilst at the same time addressing

the hyphosphere complexity. 

Sample preparation is recognised as one of the most critical steps in the DNA metabarcoding and sequencing of soil fungal

communities [ 16 , 20–22 ]. The soil fungal community can be enriched with specific taxa depending on how the sample is processed.

The vast majority of studies which specifically address the soil fungal communities used the DNA extracted from the soil with

no previous processing but removing coarse roots and stones [23–25] . Some authors sieved the soil through a 2 mm-mesh sieve.

Therefore, the soil-extracted DNA may belong not only to the fungal mycelium in soil but fungi associated with fine roots, fragments

of mycorrhizal root tip mantle, small decaying wood material, or fungal spores. Fungal communities of all these fractions differ from

soil mycelium [ 26 , 27 ], inflating the soil fungal metacommunities and biasing any functional estimates [28] . 

After fungal cell death, remnant DNA is often sorbed to the soil matrix, eluding the microbial decay and contributing to the soil

DNA pool that is commonly extracted and amplified to assess the soil fungal communities [29] . Hence, extracting and amplifying

the DNA from soil material also results in the overrepresentation of fungal communities due to relic DNA, which can represent more

than 40 % of the fungal molecular sequences (internal transcribed spacer, [29] ). 

As technology and research have progressed, the functional and taxonomical exploration of soil mycelium have been found to be

difficult in the absence of reliable methods to isolate the mycelium from the soil. 

Bingle and Paul [ 30 ] have provided a method to separate the fungal hyphae from soil particles using successive wet filtrations

and glycerol gradient density centrifugation. In principle, this method is recommended for collecting soil mycelium for chemical and

nutrient analysis [31] , but its applicability for nucleic acid isolation is possibly hampered by using sodium pyrophosphate solution

in all its steps. Sodium pyrophosphate is required to increase the soil dispersal, but it can be an inhibitor of the Taq polymerase and

PCR reaction [ 32 , 33 ]. Moreover, the method is time-consuming since it involves a high number of filtration steps, preventing its use

for a large number of samples concomitantly. 

In this study, we improved Bingle and Paul’s method for soil fungal mycelium extraction by firstly excluding from the procedure

any chemical compounds which may impair the subsequent DNA isolation and amplification. Secondly, we reduced the number of

filtration steps by five times and, finally, reduced the centrifugation time from 40 min to 1 min. 

We tested the reliability of the method by extracting soil mycelium from three soil types, differing in structure, chemistry, and

microbial biomass. The efficiency of the method was controlled by microscopic analysis of all discarded fractions and measuring the

hyphal lengths of the initial soil sample, extracted mycelium, and discarded soil residues. 

Soil collection and sample preparation 

Soil samples were collected in 27 experimental plots (100 × 100 m) located in European beech ( Fagus sylvatica L.) dominated

forests in three regions of Germany: the UNESCO Biosphere-Reserve Swabian Alb (Alb, 7 plots) in the southwest; the region Hainich-

Dün (Hai, 10 plots), including the National Park Hainich, in central Germany; and the UNESCO Biosphere-Reserve Schorfheide-Chorin 

(Sch, 10 plots) in the northeast Germany. 

The three regions differ in climatic conditions, with mean annual temperatures ranging from 6 to 8.5 °C (from Alb to Sch) and

mean annual precipitation from 500 to 1000 mm (from Sch to Alb). The soil types differ amongst the regions, with clay contents, pH

values, and microbial biomass decreasing from Alb to Sch ( Table 1 ). The plots belonged to the infrastructure of the DFG-Biodiversity

Exploratories project ( https://www.biodiversity-exploratories.com , [34] . 

In each plot, seven soil cores with a diameter of 0.08 m and depth of 0.10 m were collected at equal distances along two 40 m long

transects plotted from north to south and west to east, respectively. Before coring, the surface organic layer was removed, resulting

in the collection of the top mineral soil comprising the A horizon. All samples of a plot were mixed and well homogenised, giving one

composite sample per plot. The soil was sieved through a 2-mm sieve and inspected to find and remove the remaining root fragments.
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Table 1 

Soil properties of the three study sites (after [ 34 , 40 ]). 

Soil properties Swabian Alb 

(Alb) 

Hainich-Dün 

(Hai) 

Schorfheide Chorin 

(Sch) 

Soil type Cambisol / Leptosol Luvisol Cambisol 

pH 5.0 ± 1.0 5.0 ± 1.0 3.0 ± 0.1 

Soil bulk density (g cm 

− 3 ) 0.82 ± 0.01 0.91 ± 0.05 1.14 ± 0.05 

Clay (g kg − 1 ) 496 ± 105 301 ± 99 45 ± 19 

Sand (g kg − 1 ) 60 ± 46 58 ± 18 871 ± 61 

C/N ratio 13 ± 1 13 ± 1 18 ± 3 
Microbial biomass (μg g − 1 ) 737 ± 220 449 ± 214 123 ± 38 

Fig. 1. Schematic diagram of the procedure for soil mycelium extraction. 

 

 

 

 

 

A 10.0 g aliquot of soil was taken from each sample and divided into two equal parts. One part was used for mycelium extraction

and another for measuring the total hyphal length. The samples were stored at − 20 °C for further analysis. 

Extraction procedure of soil mycelium 

A soil sample (5.0 g) was dispersed in 100 ml deionised water using a bar stir on a magnetic stirrer (IKA Kombimag® RCT, IKA

Labortechnik, Staufen, Germany) at a speed of 500 rpm for 5.0 min (step 2 and 3, Fig. 1 ). The obtained solution was filtered in two

consecutive steps. The first step involves 2x filtration on a nylon mesh cloth (Franz Eckert GmbH, Waldkirch, Germany) of 1000 μm

pore size, with a thorough washing of the oversize particles with 100 ml deionised water (step 4, Fig. 1 ). In the second step, the
3 
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filtrate consisting in the soil solution and the washing water was further 2x filtrated, using a metal sieve of 50.0 μm pore size, padded

with a 50.0 μm pore size layer of nylon mesh (Franz Eckert GmbH, Waldkirch, Germany). In this step, the filtrate was discarded.

The oversize particles, mainly consisting of the bulk mycelial stock, were collected into a 50 ml-Falcon tube by a careful rising with

25.0 ml deionised water using a pipette (step 5, Fig. 1 ). The Falcon tubes containing mycelium were kept at 4 °C for several hours until

other samples were processed, then centrifuged for 3.0 min at 3100 x g (Eppendorf centrifuge 5810R, Eppendorf GmbH, Hamburg,

Germany). The centrifugation speed and time were adjusted to find no hyphae in the supernatant by the microscopic observation.

The supernatant was discarded (step 6, Fig 0.1 ). The pellet was dispersed by vigorously hand shaking into 50.0 ml of 45.5 % sucrose

solution and subsequently centrifuged at 50 x g for 1.0 min (step 7, Fig. 1 ). The supernatant was immediately collected and pipetted

onto a three-layered 50.0 μm pore size nylon mesh (Franz Eckert GmbH, Waldkirch, Germany; step 8, Fig.1 ). The step of pellet

dispersal into sucrose solution, followed by centrifugation, and the supernatant collection was repeated five times. The remaining 

pellet of soil residues was discarded. The particles collected on the nylon mesh were thoroughly washed with deionised water until

the sucrose solution was rinsed out. Afterwards, they were carefully scraped off the mesh and collected into a 2.0 ml Eppendorf tube

(step 9, Fig.1 ). 

Measurement of hyphal length 

The hyphal length was measured in the initial soil, the extracted mycelium, and all discarded fractions of the mycelium extraction

procedure. 

To prepare the fungal hyphae for microscopic observation, a modified protocol based on [ 35 , 36 ] was followed. The soil sample

(5.0 g) was suspended overnight in 200 ml of water mixed with 31.0 ml 35 % sodium hexametaphosphate solution. The soil suspension

was then thoroughly stirred with a glass rod, filled with water to a final volume of 250 ml, and sonicated in a water-bath sonicator

(Sonorex Super RK 510 H, Bandelin electronic GmbH, Berlin, Germany) at 320 W for two minutes intended to break up the soil

aggregates. To cut the hyphae into shorter pieces, the soil suspension was blended for 9.0 s at 8000 rpm speed using Ultra Turrax

T25 (IKA Labortechnik, Staufen, Germany). The beaker containing the soil suspension was placed on a magnetic stir plate (IKA

Kombimag® RCT, IKA Labortechnik, Staufen, Germany) and stirred at high and then to a lower speed to allow soil particles to settle

to the bottom of the beaker. During that time, an aliquot of 1.0 μl of the suspension was taken with a pipette from halfway between

the beaker edge and bottom of the vortex and transferred into the central 16 x square of an Improved Neubauer chamber of 0.1 mm

depth (VWR, Darmstadt, Germany). To measure the hyphal length of the collected mycelium and the discarded soil pellet, samples

of mycelium and soil residues were suspended in 250 ml water and sonicated, blended and stirred as described above. The procedure

negated the need for the overnight soil-soaking step. The Neubauer Improved chamber was observed under a microscope (Zeiss Primo

Star, Zeiss, Jena, Germany) at 10 x magnification. 

Using the gridline intersect method, hyphal intersections of all 48 vertical and 48 horizontal lines of the central 16 x square

Neubauer Improved chamber were counted. 

The hyphal length (H) was calculated by following Newman’s formula [37] . 

𝐻 = 

π ∗ N ∗ A 

2L 

Where: 

N = number of intersections, A = area of gridding, L = total line length of the gridded square 

DNA isolation and amplification 

Genomic DNA was isolated from freeze-dried samples of soil-extracted mycelium using the Innu PREP Plant DNA kit (Analytik

Jena, Jena, Germany) according to the manufacturer’s protocol. Internal transcribed spacer (ITS) fungal rDNA region was amplified 

using the fungal-specific pair of the forward ITS1F (CTTGGTCATTTAGAGGAAGTAA) and reverse ITS4 (TCCTCCGCTTATTGATATGC) 

primers [38] . To check for positive amplification, 3.0 μl of the PCR products were mixed with 0.5 μL DNA loading dye GelRed (Biotium,

Inc., Fremont, CA), loaded on 1.5 % agarose gel in TAE(Tris-acetate-EDTA) buffer, at 120 Vs for 35 min, and visualised under UV

light (Fluor-STM multi-imager; Bio-Rad, Munich, Germany). A DNA ladder solution (Biotium, Inc., Fremont, CA) and positive and 

negative controls were also loaded in the gel to estimate the size of PCR products and for reference. 

Calculations and statistical analyses 

The efficiency of the mycelium extraction procedure was defined as follows: 

Relat ive ext ract ion eff iciency = 

Total hyphal length in the collected mycelium 

Total hyphal length in the initial soil sample 
∗ 100 

Statistical analyses were performed using R version 4.2.1 (The R Foundation for Statistical Computing Platform 2022). Statistically 

significant differences between hyphal lengths of different soil fractions in the three regions were tested by Kruskal-Wallis one-way

analysis of variance by ranks, followed by the post hoc Nemenyi’s test using the function posthoc.kruskal.nemenyi.test in PMCMR

package [39] . Fig. 1 was created with BioRender.com. 
4 
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Fig. 2. Hyphal length in the initial soil from where the mycelium was extracted, extracted mycelium, and discarded soil pellet at the end of the 

procedure. Soil samples were collected in three regions, Swabian Alb (Alb), Hainich-Dün (Hai), and Schorfheide-Chorin (Sch). Uppercase letters 

represent the statistical differences between the hyphal lengths of extracted mycelium; Lowercase letters represent the statistical differences between 

the hyphal lengths of discarded soil residues ( n = 7 for Alb, n = 10 for Hai, and Sch). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Method validation 

Relative extraction efficiency (%) of soil mycelium, when the initial soil represented 100 % recovery, was estimated to 49.6 ± 3.5 %

in Alb, 50.6 ± 2.3 % in Hai, and 22.5 ± 1.1 % in Sch soil samples. These results are in the range of those obtained by Bingle and

Paul [ 30 ], who used glycerol density gradient centrifugation to obtain soil particle-free hyphae. Although the total hyphal length

measured in the initial soil did not vary between soils of the three regions ( Fig. 2 ), the hyphal length of extracted mycelium was

significantly higher in the clay soils of Alb and Hai than in loamy sand soils of Sch ( Fig. 2 ). In Alb soil, extracted mycelium, mean

hyphal length value was about 110 m g − 1 , while in Hai soil was 80 m g − 1 following the trend of a higher amount of clay found in

Alb soils (496 g kg − 1 ) compared with Hai soils (301 g kg − 1 , Table 1 , [40] ). 

To recover the values found in the initial soil, hyphal lengths were measured in all discarded and collected fractions in the mycelium

extraction procedure. However, hyphal measurement was not achievable in the oversize particle fraction in step 4 (1000 μm filtration,

Fig. 1 ), which contained numerous root fragments rich in fungal structures of mycorrhizal root tips or pieces of the ectomycorrhizal

mantle, and soil or sand particles carrying an unspecific amount of hyphae ( Fig. 3 a and b ). The filtrates in steps 5 and 9 ( Fig. 1 )

contained no hyphae ( Fig. 3 c and d ). In the very last discarded soil pellet resulted from sucrose gradient centrifugation (step 8, Fig. 1 ),

the hyphal length recovery was about 25 % (5 m g − 1 ) in Alb and Hai soils, and 12 % (2 m g − 1 ) in Sch soils ( Fig. 2 ). 

We assume that the remaining percentages of not recovered hyphae of 25% in Alb and Hai soils, and 65 % in Sch, were represented

by hyphae lost in the oversize particle fraction from step 4 ( Fig. 1 ). In this fraction, the hyphae can be either attached to the root

fragments or other plant debris or attached to the soil particles. The latter situation is less probable because the clay aggregates

disperse during stirring (step 1, Fig. 1 ), liberating the hyphae. During water immersion, the sand grains drop out of the hyphal

biomass aggregates by 90 %, with almost 100 % release under stirring [41] . Therefore, a pre-step of removing the root fragments

and other debris using tweezers under a stereomicroscope may increase the method efficiency to 67 ± 2 % in Alb, 68 ± 2 % in Hai,

and 65 ± 1 % in Sch. Many studies use this removal step in preparing the soil samples for DNA isolation [42–45] . The presence of

mycorrhizal root tips in the soil samples dramatically biased the community composition of soil fungi. It has often been reported

that sequencing the DNA isolated from root tips and soil collected at exactly the same spot results in two distinct fungal communities

[ 27 , 46 , 47 ]. 

In the literature, it is commonly reported that the hyphal diameter ranges between 1 and 30 μm [48] . We found hyphae of 1–

20 μm diameter (data not shown). However, in the soil, mycelium hyphae appear closely connected, and their length was greater

than > 50 μm [49] . Therefore, the soft gravity filtration through multiple layers of 50 μm pore size mesh, instead of using a mesh of

smaller pore size that requires a vacuum filtration, resulted in the maximal hyphal yield. Because all hyphae remained intertwined

with one another in the mesh filter, we found none in the discarded solutions (steps 5 and 9, Figs. 1 and 3 c , d ). 

We found no differences in the method efficiency between the silty clay (Alb) and silty clay loam soil (Hai), which is in accordance

with Bingle and Paul [ 30 ]. However, in the absence of the pre-step of root fragments removal, the extraction efficiency was about two

times higher in the clay relative to loamy sand soil (Sch). We explain this situation through the higher number of hyphae lost through

when filtered with the oversize > 1000 μm root debris, which were more abundant in the sand than in clay soils. This is because, in

temperate forests, beech trees present 35 % higher fine-root production [50] , three times higher fine-root mass, and a ten-fold higher

fine-root growth rate on sand than on clay soils [51] . If the pre-step of removing root fragments under a stereo microscope is carried

out, this method will achieve a similar efficiency in different soil types. 
5 
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Fig. 3. Microscopic pictures of oversized particles ( > 1000 μm) filtered in step 4 (a, b), discarded filtrate ( < 50.0 μm) filtered in step 5 (c, d), discarded 

soil pellet from sucrose gradient centrifugation in step 8 (e, f), and extracted mycelium in step 9 (g, h). The left-hand column shows Swabian Alb 

(Alb) samples, and the right-hand column samples from Schorfheide-Chorin (Sch). The scale bar represents 100 μm. 

 

 

 

 

The extraction procedure used no chemical substances, preventing potential DNA isolation and amplification impairments. The 

extracted DNA from the collected soil mycelium was used to amplify the fungal ITS region. Electrophoretic separation of PCR products

showed a high quality of the DNA yield in all soil types ( Fig. 4 ). Moreover, the number of DNA reads obtained from these samples

employing Illumina sequencing was > 12,000 per sample (data not shown). 

The soil mycelium extraction yielded a relatively soil-free bulk mycelium in an efficient ( > 65 %), simple, fast, and low-cost

procedure. Compared with the previously available method of Bingle and Paul [ 30 ], this improved protocol reduced the time needed
6 
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Fig. 4. DNA electrophoresis of ITS1-F and ITS4 PCR products from soil-extracted mycelium. Lanes M, kilobase DNA ladder; lanes 1–5, Hainich-Dün 

(Hai) samples; lanes 6–10, Swabian Alb (Alb) samples; lanes 11–15, Schorfheide-Chorin (Sch) samples; lanes 16 and 18 (-), negative control; and 

lane 17 ( + ), positive control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for filtrations by five times and centrifugation from 40 min to 1 min. It enables handling a large number of samples and uses no

chemical compounds, which may hamper further analyses. Thus, the extracted bulk soil mycelium can be used for DNA isolation,

refining the DNA sequencing outcome to the specific soil-localized fungal communities, for analysis of mycelium chemical composi- 

tion, and exploration of hyphosphere microbial niche. The method provides the means of investigation the functional aspects of soil

fungi that may answer questions about their role in nutrient cycling, soil C sequestration, and climate change mitigation in terrestrial

ecosystems. 
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