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ABSTRACT 

Background:    It has been observed that when ectomycorrhizal fungi (EMF) are excluded from 

soils, forest litter degradation increases significantly. Furthermore, several fungal secondary 

metabolites are known for their antibacterial effects. Therefore, it is hypothesized that forest 

litter extracts processed by EMF inhibit bacterial growth. 

Material & methods:   Paxillus involutus – a model EMF – was grown for 7 days on liquid 

forest litter extracts. FTIR-spectroscopy was used to investigate fungal-induced changes in the 

litter composition. Extracts were fractionated by 3 different methods: phenolic compounds 

were separated via solid-phase extraction; low-molecular weight compounds (3 kDa cut-off) 

via ultrafiltration; apolar compounds via double ethyl acetate extraction. Bacterial growth 

inhibition of the different fractions was tested for by 3H-leucine incorporation. 

Results:    P. involutus processing of the litter extracts resulted in a decrease in aromatic C=C 

stretches and an increase in carboxylic C=O stretches. The addition of unprocessed extract to 

bacterial slurries reduced bacterial growth rates by 80%. If the extract had been processed by 

P. involutus bacterial growth was only reduced by 20%. This effect was reflected in both <3 

kDa and >3 kDa fractions, with no significant difference between both fractions. Both phenolic 

and apolar compounds inhibited bacterial growth but no difference due to EMF processing was 

found. However, the aqueous fractions did strongly reduce bacterial growth and reflected the 

observed difference between unprocessed and processed litter extracts. Salts, sugars, metals, 

and carboxylic acids were found not to affect bacterial growth at the investigated 

concentrations.  

Discussion & conclusions:    When growing on litter extracts, P. involutus has not been found 

to induce bacterial toxicity. On the contrary, litter extracts themselves exert antibacterial effects 

which are partially neutralized after P. involutus processing. This effect is exerted by unknown 

water-soluble molecules, and further research is required to identify these antibacterial 

compounds in forest litter.  
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SAMENVATTING 

Achtergrond:    Het is vastgesteld dat de degradatie van de strooisellaag in bossen significant 

toeneemt indien ectomycorrhizale fungi (EMF) worden verwijderd uit de bodem. Ook weet 

men dat sommige van deze schimmels secondaire metabolieten produceren die een 

antibacterieel effect uitoefenen. Gebaseerd op deze 2 bevindingen is er gehypothetiseerd dat 

wanneer extracten van de strooisellaag bewerkt zijn door EMF, deze de bacteriële groei 

inhiberen. 

Materiaal & methoden:   Paxillus involutus – een model-EMF – werd voor 7 dagen gegroeid 

op een vloeibaar extract gemaakt van de strooisellaag van een bos. FTIR-spectroscopie werd 

gebruikt om na te gaan hoe de chemische samenstelling van het extract veranderde tijdens deze 

periode. Drie technieken werden toegepast om de extracten te fractioneren: fenolische 

componenten werden geïsoleerd door vastefase-extractie; moleculen kleiner dan 3 kDa door 

ultrafiltratie; apolaire moleculen door een dubbele ethylacetaat extractie. Van elke fractie werd 

de inhiberende capaciteit op de bacteriële groei onderzocht via de incorporatie van 3H-leucine.  

Resultaten:    Nadat P. involutus op het extract gegroeid had, waren er minder aromatische 

C=O verbindingen en meer carboxylische C=O verbindingen aanwezig. Wanneer onbewerkt 

extract werd toegevoegd aan bacteriën, werd de groei ervan gereduceerd met 80%. Als P. 

involutus hier eerst op gegroeid had, was de reductie slechts 20%. Dit effect werd 

teruggevonden in zowel de fractie die moleculen <3 kDa bevatte als deze die moleculen >3 

Kda bevatte. Zowel de fenolische fractie als de fractie met de apolaire componenten zorgde 

voor een inhibitie van de bacteriële groei, maar geen verschil werd opgemerkt tussen 

onbewerkte en door P. involutus bewerkte extracten. De fractie die de polaire moleculen 

bevatte reduceerde de bacteriële groei ook en reflecteerde het opgemerkte verschil tussen 

onbewerkt en bewerkt extract. Zouten, suikers, metalen en carboxylzuren hadden geen invloed 

op de bacteriële groei bij de onderzochte concentraties. 

Discussie & conclusies:    Er zijn geen aanwijzingen gevonden dat P. involutus extracten van 

de strooisellaag toxisch maakt voor bacteriën. In tegendeel, deze extracten blijken zelf toxisch 

te zijn voor bacteriën en P. involutus verlicht dit gedeeltelijk. Wateroplosbare moleculen 

blijken verantwoordelijk te zijn voor deze toxiciteit, maar verder onderzoek is nodig om deze 

antibiotica te identificeren. 
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TCA Trichloroacetic acid 

TN Total nitrogen 

TOC Total organic carbon 

 

 

 

 

 

 

  



10 

 

  



11 

 

INTRODUCTION 

· Global climate change – a modern threat 

Global climate change is a modern acknowledged problem, resulting from an increase in the 

average global temperature. Over the last 30 years, the global surface temperature increased 

with 0.2˚C per decade and it is predicted that global warming of more than 1˚C will lead to 

dramatic effects on agriculture, human health, water resources and sea level (1). 

Global warming is caused by the increased accumulation of greenhouse gases in the 

atmosphere and this increase has been attributed to human activities, particularly the burning 

of fossils fuels. One of those greenhouse gases that is stated to be a major contributor to the 

`greenhouse effect` is atmospheric carbon dioxide (CO2).  

· Soil C-sequestration – an ecological process 

Soil carbon (C)-sequestration is the ecological process in which atmospheric CO2 is taken up 

by photosynthesizing higher plants and transferred to the soil. This can be via the roots in the 

form of exudates, but also as living or dead plant biomass. This process has led to the creation 

of major carbon sinks.  

Of all the ecotypes, boreal forest biomes are of major importance. They cover approximately 

11% of the terrestrial surface and contain 16% of the total sequestered C in soils worldwide 

(2). These forests are thus characterized by a thick litter layer. In this litter layer, 

ectomycorrhizal fungi appear to be dominant. These microbial organisms form mutualistic 

symbioses with the roots of their host plants. They extend the root system by forming extensive 

mycelial networks in the surrounding soil. This allows them to scavenge the soil for mineral 

nutrients which they exchange with their hosts for energy-rich carbohydrates.  

EMF comprise only a part of the microbial organisms found in soils. Also saprotrophic 

organisms, which includes both fungi and bacteria, are found. They are dependent on the dead 

organic matter in the soil for their energy source. The respiration of all these organisms results 

in a flux of CO2 back into the atmosphere, and this contributes much higher to the atmospheric 

CO2 content than any human activity (3).  
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· Interactions between EMF and soil bacteria 

In 1971 and 1975, Gadgil & Gadgil observed that when EMF were excluded from the soil, the 

degradation of the litter layer increased significantly (4, 5). Since then, many hypotheses have 

been investigated to account for this observed effect (FIGURE 1). Physical parameters such as 

temperature and soil moisture content, but also biological interactions between the microbial 

organisms have been investigated (6). 

To date, no single parameter has been 

found to be able to account for this 

observation solely, raising the 

possibility that this effect depends on 

multiple factors. Interestingly, it has 

been observed that in coniferous forest 

soils, fungi are found to quantitatively 

dominate bacteria in the decomposing 

litter layer while the importance of 

bacteria increases with soil depth (7). 

This can indicate that fungi exert 

specific effects on soil bacteria, 

providing a valid hypothesis for 

explaining the Gadgil effect. Further 

evidence comes from the observation 

that some EMF species are found to 

reduce the bacterial activity in soils (8). 

· Goals and objectives of this study 

It is hypothesized that EMF induce bacterial toxicity when degrading forest litter. To 

investigate this, Paxillus involutus, a model EMF, will first be grown on liquid forest litter 

extracts. The degradation of this extracts will be characterized via diffuse reflectance infrared 

Fourier transform spectroscopy. Bacterial growth rates will be tested for P. involutus-induced 

toxicity by adding fractions of unprocessed and processed litter extracts to them and comparing 

the observed results. Should P. involutus be found to induce bacterial toxicity, the nature of 

this toxicity will be further characterized.  

FIGURE 1   Schematic review of the Gadgil effect (a), and possible 

mechanisms that induce this effect (b). Adapted from (4). 
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MATERIAL & METHODS 

· Soil and litter sampling 

Soil samples were taken from both the litter layer (November 2015) and the underlying mineral 

layer (February 2017; SUPPORTING INFORMATION, table S1) of a pure spruce forest site in 

southern Sweden (56˚ 42` 2.63” N, 13˚ 6` 57.57” E, Halmstad, Skåne lan, Sweden). Samples 

were homogenized by sieving them (2 mm mesh size) and stored fresh in plastic bags at 4˚C 

until further usage.   

· Litter extracts 

Two different litter extracts were made to use in the experiments. 120 g of litter was suspended 

in 600 mL of distilled water and either boiled for 1 h (Forest Hot Extract, FHE) or magnetically 

stirred for 24 h at room temperature (Forest Cold Extract, FCE). Solids were removed by 

filtration through a cheese mesh and subsequent centrifugation (30 min, 10000 g). To obtain 

homogeneous extracts, the supernatants were sequentially filtered through glass microfibre 

filters of three different pore sizes (Whatman GF/D 2.6 µm, GF/A 1.6 µm, GF/F 0.7 µm; GE 

Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). Extracts were sterilized via 

syringe filtration (Filtropur S 0.22 µm; Sarstedt, Nümbrecht, Germany) and stored at 4˚C until 

further analyses.  

· Fungal strain and culture conditions 

Paxillus involutus (Batsch) Fr. (strain ATCC 200175; Manassas, VA, USA) (Basidiomycota, 

Boletales), a model EMF, was chosen to use in the experiments. Cultures were maintained 

aseptically in the dark at 21˚C on 1% (w/v) agar plates containing modified Fries` medium (9) 

(33 mM glucose, 3.7 mM NH4Cl, 74 µM FeCl3·6H2O, 0.4 mM MgSO4·7H2O, 5 µM 

CuSO4·5H2O, 20 µM ZnSO4·7H2O, 50 µM MnSO4·H2O, 0.2 µM (NH4)6Mo7O4·4H2O, 0.3 

mM NaCl, 1.3 mM KCl, 0.2 mM H3BO3, 0.2 mM KH2PO4, 0.2 mM CaCl2·2H2O, 55 µM myo-

inositol, 0.1 µM biotin, 0.6 µM pyridoxine, 0.3 µM riboflavin, 0.8 µM nicotinamide, 0.7 µM 

p-aminobenzoic acid, 0.3 µM thiamine·HCl, 0.4 µM Ca-pantothenate; pH adjusted to 4.8). 
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· Litter processing by P. involutus 

A fungal inoculum was obtained by taking a single 5- by 5-mm plug of actively growing 

mycelium from the margins of a 2-week-old P. involutus culture. This inoculum was 

transferred to a Petri dish, filled with a single layer of 4 mm diameter glass beads and 10 mL 

of liquid Fries` medium (see above; without agar). After 9 days of incubation, the medium was 

removed and replaced with 10 mL of liquid NH4-free Fries` medium to induce N-deprivation 

in the mycelium (10). After 24 h, the medium was again removed and replaced with 10 mL of 

either one of the two litter extracts: FHE or FCE. To prevent that remaining glucose in the 

medium would interfere in the subsequent experiments, it was added as a solid 1 M glucose 

patch (0.5 cm diameter, 0.5 cm height; 1% (w/v) agar) on top of the mycelium. After 7 days of 

fungal growth, the mycelium was discarded and the extracts were collected and stored at -20˚C 

until further analyses. At the same time, aliquots (10 mL) of unprocessed litter extract were 

also taken from the bulk solution and stored at -20˚C to serve as controls. 

· Characterization of litter processing 

The chemical compositions of unprocessed and processed litter extracts were compared via 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). To prepare the samples 

for analyses, each sample (10 mL) was freeze-dried and ground to a fine powder in an agate 

mortar. Next, 5 mg of sample was diluted with 295 mg of KBr and this mixture was again 

ground. Samples were stored at 60˚C until being measured. The infrared spectra were recorded 

under low vacuum using a Vertex 80v spectrometer (Bruker, Billerica, MA, USA) and each 

spectrum was the average of 512 consecutive scans at a resolution of 4 cm-1.  Spectral peaks 

were assigned to specific chemical bonds according to (11). 

· Molecular size-fractionation 

Low molecular weight compounds (LMWC) were separated (3 kDa cut-off) from high 

molecular weight compounds (HMWC) for both the unprocessed and processed litter extracts 

via ultrafiltration (3K Omega Macrosep advance centrifugal devices; Pall corporation, Port 

Washington, NY, USA). After centrifugation (1 h, 5000 g) of the samples (10 mL), both 

fractions were resuspended in Milli-Q water to 10 mL and stored at -20˚C until further analyses. 
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· Ethyl acetate extraction 

Unprocessed and processed litter extracts were extracted with ethyl acetate (EtOAc) to separate 

apolar from polar compounds. Each sample (10 mL) was divided into 2 subsamples of 5 mL. 

Each subsample was protonated through the addition of 1 mL 1 M HCl and subsequently mixed 

with 5 mL 99.8% EtOAc. After centrifugation (40 min, 3500 rpm), the EtOAc fractions were 

carefully taken off with glass Pasteur pipettes as to not disturb the formed interlayer between 

the EtOAc fraction and the aqueous fraction. Water fractions were extracted a second time with 

fresh EtOAc (without the protonation step). EtOAc fractions from the same sample were 

pooled together, evaporated with N2 gas and resuspended in Milli-Q water to 10 mL. The water 

fractions were carefully collected by pipetting throughout the interlayer to the bottom of the 

glass vials, freeze-dried and resuspended in 10 mL Milli-Q water. All fractions were stored at 

-20˚C until further analyses. 

· Fractionation of phenolics 

Phenolic compounds were isolated from the unprocessed and processed litter extracts through 

an optimized solid-phase extraction using Oasis HLB cartridges (Waters corporation, Milford, 

MA, USA). Cartridges were prepared for analysis by rinsing them with 2 mL 99.8% methanol 

and acidifying them with 4 mL 0.01 M HCl. Before analyses, 1050 µL -samples were taken 

from the litter extracts and acidified with 15 µL 1 M HCl. For each subsample, two cartridges 

were each loaded sequentially with 500 µL sample and 500 µL 0.01 M HCl. Next, the bound 

phenolic compounds were eluted from the cartridges with 500 µL methanol solution (50% (v/v) 

99.8% methanol in 0.02 M NaOH). These fractions were collected in 15 µL 1 M HCl to 

neutralize the pH. The subsamples of each fraction were then pooled, freeze-dried, resuspended 

with 1 mL Milli-Q water and stored at 20˚C until further analyses. 

· Screening for antibacterial effects 

Unprocessed and processed litter extracts, and their respective fractions, were tested for 

antibacterial effects by the 3H-labelled leucine (3H-Leu) incorporation method (12, 13). This 

method measured protein synthesis as a proxy for bacterial growth. Bacterial slurries were 

obtained by shaking 3 g mineral soil or litter in 30 mL distilled water on a Multi Reax Vortex 

(Heidolph instruments, Schwabach, Germany) for 3 min at maximum intensity. Particles and 

fungal contaminants were excluded by centrifugation (10 min, 1000 g) and filtration of the 
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supernatant (MF-Millipore 1.2µm; Tullagreen, Carrigtwohill, County Cork, Ireland). The 

resulting bacterial suspensions from the same soil layer were pooled and 1.35 mL subsamples 

were used to measure bacterial growth. Toxicity tests were performed by adding 150 µl of the 

test solute to each bacterial subsample together with 20 µL3H- Leu solution (2 µL 3H-labelled 

Leu (37 MBq mL-1 and 5.74 TBq mmol-1; PerkinElmer, Boston, MA, USA) and 18 µL non-

labelled Leu, resulting in 275 nM Leu in each bacterial suspension). Samples were briefly 

vortexed and incubated for 2 h in the dark at 21˚C. Bacterial growth was terminated by the 

addition of 75 µl 100% trichloroacetic acid (TCA), and the radioactive pellets were sequentially 

washed with 1.5 mL 5% TCA and 1.5 mL 80% ethanol. After the termination step and each 

washing step, samples were briefly vortexed, centrifuged (8 min, 13000 g) and the supernatant 

was carefully aspirated as to not disturb the radioactive pellets. Pellets were then resolubilized 

in 0.2 mL 1 M NaOH for 1 h at 90˚C. After the samples were cooled down to room temperature, 

1 mL Ultima gold LSC scintillation cocktail (PerkinElmer, Boston, MA, USA) was added, and 

the amount of incorporated radioactive leucine was detected using a Tri-Carb 2910TR liquid 

scintillation analyser (PerkinElmer, Boston, MA, USA). 

· Statistical analyses 

MATLAB R2015b (MathWorks, Natick, MA, USA) was used for processing the spectra 

obtained via DRIFTS analysis. Spectra were pre-processed by performing an alternating least 

squares (ALS) baseline correction (λ=66000, p=0.001) of the spectral region between 950-

1820 cm-1. Data were then interpreted by multivariate curve resolution (MCR), followed by 

cluster analysis (14). R version 3.3.3 (R foundation for statistical computing, Vienna, Austria) 

was used for the remaining statistical analyses. Bacterial growth responses due to the addition 

of processed or unprocessed litter extracts were compared for statistically significant 

differences. Initial growth rate values were expressed as percentages related to the control 

samples by dividing the values with the average of the control samples and multiplying by 100. 

If the assumptions of normality and homoscedasticity were fulfilled, a one-way or two-way 

analysis of variance (one-way ANOVA) was performed followed by the Tukey`s range test. If 

the assumption of normality was met but the data appeared to be heteroscedastic, the Welch`s 

ANOVA test was used in combination with the Games-Howell post-hoc test. In case both 

assumptions could not be met, a Kruskal-Wallis test was used followed by a Pairwise Wilcoxon 

rank sum test.  
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RESULTS & DISCUSSION 

· Bacterial growth rates are pH-sensitive 

One of the most crucial factors affecting bacterial growth rates is the pH of the environment 

bacteria grow in (15, 16). Both bacterial slurries extracted from the mineral soil layer and litter 

layer had similar pH values, i.e. pH = 4.95 ± 0.07 and pH = 5.06 ± 0.06 respectively (pH ± 

S.D.). However, these values differed significantly (p < 0.01) from the pH of the litter extracts 

(FHE) (TABLE 1). Furthermore, P. involutus reduced the pH of the litter extracts even more (p < 

0.05) after 7 days of growth. A comparison between the effect of unprocessed or P. involutus-

processed FHE on bacterial growth rates can therefore be subjected to pH-induced differences. 

This depends on the sensitivity of the bacteria 

to changes in pH, and therefore bacterial 

growth rates across a pH gradient were 

investigated.  

Bacteria extracted from the mineral soil layer 

(pH = 4.95 ± 0.07; table 1) showed a 

significant decrease (p < 0.01) in growth rate 

when the pH was reduced to pH ≤ 4.54 or 

increased to pH = 5.67, down to 

approximately half the normal growth rate 

(FIGURE 1). Therefore, all solutions that were 

tested for antibacterial properties in the 

subsequent experiments were first adjusted to 

a pH of 5.  

· P. involutus alleviates bacterial toxicity of forest litter extracts 

To investigate whether P. involutus secretes antibacterial metabolites during litter degradation, 

soil bacteria were exposed to a dilution series of both processed and unprocessed FHE and 

bacterial growth rates were compared. Both bacteria extracted from the mineral soil layer and 

litter layer were tested to account for community-specific effects.  

  

FIGURE 1   Bacterial growth rates across a pH gradient of 

bacteria extracted from the mineral soil layer (pH = 5.08). 

Bacterial growth rates are expressed as disintegrations of 
3H-Leu x min-1. Error bars represent ± S.D. (n = 3). 

Statistically significant differences are annotated via 

different letters (Tukey`s range test (p < 0.01)). 
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TABLE 1    pH values, total organic carbon (TOC) and total nitrogen (TN) content of the different soil layers and Forest 

Hot Extracts (FHEs), before (reference) and after 7 days of P. involutus-growth (processed). Values are 

expressed as means (n = 3 – 7) ± S.D. 

Soil layer pH (H2O) TOC (%) TN (%) 

Mineral layer 4.95 ± 0.07 3.60 ± 0.19* 0.14 ± 0.01* 

Litter layer 5.06 ± 0.06 47.62 ± 0.73* 2.02 ± 0.05* 

FHE batch pH (H2O) TOC (mgL-1) TN (mgL-1) 

Batch 1, reference 3.66 ± 0.01a` 1679.63 ± 76.17a` 97.48 ± 3.49a 

Batch 1, processed 3.21 ± 0.14b` 1365.63 ± 83.62bc` 42.19 ± 7.76b 

Batch 2, reference 3.74 ± 0.01c` 1461.00 ± 18.36b` 92.10 ± 1.66a 

Batch 2, processed 3.11 ± 0.18b` 1135.13 ± 24.13c` 31.81 ± 2.50b 

Batch 3, reference 3.66 ± 0.01a` 2109.75 ± 157.27d` 125.60 ± 5.42c 

Batch 3, processed 3.11 ± 0.12b` 1445.50 ± 135.20abc` 60.28 ± 6.70d 

  

* Values within a column that are statistically different (p < 0.01, one-way ANOVA; n = 3) 

a-d Values within a column that are statistically different (p < 0.01, Tukey`s range test; n = 3 – 4) 

a`-d` Values within a column that are statistically different (p < 0.05, Games-Howell Test; n = 3 – 7) 

  

Bacterial growth rates were found to be inhibited by litter extracts, and the intensity of this 

inhibition increased significantly (Wilcoxon, p < 0.05) as the amount of added extract increased 

(FIGURE 2). At the highest concentration of processed FHE, bacterial growth rates were reduced 

by 20% (FIGURE 2A for soil bacteria, FIGURE 2B for litter bacteria). However, when unprocessed 

FHE was added at the highest concentration, bacterial growth rates were reduced by 80%.  

One possible explanation for the observed toxicity of FHE on soil bacteria can be found in the 

preparation of FHE, in which forest litter is boiled for 1 h to extract the organic matter. It has 

previously been shown that forest litter proved to be toxic for microbial organisms after being 

autoclaved (17), which is most likely due to an increase in aromaticity because of the heating 

process.  

To investigate this hypothesis, new litter extracts were prepared in which the organic matter 

was not extracted by heating the samples but instead by stirring them at room temperature 

(FCE). After P. involutus had grown on it for 7 days, both unprocessed and processed FCE 

were tested for inhibitory effects on bacterial growth. Similar observations were obtained from 

the experiments with FCE (FIGURE 2C, D) as from those with FHE, indicating that litter extracts 

themselves are toxic for bacteria and the toxicity is not introduced by boiling the litter. Because 

both P. involutus was shown to grow better on FHE and FHE extracted more organic C than 

FCE (data not shown), FHE was used in the following experiments. 
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 After P. involutus had grown on the litter extracts, the toxic effects of these extracts on bacteria 

seemed to be partially alleviated. However, it is possible that this observed reduction was only 

the result of an uptake of naturally occurring Leu from the medium by P. involutus as amino-

acids were possibly co-extracted while making the litter extracts. Then the ratio of unlabelled 

Leu to 3H-Leu would be much higher in unprocessed litter extracts, resulting in a technical 

artefact. Therefore, an experiment was set up in which bacterial growth rates were compared 

between unprocessed and processed FHE for 2 different concentrations of radiolabeled leucine. 

Because both bacteria extracted from the mineral soil layer and litter layer previously gave 

comparable results, only bacteria from the mineral soil layer were tested in the following 

experiments.  

0

20

40

60

80

100

0 50 100 150

B
ac

te
ri

al
 g

ro
w

th
, 

re
la

ti
v
e 

to
 c

o
n

tr
o

l 
(%

)

FHE (µL)

0

20

40

60

80

100

0 50 100 150

B
ac

te
ri

al
 g

ro
w

th
, 

re
la

ti
v
e 

to
 c

o
n

tr
o

l 
(%

)

FHE (µL)

(a) (b) 

b 

c 
d 

a 
e 

aef 

f 

a 

b 

c 

d 

e 
f 

g 

0

20

40

60

80

100

0 50 100 150

B
ac

te
ri

al
 g

ro
w

th
, 

re
la

ti
v
e 

to
 c

o
n

tr
o

l 
(%

)

FCE (µL)

0

20

40

60

80

100

0 50 100 150

B
ac

te
ri

al
 g

ro
w

th
, 

re
la

ti
v
e 

to
 c

o
n

tr
o

l 
(%

)

FCE (µL)

(c) (d) 
a a a a 

b 

c 

d 

a 

b 
c 

d 

e 
f 

g 

FIGURE 2   Bacterial growth rates after the addition of a dilution series of unprocessed (blue line) and P. involutus-

processed (orange line) litter extracts. (a) The effect of FHE on bacterial growth extracted from the mineral soil layer; 

(b) the effect of FHE on bacteria from the litter layer; (c) the effect of FCE on bacteria from the mineral layer: (d) 

the effect of FCE on bacteria from the litter layer. Growth rates are expressed as relative values, compared to control 

samples. Data points represent averages of 4 replicates (n = 4). Error bars represent ± S.D.. Statistically significant 

differences in each treatment are indicated with different letters (Wilcoxon rank sum test (p < 0.05)). 
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Increasing the amount of radiolabeled leucine to 4x the normal concentration gave no 

significant difference in bacterial growth rates, both for unprocessed FHE and processed FHE 

(ANOVA, p = 0.09 and p = 0.15, respectively; FIGURE 3). These results reject the possibility that 

the observed effect was due to a technical error and confirms that P. involutus alleviates the 

induced bacterial toxicity by FHE.  

When comparing the results in FIGURE 2A with FIGURE 3, different outcomes in growth responses 

are observed. The preparation of litter extracts involved the suspension of a certain amount of 

litter sample in water. Litter samples, however, are quite heterogeneous and different batches 

of FHE were found to vary strongly in the amount of extracted organic C and N (TABLE 1). The 

observed effect of FHE on bacterial growth rates is therefore not necessarily representative for 

the total litter layer. To investigate this, 3 different batches of FHE were tested for their effect 

on bacterial growth rates. Although bacterial growth rates were statistically differently affected 

by the different batches of FHE (ANOVA, p < 0.01; FIGURE 4), each batch reduced bacterial 

growth strongly and P. involutus-processing always alleviated this toxicity. However, to 

represent the effect of FHE on bacterial growth more accurately, bacterial growth rates were in 

FIGURE 3   The effect of increasing the amount of 

radiolabeled leucine [3H-Leu] on bacterial growth rates 

after the addition of unprocessed (blue bars) and P. 

involutus-processed (orange bars) FHE. No significant 

difference was found in bacterial growth rates after 

increasing the amount of 3H-Leu to 4x the normal 

concentration (p = 0.09 for unprocessed FHE, p = 0.15 

for processed FHE). Growth rates are expressed as 

relative values, compared to control samples. Bars 

represent averages of four replicates (n = 4). Error bars 

represent ± S.D.. ** p < 0.01 (ANOVA). 
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FIGURE 4   A comparison of bacterial growth rates after 

the addition of unprocessed (blue bars) and P. involutus-

processed (orange bars) FHE for different batches of 

FHE. Growth rates are expressed as relative values, 

compared to control samples. Bars represent averages of 

four replicates (n = 4). Error bars represent ± S.D.. ** p 

< 0.01 (ANOVA). Statistically significant differences 

between different batches are indicated with different 

letters (Tukey`s range test (p < 0.01)). 
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the following experiments investigated for each FHE batch and represented as the average 

value thereof (FIGURE 6A).   

The finding that P. involutus alleviates FHE toxicity on soil bacteria can be explained by either 

one of two mechanisms; either P. involutus indeed reduces or modifies the antibacterial 

compounds of FHE during litter degradation, or P. involutus secretes compounds that promote 

bacterial growth. The latter would suggest that the litter toxicity remains, but that the unaffected 

bacterial strains at the same time grow faster. To further characterize the toxic effect of FHE, 

we decided to 1) identify the changes in the chemical composition of FHE that occur during P. 

involutus-processing and 2) to investigate the chemical nature of these toxic molecules. 

· P. involutus modifies FHE during 7 days of growth 

To characterize P. involutus-induced changes in FHE, the chemical compositions of 

unprocessed and processed FHE were compared via DRIFTS. It was found that P. involutus 

strongly modified the chemical composition of FHE after 7 days of growth (Figure 5), mostly by 

altering the present carboxylates and aromatic structures. Both the spectral bands denoted to 

carboxylate C=O stretching (1720 cm-1) and to C-O stretching of phenolic OH groups (1265 

cm-1) showed an increased intensity, while those of carboxylate C-O stretching and/or aromatic 

C=C stretching (1426 cm-1 and 1600-1650 cm-1) were strongly reduced. This indicates that P. 

involutus oxidized the litter extract during degradation, on observation that also confirmed 

findings made in other studies (18, 19).  

However, another explanation for the increase in the absorption band at 1720 cm-1 was given 

in a previously conducted study which found that this could be the result of acidification of the 

sample (20). Although P. involutus-processing of FHE resulted in a decrease of the pH, this 

explanation was disregarded because the pH values of both our unprocessed and processed 

FHE were acidic (pH < 3.74, TABLE 1).  

Also, no changes in the polysaccharide fingerprint region (1030 – 1080 cm-1) were observed 

after P. involutus-processing of the extracts, indicating that adding glucose in a patch on top of 

the mycelium instead of in the medium itself successfully excluded glucose from the medium. 

The observed changes in spectral bands can therefore be said to be the result of modifications 

of the litter extracts, without bias induced by the glucose itself.  
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· Water-soluble components are responsible for antibacterial effect 

To further characterize the molecules that were responsible for the observed forest litter 

toxicity, litter extracts were fractionated via 3 different methods and each fraction was tested 

for their effect on bacterial growth rates.  

First, FHE was fractionated into LMWCs and HMWCs (3 kDa cut-off) to determine the size 

of the toxic compounds (FIGURE 6B).  For each fraction, the effect on bacterial growth rates was 

similar to that of the total extract, i.e. a significantly stronger reduction in bacterial growth by 

the addition of unprocessed FHE when compared with processed FHE (Kruskal-Wallis, p < 

0.01). This indicates that the toxic molecules cannot be separated based on their size. However, 

the separation of LMWCs from FHE did not appear to be successfully completed. Large 

retention volumes were still observed after the centrifugation step, most probably due to the 

saturation of the filter membranes. It is possible that small components were still present in the 

Figure 5   Chemical composition of Forest Hot Extract (FHE) before (blue line) and after (orange line) 7 days 

of incubation with P. involutus, as determined by DRIFTS analysis. Spectral peaks are assigned to their most 

likely origin according to (3). All spectra have been normalized to the same total area over the wavenumber 

region displayed (n = 3, unprocessed; n = 6, processed).  
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HMWC fraction. Because the separation proved to be inconclusive, these results could not 

account for the observed effects.  

Next, phenolic compounds were extracted from FHE because they are known to be capable of 

exhibiting toxicity to bacteria (21). The alleviation by P. involutus of phenolic-induced toxicity 

on bacteria could then be the result of the oxidation of these compounds during the incubation 

period (FIGURE 5). Phenolic compounds were indeed found to reduce bacterial growth rates 

(FIGURE 6C), but no difference was found between phenolic compounds from unprocessed or 

processed FHE (ANOVA, p = 0.31). However, the other fraction obtained during this 

procedure, which mostly contained small ionic molecules, also inhibited bacterial growth rates 

and differed between unprocessed and processed FHE (ANOVA, p < 0.01).  

At last, the compounds in FHE were fractionated according to their polarity. While the apolar 

fraction did inhibit bacterial growth rates, the amount of reduction was not as high as observed 

originally and no significant difference was found between unprocessed and processed FHE 

(Kruskal-Wallis, p = 0.30). However, the polar fraction also reduced bacterial growth rates and 

was found to be statistically different for unprocessed and processed FHE (Kruskal-Wallis, p 

< 0.01; FIGURE 6D). Therefore, it can be concluded that the antibacterial effect of FHE is exerted 

by polar molecules. 

The results of the fractionation experiments indicate that small, water-soluble molecules are 

responsible for the observed difference in bacterial toxicity between unprocessed and processed 

FHE.  

As mentioned before, the observed difference in bacteria growth rates between unprocessed 

and processed FHE can be explained by two possible mechanisms: either P. involutus reduces 

the toxicity of FHE, or it secretes bacterial growth-promoting compounds. In the latter 

mechanism, the toxicity would not be alleviated but the growth of the unaffected bacterial 

strains would be increased. To test for possible growth-promoting effects, bacterial growth 

rates were measured after the addition of a dilution series of glucose (TABLE 2). 

During the timescale of the incubation periode (2 h), bacterial growth rates were found not to 

be affected by the addition of glucose (ANOVA, p = 0.18), not even at the highest concentration 

which corresponded with an amount of 5 g glucose L-1. This strongly indicates that the 
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alleviated FHE toxicity by P. involutus is not due to the secretion of growth-promoting 

compounds, but results from the neutralization of the toxic compounds present in FHE.  

Next, the possibility of metal-induced toxicity was investigated. The litter that was used in the 

experiments contained significant amounts of aluminium and iron (data not shown) and both 

metals are known to exert antibacterial properties at certain concentrations (22, 23). However, 

the amount of aluminium and iron found in FHE varied significantly between the different 

batches, ranging both from 1 mgL-1 to 10 mgL-1. Therefore, bacterial growth was investigated 

across a dilution series of each metal (TABLE 2), ranging from 10 mgL-1 to 0.1 mgL-1. Even at 
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FIGURE 6   Bacterial growth rates after the addition of unprocessed (blue line) and P. involutus-processed (orange 

line) litter extracts and different fractions thereof. (a) The effect of the total fraction; (b) the effect of LMWC (<3 

kDa) and HMWC (>3 kDa) as fractionated by ultrafiltration; (c) the effect of phenolics and the remaining part of 

FHE as fractionated by solid-phase extraction; (d) the effect of polar and apolar compounds as fractionated by ethyl 

acetate extraction. Growth rates are expressed as relative values, compared to control samples. Bars represent 

averages of twelve replicates (n = 12; 4 for each FHE batch). Error bars represent ± S.D.. ** p < 0.01 (ANOVA or 

Kruskal-Wallis).  
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the highest concentrations, bacterial growth rates were not significantly affected by either one 

of the metals (ANOVA, p = 0.26), suggesting that these are not responsible for the observed 

toxicity of FHE. 

The following possible explanation that was investigated was the presence of small carboxylic 

acids in FHE. Carboxylic acids are involved in many processes operating in soils and are 

known to be capable of inducing toxicity in a wide range of microbial organisms (24, 25). 

Should these compounds prove to be toxic, the alleviation of P. involutus could be explained 

by induced modifications to these molecules due to degradation or uptake (FIGURE 5). To test 

this hypothesis, two different carboxylic acids were tested, i.e. oxalic acid and citric acid. Both 

were added to the bacteria in a dilution series with similar concentration of carbon compared 

to the glucose experiment. Also, no statistical differences were found in bacterial growth rates 

after the addition of citric acid (ANOVA, p = 0.23), but oxalic acid reduced bacterial growth 

rates significantly at the highest concentration, i.e. 2 g carbon L-1. However, this concentration 

was an overestimation of the actual concentration that is likely to be found in soils. Thus, these 

compounds were also concluded not to be responsible for the observed toxicity of FHE.  

TABLE 2 The influence of diluted series of iron, aluminum, glucose, citric acid and 

oxalic acid on bacterial growth rates. Values are expressed as the average 

growth percentage (n = 3) ± S.D., relative to the control value. 

  

 [Metal] (mgL-1) 

Metal 0.1 0.5 5 10 

Aluminum 104 ± 4 102 ± 5 96 ± 3 92 ± 5 

Iron 92 ± 3 95 ± 2 90 ± 4 101 ± 2 

 [C] gL-1 

Carbon source 0.002 0.02 0.2 2 

Glucose 95 ± 2 111 ± 10 111 ± 16 96 ± 6 

Citric acid 100 ± 12 96 ± 3 92 ± 10 87 ± 11 

Oxalic acid 113 ± 6 115 ± 10 103 ± 8 70 ± 4* 

     
* Values within a row that are statistically different from the control value (p < 0.01, 

ANOVA; n = 3) 
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CONCLUSION & SYNTHESIS 

Litter extracts made from forest litter reduce bacterial growth rates on by 80%. This effect is 

both observed for bacteria extracted from the mineral soil layer and from the litter layer itself. 

By fractionating these litter extracts, it was found that water-soluble molecules are responsible 

for this induced bacterial toxicity. Metals and carboxylic acids were found not to be the cause 

of this effect and the molecules responsible for the observed effects remain unknown. Further 

studies on the causative agents could be promising as their identification could result in the 

finding of a novel antibiotic. Size-exclusion chromatography followed by gas chromatography-

mass spectrometry would be a viable method to explore further the characteristics of the 

molecules of interest. 

Paxillus involutus is not found to induce antibacterial effects during the degradation of these 

litter extracts. In contrary, P. involutus-processing of litter extracts results in an alleviation of 

the induced bacterial toxicity to a merely 20% of the normal bacterial growth rates. This process 

is due to altering the toxic molecules, either by taken them up or modifying them. P. involutus 

has been found to oxidize aromatic and carboxyl compounds in the litter extracts, but due to 

the unknow character of the toxic molecules, it remains unknown if this was also the case for 

the toxic compounds. By investigating this further, these findings can contribute to gaining a 

better understanding of the complex interactions that EMF exert on soil bacteria. Once the toxic 

molecules are identified, possible P. involutus-induced modifications can be investigated by 

FTIR. 

Two possible candidate groups of antibacterial compounds that can be found in soils are 

proposed. The first group consist of glycopeptides and their derivated aminosugars. Various 

members of this expanding group which are known to be of microbial origin exert antibacterial 

effects towards Gram-positive bacteria. Other candidates can possibly be found in the class of 

small polyketides. In soils, these secondary metabolites are produced in high quantities by 

microbial organisms and form a rich source of bioactive molecules.  
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