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4 Pershore College, Warwickshire College Group, Pershore WR10 3JP, UK; rnoble@warwickshire.ac.uk
* Correspondence: ketil.stoknes@lindum.no

Received: 4 November 2019; Accepted: 25 November 2019; Published: 29 November 2019 ����������
�������

Abstract: When using food and green waste composts as peat-free plant growing media, there is a
challenge that nutrient immobilisation and high pH and salts content limit plant growth. The present
study explored the use of spent mushroom compost (SMC) of Agaricus subrufescens in a sustainable
plant growing system where only vermicompost from digested food waste and composted green
wastes were used, even for the seedling stage. However, negative effects of high compost inclusion
were offset by adding SMC. Significantly higher plant yield was obtained in several of the SMC
amended treatments in four out of five lettuce experiments and in one tomato experiment. In addition,
an experiment with cucumbers showed that nutrients were not available to the plant when the
mushroom mycelium was actively growing, but became available if the mushroom mycelium had
been inactivated first by pasteurisation. A significant effect from SMC was not observed under full
fertigation. This study demonstrated that the addition of pasteurised Agaricus mycelium colonised
compost can successfully offset negative effects from high pH and EC as well as limited nutrient
supply (and nitrogen immobilisation) in peat-free, compost-based growing media.

Keywords: peat-free growing media; spent mushroom compost; sustainable horticulture;
vermicompost; green waste; urban agriculture; vegetable cultivation; digestate

1. Introduction

Soilless cultivation systems support resource use efficiency and crop quality [1]. Peat has been very
popular as a substrate for decades due to its high conformity and excellent properties [2]. However,
it is a fossil material contributing to global carbon emissions, and its extraction is environmentally
problematic in several aspects at the local scale [3–5], whereas using inorganic growing media in such
systems is not circular, since they end up as wastes after use [6]. Organic growing media are easier
to recycle. Therefore, compost from waste materials is being increasingly adopted as peat substitute.
Among the challenges of including a high percentage of compost in growing media are high pH,
high salinity and nitrogen immobilisation [7–9].

Using spent mushroom compost (SMC) in growing media has been extensively studied.
Most studies were motivated by the need to dispose of large quantities of SMC from Agaricus
and Pleurotus sp. cultivation, while simultaneously obtaining substitutes for more expensive or
environmentally problematic growing media, such as peat [10,11]. However, there is consensus that
a major challenge with fresh untreated SMC is its high salt content. Plants, especially seedlings,
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are sensitive to the high EC (electrical conductivity) in SMC. Therefore, the majority of studies have
found a reduced germination or growth when mixing increasing amounts of SMC into commercial
growing media [10,12,13]. However, stronger growth of tomato and cucumber in peat was achieved
with addition of SMC of enoki (Flammulina velutipes (Curtis) Singer) [14] and oyster mushrooms
(Pleurotus ostreatus (Jacq.) P. Kumm.) [15]. SMC of the common button mushroom (Agaricus bisporus
Lange) stimulated growth of shrubs in peat [16], of Euphorbia in peat-perlite mix [11] and of pepper
(Capsicum) in soil [17]. SMC of the tropical mushroom species Agaricus subrufescens Peck [1894] (syn.:
A. brasiliensis Wasser, M. Didukh, Amazonas & Stamets, A. blazei Murrill), stimulated growth of
lettuce in mineral soil [18] and in bark-vermiculite mix [19], and increased yields from tomato plants
propagated in bark-vermiculite [20]. A. subrufescens can be grown in greenhouses on compost made
with straw and digestate [21].

The present study explored the possibility to integrate mushroom and vegetable cultivation
more directly by investigating if SMC of A. subrufescens could also improve growth of vegetables in a
sustainable peat-free system, when combined with green waste compost, vermicompost from solids
of food waste digestate, and fertigation with liquid food waste digestate. In this system, the main
growing medium component is green waste compost. Even though the vermicompost increases
nitrogen availability, vegetable plants could benefit from the additional nutrient supply or improved
nutrient release from addition of SMC.

In fact, such investigations raise questions that are more fundamental: Can cultivable fungi be
utilised to lower pH in high pH composts? Is the stimulating effect related to mineralisation and
release of nutrients from the organic materials? Would SMC be more or less effective if inactivated by
pasteurisation? An explorative series of experiments were performed, motivated by these questions.

2. Materials and Methods

Seven independent plant growth trials were performed, using different batches of materials,
in which SMC was added to compost mixes, or to commercial peat substrates used as controls (Table 1).
Inclusion rates of SMC below 30% by volume were used.

2.1. Substrates

SMCs originated from mushroom composts made from wheat straw, food waste digestate and
gypsum, on which mushroom harvesting was terminated before use in the plant experiments. The SMC
originated from the cultivation of A. subrufescens (strain M7700; Mycelia, Nevele, Belgium) unless
stated otherwise, where Agaricus bisporus Lange (var. hortensis, strain M7243) and Agaricus bitorquis
(Quél.) Sacc. (strain M7300), same supplier, were used. Casing, a mixture of peat and lime (Wokas,
PL) was included with the SMC. In the combined experiment, fresh mushroom compost (“Phase
III”, not previously used for mushroom production) was used instead of SMC. Mushroom compost
preparation and cultivation procedures followed Stoknes et al. [21]. Green waste compost (GC) was
produced from a mix of municipal park and household garden waste in a commercial composting
yard, where the waste was ground up, and then composted for up to one year in turned windrows
until full maturity. The process also involved separation of larger woody parts by screening at one
or two stages. Vermicompost made from food waste digestate (VC) was combined with GC in all
compost treatments in order to provide more available nitrogen and stimulate plant growth. Pure peat
(von Post H2–4 from Holmen Torv, NO), commercial (fertilised and limed) peat substrate (Veksttorv
Grov, Norgro, NO) and perlite (Grain 3, Pull Rhenen, NL) were also used. Proportions are reported in
Table 1. Analysis of SMC and raw materials is given in Table 2. Liquid digestate (used for organic
fertigation) was rich in NH4-N, organic N, organic material, Na and Cl compared to standard mineral
fertilisers. More details on the liquid digestate were reported by Stoknes et al. [22].
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Table 1. Overview of experiments, number of replicates and treatments. SMC = Spent mushroom compost; A. sub. = Agaricus subrufescens; bis. = bisporus; bit. = bitorquis

Experiment Treatments
Number of
Replicates

Composition by Volume (%)
FertigationGreen Waste

Compost Vermi-compost Commercial
Fertilised Peat Peat Perlite A.sub.

SMC
Pasteur.

A.sub. SMC
A.bis.
SMC

Lettuce 1

A Compost mix

10

91 9

Digestate
EC = 1.5 mS cm−1

B Comp + 4% SMC 87 9 4
C Comp + 8% SMC 84 8 8

D Comp + 15% SMC 77 8 15
E Comp + 25% SMC 63 12 25

Lettuce 2

A Peat

22

100

Mineral
EC = 2.3 mS cm−1

B Peat + AsubSMC 90 10
C Peat + past AsubSMC 90 10

D Peat + AbitSMC 90 10 I

E Peat + min AsubSMC 98 2 II

Lettuce 3

A Peat

6

100

no

B Peat + SMC 90 10
C Comp low + SMC 50 20 20 10

D Comp low + past SMC 50 20 20 10
E Comp high + SMC 30 40 15 5 10

F Comp high 30 40 20 10

Lettuce 4

A Peat

8

100

Digestate
EC = 2.5
mS cm−1

on half of the
replicate pots

B Peat + Asub SMC 80 20
C Compost mix 60 40

D Comp + Asub SMC 40 40 20
E Comp + past Asub SMC 40 40 20

F Comp + Asub spawn 58 40 2 III

G Comp +pastAsub spawn 58 40 2 III

H Comp + Abis spawn 58 40 2 III

Lettuce 5

A Peat

20

100

no

B Peat + Asub SMC 80 20
C Peat + Abis SMC 80 20

D Peat + past Abis SMC 80 20 IV

E Compost mix 60 40
F Comp + Asub SMC 48 32 20
G Comp + Abis SMC 48 32 20

H Comp + past Asub SMC 48 32 20

Tomato
A Compost mix

5
60 40 no

B Comp + Asub SMC 51 34 15

CombinedV

(cucumber
and

mushroom)

A Plants + Mush. Comp.

3

50 20 30VI

noB Plants + past M.Comp. 50 20 30VI

C Plants + perlite 50 20 30
D no Plants + M. Comp. 50 20 30VI

I Agaricus bitorquis used instead of A. bisporus; II mineralised SMC; III spawn used instead of SMC; IV pasteurised; V substrates not mixed (see Figure 1 for details). VI mushroom compost
was used instead of SMC.
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Table 2. Chemical factors and plant available nutrient concentrations in some spent mushroom composts (SMCs, not pasteurised), mushroom composts still in
cultivation, as well as other materials used as/in plant growing substrates. (A. sub = Agaricus subrufescens, A. bisp. = A. bisporus, FW = fresh weight).

A. sub. SMC
Exp 2

A. sub. SMC
Exp 5

A. bisp. SMC
Exp 5

A. sub. A. bisp. Vermi-Compost Green Waste
Compost

Commercial
Peat SubstrateMushroom Compost in Cultivation

pH 6.1 5.1 8.7 5.7 6.6 7.7 7 5.8
EC (mS cm−1) 3.8 2.6 23 3.35 4.1 9 2 1.3

Tot-N, mg kg−1 FW 4530 5330 6000 2000 3000
NO3-N, mg L−1 84 5 290 650 30 74
NH4-N, mg L−1 5 3 1 5 50

P, mg L−1 75 110 100 150 120 40
K, mg L−1 377 4900 5500 1000 600 182

Mg, mg L−1 340 360 330 350 125 125
S, mg L−1 1640 1200 1600 200 50 52

Ca, mg L−1 2000 2500 2000 900 971
Mn, mg L−1 6.6 2.7 2.5 2 2.4
B, mg L−1 0.88 0.69 1.6 1.5 0.2
Fe, mg L−1 29 6.6 0.4 1 1.5
Na, mg L−1 1200 1300 600 40 32
Cl, mg L−1 2400 2400 700 30 11
Dry Matter 35% 25% 30% 45% 42%
Ash content 51% 64% 62% 40% 60%
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2.2. Lettuce Cultivation

Lettuce (Lactuca sativa L., var. Frillice Crispi, obtained from Norgro, NO) was sown directly into
the substrates described. This was done within 10 days of mixing them. Unless specified otherwise,
pots of 0.5 L were used. The greenhouse used for experiments 1–3 was a heated double polythene
skin tunnel in Drammen (NO) with 400 W HPS growing lights (Gavita, NL). In experiments 4–5,
a climate controlled experimental glasshouse with 400 W metal halide growing lamps (Osram, DE)
at the University of Oslo (NO) was used. In both greenhouses, lamps were on from 06:00 to 21:00.
The temperature was kept at 18–20 ◦C during germination and at 18–23 ◦C during the growth period,
with RH at 75–65% (night-day). The growth period was 8 weeks if not stated differently for the
individual experiments. When organic fertigation was used, it was made with the liquid fraction
of food waste digestate. The digestate was diluted with water until the desired EC (specified per
experiment) was achieved. Lettuce heads (shoot) were cut at the basis and weighed. Dry weight, after
drying at 60 ◦C for 48 hours, was also measured where stated.

2.3. Lettuce Experiment 1

SMC of A. subrufescens was added to a mix of GC and VC in increasing amounts (4 – 25% by volume;
see Table 1 for details), to investigate its effect on substrate pH and lettuce growth. All treatments were
fertigated with digestate liquid (EC = 1.5 mS cm−1). Substrate pH at the start and final lettuce head
fresh weight were measured. The experiment was performed during April–May 2013.

2.4. Lettuce Experiment 2

The purpose of this experiment was to investigate the effects of adding SMC (10% v/v) to
commercial fertilised peat substrate fertigated with mineral fertiliser. Fertigation started after two true
leaves had emerged. The stock mineral solution was equal parts of Kristalon Brown and YaraLiva™
Calcinit (Yara, Oslo, Norway) diluted to EC = 2.3 mS cm−1. In addition, SMC and steam pasteurised
SMC (at 60 ◦C for two hours) of A. subrufescens was compared to SMC of A. bitorquis. One treatment
also received mineralised SMC, meaning the ash, which remained from the same volume of SMC as
used in the other treatments, after treating at 550 ◦C for two hours. The purpose was to add similar
minerals as with SMC, but without the organic compounds and microbes. In this experiment, smaller
pots of 0.15 L were used. Substrate pH at the start and final lettuce head fresh and dry weights were
measured. The experiment was performed during December 2013–February 2014.

2.5. Lettuce Experiment 3

The purpose of this experiment was to compare the effects of adding non-pasteurised and
pasteurised SMC of A. subrufescens (60 ◦C for two hours) to compost mix, and to investigate the
effect of adding SMC to a compost mix with a higher vermicompost content. No fertigation was
used. This meant that all nutrients available to the plant were present in the substrate mixes at the
start. Lettuce head fresh weight was measured. The experiment was performed during November
2014–January 2015.

2.6. Lettuce Experiment 4

The effects of adding SMC of A. subrufescens and A. bisporus (non-pasteurised and pasteurised
at 70 ◦C) to compost mix were again investigated. A commercial peat growing medium control was
included. In addition, spawn (sterilised rye grain colonised by mycelium) of the two mushroom
species was added (2% by volume) instead of SMC to the GC/VC compost mix. The purpose was
to compare the effects on plant growth of spawn containing active mushroom mycelium with SMC
containing passive mycelium. A further objective was to investigate the effect of digestate fertigation
on plant growth. After one month, four pots from each treatment were fertigated with liquid digestate
(EC = 2.5), the other four remained non-fertigated until harvest. Samples were taken of the mixed
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substrates at sowing and as combined samples at termination. Substrate pH, EC and plant available
nutrients, as well as lettuce head fresh and dry weights, were measured. The experiment was performed
during November 2018–February 2019 and the growth period was 10 weeks.

2.7. Lettuce Experiment 5

This experiment investigated the plant growth effects of A. subrufescens SMC and A. bisporus SMC
in non-fertigated compost mix and peat control (Table 1). The SMCs of the two species originated from
the same mushroom compost batch, although the mushroom yield that had been obtained from it was
higher for A. bisporus than for A. subrufescens. There were 20 replicate pots per treatment; 10 of the
pots of each treatment were placed in the polytunnel greenhouse and the remaining 10 pots in the
climate controlled glasshouse (conditions described above), to determine if there was an interaction
between substrate treatments and growing conditions. Substrate pH, EC and plant available nutrients,
as well as lettuce head fresh and dry weights, were measured. The experiment was performed during
May–June 2019 and was terminated 6 weeks after sowing (i.e., a shorter growth period than for the
other lettuce experiments).

2.8. Tomato Experiment

This experiment investigated the effect of adding SMC of A. subrufescens to compost mix
(proportions in Table 1) on the vegetative growth of tomato plants. Young plants of cherry tomato
(Solanum lycopersicum L., var. Favorita F1), sown four weeks in advance in 1.5 L pots with GC + VC mix
(60/40, v/v) were transplanted to 40 L growing bags filled with compost mix, with two plants per bag
(treatment A). Six litres of compost mix were substituted with SMC in some of the bags (treatment B).
The experiment was performed in a commercial tomato glasshouse without grow lights near Tønsberg
(NO) during April–June 2019. During these weeks, the average conditions were: total daily insolation
1819 Joules cm−2, temperature 14–25 ◦C (night-day) with RH at 89–70% (night-day). No fertigation
was used during this period. The following growth parameters were recorded after five weeks of
growth in the bags: shoot length, mean shoot length per week, stem diameter, leaf length (all in cm),
number of flowering trusses and number of flowers per truss. Simultaneously, substrate samples (pH,
EC and plant available nutrients) and leaf samples (plant sap analysis) were taken (combined within
the treatments).

2.9. Combined Experiment

This experiment investigated the possibility of growing mushrooms and cucumbers in the same
container. Therefore, mushroom compost, freshly grown with mycelium (not used for mushroom
cropping in advance), was used instead of SMC. After full colonisation with mycelium, it was
transferred to 40 L capacity plastic fish crates, 12 L per crate, forming a longitudinal ridge (Figure 1).
GC (24 L) was then added to the crates. Two cucumber seedlings (Cucumis sativus, var. Allianz,
Bejo Zaden) were planted in the GC in opposite corners of the crates, before topdressing with 4 L VC
along the sides only. Topdressing with VC (2 L) was repeated twice through the trial. In treatment B,
pasteurised mushroom compost (at 60 ◦C for two hours) substituted mushroom compost, as did perlite
in treatment C. In treatment D, only mushrooms were grown and plants were omitted. All crates were
sprinkled with water along the middle (over the ridge) in order to create a low EC zone for mushrooms
to initiate directly in the GC (expected only in treatments A and D). The experiment was performed
during February–June 2015 (a growth period of 19 weeks) in the tunnel greenhouse described above
for the lettuce experiment and the growth conditions were the same as in that. Total fresh weights of
cucumber fruits and mushrooms (stems trimmed to 50 mm length) were recorded.
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Figure 1. Design of the combined mushroom and cucumber experiment, showing how materials
were arranged in the containers (cross section). Mycelium means here mushroom compost (not SMC).
(A) Plants + mushroom compost; (B) Plants + pasteurised mushroom compost; (C) Plants + perlite; D:
No Plants + mushroom compost. Volumes are given in Table 1.

2.10. Sampling and Analytical Methods

Samples were taken from the fully mixed materials and/or substrates at the time of sowing by
combining 10 sub-samples from the whole volume. Samples for plant available nutrients remaining at
harvest were taken by including the whole pot volumes (excluding the larger coherent part of the root,
which was shaken over the sample and discarded), combined and mixed within each treatment.

All analyses of plant available nutrients and chemical factors in substrates were performed by
LMI AB, Helsingborg, SE, using a proprietary method based on a weak acetic acid extraction of the
substrate (Modified Spurway). Chemical analysis of tomato leaf sap included tot-N (Dumas) and other
elements (ICP-OES), which was performed by the same laboratory.

There were exceptions for lettuce experiments 1 and 2, and SMCs only listed with pH and EC
values, where the following method was used: 25 g of fresh material was filled up with distilled water
to a total of 100 mL, keeping at 20 ◦C for half an hour, then using a Meterlab PHM210 pH meter
(Radiometer Analytical, Villeurbanne Cedex, France). EC was measured in the same sample using
an Orion STAR A325 (Fisher Scientific, Pittsburgh, US). EC in liquids for fertigation was measured at
20 ◦C using the same device.

2.11. Statistical Analysis

Yield and shoot data were analysed as response variables and treatments (growing substrates)
as categorical explanatory variables. Replicate growth containers (number given in Table 1 for each
experiment) were organised in the greenhouse using a randomised block design. Boxplots and multi
comparison tests (Tukey’s HSD (honest significance difference)), as well as a Student’s t-test for each
measurement in the tomato experiment, were performed in R version 3.4.4 (2018–03–15, www.r-
project.org). General data processing was made in Excel. In Lettuce experiment 4, the comparison
test was performed on the non-fertigated and fertigated units separately. In Lettuce experiment 5,
the comparison test was performed on the peat-based and compost-based treatments separately.

3. Results

3.1. Chemical Composition of Materials

Chemical properties of SMC of A. subrufescens and A. bisporus are reported in Table 2. The pH of
active and spent mushroom compost of A. subrufescens was lower than that of A. bisporus.

3.2. Lettuce Experiment 1

Inclusion of SMC of A. subrufescens had a significant positive effect on growth of lettuce in compost
mix fertigated with digestate. However, increasing the amount above 4% by volume did not increase
yield further. The substrate pH was lowered by increasing amounts of SMC (Figure 2).

www.r-project.org
www.r-project.org
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Figure 2. Fresh weight yield, proportion of SMC (by volume) added to the compost mix, and pH at
sowing in Lettuce experiment 1. Different lower case letters indicate significant differences between
treatments according to a Tukey HSD test (p < 0.05). Spent mushroom compost (SMC) is A. subrufescens.
Digestate fertigation used (EC = 1.5 mS cm−1). Details on the treatments are given in Table 1.

3.3. Lettuce Experiment 2

When using commercial peat substrate and fertigation with mineral fertiliser (EC = 2.3), adding the
SMC variants did not affect the yield of lettuce (average shoot fresh weight of 110 g). Thus, no differences
between the two Agaricus species, or between non-pasteurised, pasteurised or mineralised SMC were
observed. The same conclusion was drawn using dry weight yield. The substrate pH was increased
from 5.6 in the peat control to an average of 6.4 (standard deviation = 0.3) by the additions of SMC (no
figure or table included).

3.4. Lettuce Experiment 3

There was a significant effect of substituting a part of the unfertilised peat and perlite with SMC
of A. subrufescens in compost substrate, when it contained a high percentage of vermicompost (see
Figure 3, treatments E and F). These composts produced a higher yield than treatments containing less
vermicompost (treatments C and D). For these, there was no difference between live and pasteurised
SMC. Adding SMC to fertilised peat did not have a significant effect on yield (treatments A and B).

3.5. Lettuce Experiment 4

The chemical properties of the mixed substrates are presented in Table 3. The average fresh weight
of the non-fertigated and fertigated lettuce heads was 119 g and 202 g, respectively (this difference
was significant, p < 0.01). Among the fertigated, there were no significant differences between the
treatments. In the non-fertigated treatments, the yield was more than doubled when 20% of the
commercial peat substrate was substituted with SMC (compare treatments A and B, Figure 4, where
only the non-fertigated are included). There were no other significant differences. The dry weight
yield data led to the same conclusions and are therefore not presented.
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Table 3. Chemical factors and plant available nutrient content of substrates before and after cultivation
in Lettuce experiment 4 (Treatments A–H are detailed in Table 1 and indicated in Figure 4).

A B C D E F G H

At sowing:
pH 7.0 6.8 8.2 8.2 8.0 8.5 8.4 8.2

EC, mS cm−1 2.4 9.1 4.3 12.5 13 4.3 5.4 5.5
Tot-N, mg kg−1 FW 2800 5520 7620 7630 8580 6680 7460 6950

min. N i, mg L−1 135 205 119 310 260 43,5 59 93
P, mg L−1 70 80 175 155 160 165 145 150
K, mg L−1 250 955 730 1800 1550 785 850 795
S, mg L−1 77 650 120 730 610 150 330 280

Fe, mg L−1 1.1 1.7 0.53 1.4 1.1 0.62 0.55 0.56
Na, mg L−1 38 230 270 570 540 290 320 300
Cl, mg L−1 10 410 250 900 840 280 310 250

At end of experiment:

min. Ni, mg L−1 (−/+ fert) 2/52 7/61 10/30 16/89 50/97 16/44 2/35 5/55
P, mg L−1 (−/+ fert) 31/35 78/81 160/150 150/170 160/180 150/170 160/150 160/170
K, mg L−1 (−/+ fert) 24/43 39/50 310/75 390/330 710/300 340/110 190/68 120/66

i NH4-N + NO3-N.
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Figure 4. Fresh weight yield of the non-fertigated plants in Lettuce experiment 4. Different lower case
letters indicate significant differences between treatments according to a Tukey HSD test (p < 0.05).
Details on the treatments are given in Table 1.

The addition of SMC did not impact substrate pH, but increased the EC, K, S, Na and Cl contents
of both peat and compost mixes. Addition of spawn reduced available N (Table 3).

3.6. Lettuce Experiment 5

Addition of SMC reduced germination in both commercial peat and compost mix substrates,
but not when the SMC was pasteurised (Table 4). There was a significant difference between the
two greenhouses. Yield was higher in the polytunnel than in the experimental glasshouse (p = 0.02).
However, there was no interaction with substrate on yield (p-values > 0.43). Therefore, the data for the
two environments were combined. The main yield differences between treatments in this experiment
were that peat-based substrates performed better than compost-based substrates (the mean fresh
weights were 29 and 17 g on peat and compost, respectively, p < 0.01). The differences among the peat
substrates and among the compost substrates were then tested separately. This showed there was no
significant effect of adding SMC to the peat treatments (Figure 5). Among the compost treatments,
the one with added pasteurised SMC (H) yielded significantly better than the one without SMC (E),
while the two with non-pasteurised (F and G) were not significantly different to any of these two.
The dry weight yield data led to the same conclusions, and are therefore not presented.
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Table 4. Germination percentage, chemical properties and plant available nutrient content at sowing in
Lettuce experiment 5. (FW = fresh weight. Treatments A–H are detailed in Table 1 and indicated in
Figure 5).

A B C D E F G H

Germination% 85 60 30 90 70 60 60 75
pH 5.4 6 5.8 6 7.8 8.5 7.9 8

EC, mS cm−1 3.2 6.7 6.8 5.2 3.9 6.5 9.2 11
Tot-N, mg kg−1 FW 3210 3910 4360 2720 6590 5440 6810 5950

min. N i, mg L−1 250 160 230 180 55 35 150 140
P, mg L−1 110 71 72 79 140 120 150 140
K, mg L−1 300 940 980 820 950 1800 1800 2100
S, mg L−1 140 320 320 320 180 430 420 520

Na, mg L−1 40 210 220 180 170 370 370 450
Cl, mg L−1 2 480 470 370 180 770 770 1000

i NO3-N + NH4-N.Sustainability 2019, 11, x FOR PEER REVIEW 13 of 20 
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Compost substrates had higher pH, EC and Na and Cl contents than peat substrates (except
treatment E, unamended compost mix, which had a lower EC and salt content than peat substrates
with SMC (B, C and D)). Compost treatments also had lower available nitrogen.

3.7. Tomato Experiment

Substituting 15% by volume of the compost mix with SMC of A. subrufescens had a positive effect
on most vegetative growth measurements of tomato plants. Flowers per truss were not different, while
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all other measurements were significantly improved by adding SMC (Figure 6). At this point (after
five weeks of growth in the bags) the substrate with added SMC contained more available N, S and Fe.
The plant leaf analysis also showed slightly higher values for these elements (Table 5) when SMC was
added to the substrate. The plants without SMC showed general signs of N deficiency.Sustainability 2019, 11, x FOR PEER REVIEW 14 of 20 
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Figure 6. Growth measurements of tomato plants after five weeks of growth in the bags.
All measurements shown were significantly different for the two treatments (p < 0.05, Student’s
t-test performed for each measurement). SMC is A. subrufescens.

Table 5. Chemical analysis of tomato substrate and plant leaves in after five weeks of growth in
compost mix without and with SMC. DM = dry matter. A: Compost mix without SMC. B: Compost
mix with SMC.

A B

Substrate (Plant Available Nutrients)

pH 8.4 8.4
EC, mS cm−1 2.2 5.3

NO3-N + NH4-N, mg L−1 19 40
P, mg L−1 130 86
K, mg L−1 700 1000
S, mg L−1 71 290

Fe, mg L−1 1.0 5.4
Plants (leaf sap analysis)

Tot-N, mg−kg DM 17800 23900
P, mg−kg DM 4230 3330
K, mg−kg DM 33000 36000
S, mg−kg DM 10000 12000

Fe, mg−kg DM 55 64
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3.8. Combined Experiment

Mushrooms and plants were grown together in the same container (Figure 7). However, there
was a significantly higher cucumber yield when the mycelium was inactivated by pasteurisation (B)
than in the live mycelium (A) and perlite (C) treatments. Mushrooms fruited in one crate despite
pasteurisation (B).
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Figure 7. Fresh yield of cucumbers and A. subrufescens mushrooms. Within each species, different
lower case letters indicate significant differences between the treatments according to a Tukey HSD test
(p < 0.05). No fertigation was used. Details of treatments are given in Table 1 and Figure 1.

4. Discussion

Significant positive effects on greenhouse plant crop growth from adding SMC reported by
others can be categorised as (1) Substrate substitution for seedling production, no mineral fertiliser
added [14,19,20,23,24]. (2) Substrate substitution for plant production, with additional mineral fertiliser
added [11,16,25,26]. (3) Addition to natural soils as an organic amendment/biofertiliser, no mineral
fertiliser added [9,17,18,27,28]. (4) Addition to natural soils as an organic amendment, with additional
mineral fertiliser added [19,29]. Sustainable utilisation of the SMC is usually a primary motivation
for the research. In cases 1 and 2, finding cheap substitutes for commercial substrates or peat is also
an important factor. For 3 and 4, there is the additional prospect of improving the general structure,
fertility and available nutrients of the soil. Stimulated growth was a secondary positive consequence.
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For the works under 1 and 2 above, there are no clear explanations for the improved growth
provided. An exception is Young et al. [26], who suggested that SMC had the advantage of a nutrient
release over time because SMC decomposition supplemented the basic fertiliser solution. Most authors
only emphasise that the substrates containing SMC are within acceptable levels with regard to physical
and chemical parameters. However, biological factors may play an important role in such soil-less
systems (as suggested by Lopes et al [20]. and Ahmad et al. [30]).

For the works listed under 3 and 4 above (greenhouse studies using in situ or natural soil) the
improved plant growth was commonly explained by the positive effect SMC had on soil properties,
such as organic matter, water holding capacity, density, available nutrients etc. Where informed,
the original soil used had a very low organic matter, salt and nutrient contents compared to the
SMC applied.

There is consensus that a major challenge with utilising fresh untreated SMC is its high salt content.
Therefore, in most studies, the SMC used is weathered passively over an extended period, or actively
leached before use. Seedlings are especially sensitive to high salt levels, whereas later stage plants
can tolerate moderate levels. For example, Chong et al. [25] reported that the control bark medium
(for containerised woody species) had an EC of 0.4, while the unweathered SMC, weathered SMC
and leached SMC had ECs of 8.7, 5.5 and 0.8 mS cm−1, respectively. They also refer to an optimum
EC of 2.1–3.5 mS cm−1. For seedlings, Zhang et al. [14] found that a substrate consisting of SMC (of
Flammulina, composted and pasteurised) with perlite or vermiculite supported better tomato and
cucumber seedlings than the peat control. The control, SMC and successful mixes had ECs of 0.9,
2.5 and 1.4–1.5 mS cm−1, respectively. All nutrient ions contribute to the EC. However, Na+ and Cl−

are most often the problematic ones present at much higher concentrations than is optimal for both
seedlings and later stage plants. In addition, K+ is high in SMC, and excessive levels may lead to
imbalances or “antagonism” between K+, Ca2+ and Mg2+ ions [28]. However, K+ is also one of the
ions that is most easily leached [9,25].

The EC of the basic compost substrates tested in the present study with SMC was high compared to
what is generally recommended in conventional horticulture. The high salt content of the vermicompost
based on food waste digestate was the source of most of the salts (Table 2). A high inclusion of
vermicompost is still beneficial when combined with green waste compost [31], as was seen in the
present study, where the compost mix (without SMC) often gave equal or better yield of lettuce than
the control. However, adding SMC to the compost mixes added additional K+, SO4

2-, Na+ and Cl− on
top of already high levels provided by the vermicompost.

In Stoknes et al. [32], the growing mycelium of A. subrufescens reduced the pH of the digestate
based mushroom compost from 8.2 at inoculation to 5.1 at the time of harvesting the first flush of
mushrooms. The pH values towards the end of cultivation in the present study (Table 2) are similar.
The reduced pH is probably due to the high density of oxalic acid crystals accumulating on the
mushroom mycelium during growth [33]. A pH reduction from mixing in SMC to high pH compost
substrates would be beneficial. This was measured in Lettuce experiment 1. However, it was not
observed (or not measured) in the other experiments. Therefore, this should be followed up with a
more thorough investigation of pH of SMCs and mixes with compost.

Saprotrophic macrofungi (decayers producing visible mushrooms) and plants interact closely in
natural ecosystems. This can be directly observed when grassland fungi, such as Agaricus species,
form “fairy rings” (Figure 8), where the mycelial progress often leaves behind a dark green belt of
lush vegetation [34,35]. A lab experiment with the saprotrophic grassland species Saproamanita thiersii
showed that growth of several grasses was stimulated by its inoculation into sterilised sandy soil [36].
The effect of these fungi in natural soils may be indirect. An experiment with inoculation of Agaricus
bisporus into mineral soil showed enhanced carbon mineralization because of mycelium-enhanced
water transport, which in turn stimulated other microbes [37], which might again stimulate plant
growth. The field mushroom (A. campestris) is a ring former in lawns and meadows, but resists
cultivation. It requires the presence of grass and may have some association with grass roots [38,39].
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On the other hand, the horse mushroom (A. arvenis) forms rings and can be grown commercially [40,41].
Neither Agaricus bisporus nor A. bitorquis are ring formers, and in the wild grow in decaying leaf
litter. This probably also holds for A. subrufescens [38]. The positive effects on plant growth seen
in this study were mostly connected to pasteurised SMC in the lettuce experiments, and clearly to
inactivated mycelium in the combined experiment. It is therefore unlikely that there was a “ring-like”
interaction between fungus and plant in these trials. Even though Ribas et al. [18] suggested that fresh,
non-pasteurised SMC might have an advantage over more degraded or pasteurised SMC (having a
beneficial microbiology), the present study did not support this.
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In several experiments when full fertigation was not used, adding SMC to compost substrates
significantly increased available nutrients, especially N, but also available K and S. This ameliorated
the negative effects of high pH and EC and improved plant growth, even when the EC increased to
levels far above “optimal”. For most vegetables, this is an EC < 2.5 mS cm−1 (at pH 6), as emphasized
in the SMC-literature above [9,11,13,14,16,28]. This was the case for SMC amended compost in Lettuce
experiments 3 and 5. When the addition was too high, such as for treatment E in Lettuce experiment 1,
this probably resulted in excessive levels of K+, Na+ and Cl−, which off-set the positive effects.

The importance of pasteurisation, which is a common practice in the mushroom industry
(“cook-out” of the growing room), should be investigated further. In Lettuce experiment 5, the reduced
germination was only observed with non-pasteurised SMC. Further work is needed to determine
whether the observed effect of SMC pasteurisation on lettuce seed germination was due to biological
or abiotic factors or due to SMC variation from batch to batch.

This work has concentrated on crop yield and above ground plant weight. Further work is needed
to determine whether the growing medium treatments affect root growth. In addition, the effect of
SMC on pH in compost substrates should be investigated further, especially if Agaricus subrufescens
can be more effective than the more commonly cultivated A. bisporus.

5. Conclusions

A significantly better plant growth in treatments with added SMC of A. subrufescens was observed
in the following situations:

• Lettuce experiment 1 (digestate fertigation used, EC = 1.5 mS cm−1).
• Lettuce experiment 3, in nutrient rich compost mix when 10% of the non-fertilised peat and perlite

was substituted with SMC (no fertigation used).
• Lettuce experiment 4, in the commercial peat substrate when 20% of the volume was substituted

with SMC and no fertigation was used.
• Lettuce experiment 5, in compost mix with added pasteurised SMC.
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• Tomato experiment, in compost mix with added SMC (15% by volume, no fertigation used).
• Cucumber combined experiment, with pasteurised mushroom compost (no fertigation used).

No effect on plant growth was observed:

• From increasing the amount of SMC further in Lettuce experiment 1.
• From adding SMC of any state to fertilised peat in Lettuce experiment 2 (mineral fertigation used,

EC = 2.3 mS cm−1).
• From adding SMC of any state in Lettuce experiment 4 to the non-fertigated composts, or to any

fertigated substrates.
• When pots were fertigated with digestate at EC = 2.5 mS cm−1 in Lettuce experiment 4.
• From adding spawn in Lettuce experiment 4.
• From adding SMC of any state to peat substrates or from adding non-pasteurised SMC to compost

mix in Lettuce experiment 5 (no fertigation used).

Addition of non-pasteurised SMC had a negative effect on germination in Lettuce experiment 5
(but not when pasteurised). Apart from this, no negative effects were found from substituting peat or
compost mix with SMC in the experiments.

Thus, addition of pasteurised mushroom compost of Agaricus subrufescens to green waste compost
and vermicompost resulted in improved growth of lettuce, tomato and cucumber. This was the case
in several situations within six out of seven independent trials, but not when full fertigation with
mineral or organic (liquid digestate) solution was used. No negative effects were observed, apart from
a reduction of germination in one of the experiments when the SMC was not pasteurised.

Combined cultivation of A. subrufescens mushrooms and cucumbers was not successful in terms
of cucumber productivity, and showed that living mycelium did not release plant available nutrients.

The present study demonstrates a method for offsetting the effects of high pH and EC, as well as
limited nutrient supply (and nutrient immobilisation) of peat-free, compost-based growing media on
vegetable plant growth, by using pasteurised Agaricus mycelium colonised compost.
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